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A pilot investigation regarding the CO oxidation mechanism at
the C0304(110) surface is performed by means of first-principles
calculations based on density functional theory. Preferred adsorp-
tion of CO is found to occur at a surface Co’* site. A possible
mechanism for CO,(g) formation of the Mars—van Krevelen type
is also looked into via the monitoring of two inequivalent oxygen
abstraction routes. Experimental observations regarding partial
surface deactivation are discussed based on surface intermediates.
The oxidative property of the Co3Q4 substrate, i.e., Co’t+e —
Co?*, is found to be crucial for the O abstraction step. This im-
plies that CoAl,Oy4 is inactive in CO oxidation, in agreement with
experiment. (© 2002 Elsevier Science (USA)

1. INTRODUCTION

Environmental catalysis implies employing a catalyst to
convert unwanted emissions from, for example, combustion
engines into harmless compounds. However, before the
catalyst has been heated to the light-off temperature, the
emissions are released untreated into the atmosphere. In
fact, about 80-90% of all harmful emissions are released
during this cold start stage (1, 2). The present study seeks
to contribute to the understanding of the catalytic oxidation
of hydrocarbons, i.e.,

C.Hy + (x + y/4)02(g) — x CO, + y/2H,0,  [1]

where O,(g) is the reactant to be activated. Commonly, no-
ble metals such as platinum are employed, since O;(g) is
known to react with such metals to form a surface oxygen
O; (ads) phase (3), which in turn oxidizes the hydrocarbons.
However, at low temperatures carbon monoxide adsorp-
tion on Pt has been shown to hinder oxygen loading, thus
effectively poisoning the catalyst.

Several suggestions exist about how to improve catalyst
performance during cold starts. One strategy employs a
closed-coupled catalyst, meaning that the catalyst is placed

!'To whom correspondence should be addressed. E-mail: itai@inoc.
chalmers.se.

0021-9517/02 $35.00
(© 2002 Elsevier Science (USA)
All rights reserved.

198

close to the engine in order to exploit the higher exhaust gas
temperature at this location. A second alternative involves
hydrocarbon traps, which absorb the hydrocarbons during
the heating of the catalyst (4). This study addresses a third
approach, which contributes to the search for catalysts that
display high activity for the oxidation of hydrocarbons at
low temperatures. The difficulty lies in identifying a mate-
rial which fulfils all the requirements of an efficient catalyst;
meaning that in addition to the above, the catalyst should
also exhibit high stability towards poisoning at low temper-
atures, and high stability towards thermal deactivation at el-
evated temperatures. Such materials are commonly sought
among the oxides of the transition metals, since the ability
of the metal ions to display several metastable oxidation
states would produce reactive oxides towards both hydro-
carbon and CO(g) oxidation. In this context, the heteroge-
neous CO oxidation reaction is commonly used as a probe
for the low-temperature activity of possible catalytic ma-
terials. Several such materials have been found to be effi-
cient for CO(g) oxidation at low temperatures. In particu-
lar, Co3O4(s) has been shown to display catalytic activity for
CO(g) oxidation down to —60°C by Thormaéhlen et al. (5),
and similar results have been reported by other research
groups (6-10) as well.

The interactions of CO(g) with CozO4(s) at low tempera-
tures are of interest on several accounts. First, this substrate
is known to be the most active oxide among the base metal
oxides in the first-row transition metal series for the cata-
lysis of oxygen-transfer reactions at low temperatures (11,
12). Second, it is possible to experimentally study CO(g)
oxidation on pure Co3;O4(s), implying that the complex in-
teractions with any support material or impurity are absent,
which in turn simplifies the evaluation of the experiments.
Generally, CO(g) oxidation on transition metal oxides fol-
lows a mechanism proposed by Mars-van Krevelen (13),
which implies that lattice oxygen is found in the resulting
CO;(g) reaction product. Support for this mechanism s also
found in the case of CO(g) oxidation on Co304/Al,O3 by
means of isotope experiments (14).

Major drawbacks for employing Co3O4(s) as catalyst
involves deactivation (a) in a CO(g) 4+ O,(g) atmosphere
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(14), (b) by common gases like water, and (c) by solid-
state reaction, with the most common catalyst support,
Al O3, forming the inactive CoAl,O4(s) compound (15).
Few studies are found in the literature on the detailed sur-
face chemistry of Co3;O4(s). The complex spinel structure of
the Co304(s) makes it difficult to identify the active sites of,
for example, the oxidation mechanism. Such knowledge is
needed, however, as it could later be used in the design of
novel low-temperature-active catalytic composite materi-
als, which are more resistant towards poisoning and deacti-
vation. Iwasawa (16) discusses the possible adsorption and
oxidation mechanism of CO(g) at [Co3Oy4], clusters, which
display the inherent raft-like nano structures, present at
the (110) surface. It is in this context that the present work
aims to contribute, that is, by formulating mechanisms for
the CO(g) oxidation on the ideal (110) surface of CozO4(s).

The present theoretical investigation employs first-
principles calculations based on density functional theory in
order to address this CO(g) oxidation reaction on Co3O4(s).
In the past few years first-principle calculations based on
Kohn-Sham density functional theory (17) have garnered
much interest among solid-state physicists and chemists.
This was initially due to the success of the local density
approximation (LDA), which was originally intended for
solids with spatially slowly varying electronic densities.
Still, the method has proved useful for estimating proper-
ties of gas-phase molecules and molecular adsorbates. Im-
provements in the descriptions of the density functional in
terms of gradient corrections and nonlocal correlation ef-
fects have resulted in a powerful tool for addressing also
such strongly inhomogeneous electronic densities as those
found in molecules, semiconductors, and insulator surfaces.
In the present DFT study we use the generalised gradi-
ent approximation (GGA) in the spin-polarised Perdew—
Burke-Ernzerhof exchange-correlation description (PBE)
(18) to overcome the most problematic deficiency of LDA:
the large overbinding of atoms.

This study addresses, first, the applicability of the pseu-
dopotential approximations within the chosen density func-
tional by computing relevant structural properties for bulk
Co0304(s), and the stability of the (110) surface of this oxide.
Second, possible CO(g) oxidation sites at the (110) surface
are compared, employing the molecule as a probe. Third,
reaction channels for formation of CO,(g) are investigated
and a possible reaction mechanism for the CO(g) oxidation
is discussed. Particularly, an explanation is arrived at as to
why the apparent analogue to Co3zO4(s), i.e., CoAl,O4(s),
is inactive towards CO(g) oxidation.

2. THEORY AND METHODS
The calculations performed in this study were done using

the commercial version of the software package CASTEP
(Cambridge Sequential Total Energy Package) (19) inside
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Cerius? (20). This method evaluates by means of density
functional theory the total energy of periodically repeat-
ing supercells. The pseudopotential approximation is em-
ployed, replacing the inert core regions of the atoms. Thus
only the valence electrons are treated explicitly in the calcu-
lations, while the core—valence interaction is described by
pseudopotentials. Periodic boundary conditions are used,
with the electronic orbitals expanded in a plane-wave ba-
sis. The expansion includes all plane waves whose kinetic
energy satisfies 1?k?/2m < E.., where k is the wave vector,
m is the electronic mass, and E ., is the chosen cutoff energy.
The Brillouin zone was sampled with the Monkhorst—
Pack scheme (21). For the approximation of the exchange-
correlation energy, a generalised gradient-corrected spin-
polarised functional was used as proposed by Perdew et al.
(18). This functional is the GGS-PBE. It was previously
shown that the gradient-corrected approximation improves
greatly on the energetics of molecular adsorption compared
to that of the local density approximation (LDA) (22).

In this study we used nonlocal ultrasoft pseudopotentials,
as proposed by Vanderbildt (23). These potentials are ac-
cessed from the CASTEP database (19). Briefly, the 1s-2p
states of Co as well as O 1s are treated as core states. When
automatic geometry optimisation was performed, the con-
certed scheme for electronic and geometry optimisation by
Fischer and Almlof (24) was employed.

3. RESULTS AND DISCUSSION

The results include a test of the computational method
(cf. Section 3.1), the search of adsorption sites for CO on the
Co0304(110) surface (cf. Section 3.2), and a comparison of
two reaction channels for CO, formation (cf. Section 3.3),
and finally a possible mechanism for the CO-oxidation re-
action is proposed.

3.1. Validation of Computational Approach

A number of tests were initially performed to verify the
accuracy of the method when applied to bulk Co30Oy, to the
(110) surface, and to the isolated sorbates CO and CO,.
The parameters were the choice of cutoff energy and the
k-point sampling.

The geometry optimisations performed on Co3;Oy indi-
cate that a good agreement between predicted and experi-
mental structure (25)is obtained at a cutoff energy of 260 eV
and a k-point spacing of 0.05 A~!'. The surface site geome-
try was obtained by cleaving the solid in the (110) normal
direction, thus obtaining the 8.17 A x 5.79 A surface unit
cell. The results for the relaxation of the Co304(110) sur-
face modelled as an infinite stack of three-layer slabs with a
fixed bottom layer separated by a 10-A vacuum layer indi-
cate no significant displacement of the surface atoms along
the (110) direction. This vacuum width was deemed suffi-
cient also for the CO adsorption calculations due to the fact
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TABLE 1

Comparing Predicted Structures and Model Reaction Enthalpies
for the Functionals GGS-PBE“ and B3LYP

GGS-PBE

B3LYP Experiment
2600eV  380eV  6-311G(d.2pd) (Ref.)

Co30y spinel

Cot_Oo-1 1,95 A 1.95 A 1.916 A (25)

Cotl_O-1' 194 A 1.95 A 1.942 A (25)

a 817 A 819 A 8.083 A (25)
CcO

Cc-0 114 A 114 A 113 A 1.128 A (26)
CO,

C-0 117 A 117 A 1.16 A 1.160 A (26)
H,

H-H 0.75 A 0.75 A 0.74 A 0.741 A (26)
H,0

H-O 0.97 A 097 A 0.96 A 0.958 A (26)

A(H-O-H) 105.07°  105.18° 103.84° 104.51° (26)
CO, +H, — CO +H,0

AE —0.764eV —0.879eV  —0.602eV

—0.729" eV —0.427 eV (26)

¢ Data for two different cutoff energies are reported in the case of GGS-
PBE.
b Vibrationally zero-point-corrected enthalpy.

that CO adsorption energy does not significantly change by
increasing this interslab distance. This result may also be
taken to infer the effective absence of any artificial attrac-
tive interslab-induced dipole-induced dipole interactions.
Lateral adsorbate—adsorbate interaction is understood to
represent what is expected for an intermediate-to-high-
coverage situation.

Calculations performed on the isolated CO and the iso-
lated CO; molecule were found to be in good agreement
with the experimental bond lengths (26) for the 260-eV
cutoff energy. Reaction energetics for the model oxygen
abstraction reaction

H, + CO, - H,O+CO [2]

was considered in order to substantiate the applicabil-
ity to relevant chemistry of the 260-eV cutoff in the
CASTEP/GGS-PBE procedure. Thus, comparisons of the
results for the 260- and 380-eV cutoff energies were made.
The consistency among gradient-corrected functionals in
predicting reaction enthalpies was tested by comparing the
GGS-PBE results to those obtained by the B3LYP hybrid
functional (27-30), the latter employing the 6-311G(d,2pd)
basis set to the above-mentioned model reaction. The com-
puted data together with the experimental values for bond
lengths are given in Table 1. These results are taken as
support for the computational procedure employed in the
present study.
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3.2. CO Adsorption on the Co304(110) Surface

The potential energy surface for adsorption of CO was
scanned by means of single-point total energy calculations.
The adsorption energy was calculated according to the ex-
pression

Eads = Ecotsiab — Eco — Elabs [3]

where Eco is the single-point energy of the isolated CO
molecule in its equilibrium configuration and Egjp is the cal-
culated single-point energy of the slab configuration used.
A negative E,gs corresponds to a stable adsorbate/slab
system.

Adsorption energy curves were computed with respect
to site-to-carbon distance. The first candidate site involves
a Co®* ion in a subatomic layer (Section 3.2.1). The sec-
ond adsorption configuration considered is a surface Co**
ion (Section 3.2.2). Section 3.2.3 discusses the nature of the
formed Co**—CO bond.

3.2.1. CO adsorption on asubatomic-layer Co’* ion. In
Fig. 1, the active site discussed by Iwasawa (16) is displayed.
This site has a cobalt(III) ion in the second atomic layer,
and two nearest-neighbouring oxygen atoms in the surface
layer. Upon the approach of the CO molecule to this site,
and based on the results from the calculations shown in
Table 2 it is suggested that Pauli repulsion to these oxygen
ions, renders this site inaccessible. Support for this inter-
pretation is found from calculations performed on a CO
molecule approaching the surface oxygen atoms directly, as
these display similar repulsions. It is concluded that access

FIG. 1. Adsorption on a sublayer Co** ion. Note how the adsorption
becomes sterically hindered (cf. Table 2) because there is little space be-
tween the surface oxygen ions where CO enters. Dark grey, oxygen; light
grey, Co(II1); black, Co(I1); and white, carbon.
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TABLE 2

Potential Energy Scan from Single-
Point Energy Calculations; Adsorption
of CO on Co*'!! at a Sublayer Site®

R[Co*-CO] (A) Eqgs (€V)
1.52 527
2.34 145
2.80 0.93
3.04 0.65

“ Positive numbers correspond to repulsive
configurations.

to this Co(III) site is sterically hindered, which effectively
rules out this site for CO adsorption on anideal Co3O4(110)
surface.

3.2.2. COadsorptiononatop-layer Co’*ion. Here,the
CO molecule approaches an exposed surface cobalt(III)
ion. The site is depicted in Fig. 2, where the CO molecule is
found to adsorb with the carbon pointing to the surface as
it binds to the Co3* site. The results from these calculations
are shown in Table 3. The minimum on the potential en-
ergy curve is found at Re_coqm = 1.8 A. The binding energy
becomes 1.7 eV. Scanning the potential energy surface by
single-point calculations was also perfomed. By rotating the
CO molecule 180° (Ro_coam = 2.0 A) the adsorption energy
becomes only 0.5 eV, while for the 135° rotation, a binding
energy of 1.0 eV (Rc_coqm = 1.8 A) is obtained. These re-
sults are taken to imply that the CO molecule adsorbs on
the exposed cobalt(I1l) surface site with the carbon end
towards the surface and the molecular axis parallel to the
surface normal direction (cf. Fig. 2).

FIG.2. Molecular CO adsorption at a surface exposed cobalt(I1T) ion.
This is the only favourable site found for CO adsorption (cf. Table 3).
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TABLE 3

Potential Energy Scan from Single-
Point Energy Calculations; Adsorption
of CO on Cot!! at a Top-Layer Site®

R[Co*-CO] (A) Eqqs (€V)
130 3.68
1.50 —0.26
1.80 -1.76
2.00 -1.52
2.52 —0.53

“ Positive numbers correspond to repul-
sive configurations.

3.2.3. Effects on magnetic properties due to bonding. The
ground-state low-spin cobalt(III) 3d® electronic configura-
tion, resulting from the octahedral ligand field, is well doc-
umented (31). It is illustrated in Fig. 3, and it is consistent
with our calculations on the bare Co3;04 (110) surface.

When the CO molecule approaches the surface, a dis-
tinct change in the properties of the system is found to
occur at Re_coqm ~2 A. The total spin density increases,
which indicates a distortion of the ligand field experienced
by Co(III), i.e., the CO molecule 5o lone pair interacts with
one of the doubly occupied cobalt 3d orbitals of local t,
symmetry. Thus, the t,, orbital degeneracy is partly lifted,
as Pauli repulsion with the CO 50 orbital brings one of these
3d orbitals closer to the empty e, subspace. Thus three or-
bitals become near-degenerate (see Fig. 4), and the same
effects which are responsible for Hund’s rule can be em-
ployed to understand the preference for the high-spin state.
Thus, the present study predicts that initial CO adsorption
on the Co304(110) surface will cause a diamagnetic-to-
paramagnetic surface transition.

The nature of the CO to cobalt(IIl) ion bond is under-
stood from the minor (0.01 A) relaxation of the intramolec-
ular C-O bond distance upon adsorption, in conjunction
with the substantial adsorption energy (1.7 eV). Taken to-
gether, these results imply that chemisorption results solely
from the So lone-pair dative bonding to the Co(III) ion,
i.e., no backdonation from the cobalt ion 3d space to the 7*

OCTAHEDRAL FIELD

FIG. 3. Spin configuration for Co®* in an octahedral ligand field.
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FIG. 4. (a) One of the t;, energy levels involved in the CO adsorp-
tion becomes destabilised due to symmetry lowering, resulting from the
adsorption. (b) A transition from diamagnetic to paramagnetic Co(III)
occurs due to the reduced energy splitting between the two original eq
orbitals and one of the t;; components.

orbital of CO occurs. This is as expected, given the high
(3+) formal charge of Co(I1I). Effectively, this bonding sit-
uation results in a slightly positive adsorbate, as the So lone
pair is to some extent shared with the Co(III) ion.

3.3. Two Reaction Channels for CO 44,
to CO;(g) Formation

It was shown in Section 3.2.2, that the initial reactive CO
adsorption occurs at the exposed Co(III) site on the (110)
surface of Co304(s). The two simplest reaction channels
for CO, formation, by the Mars—van Krevelen mechanism,
involve the two adjacent surface oxygen ions. These two
surface oxygen ions differ in the way they are bonded in
the structure. A top view of the active site is depicted in
Fig. 5. These (110) surface oxygen ions differ in that one is
bonded to one Co(II) ion and one Co(III) ion, while the
second Ogy,t has three Co(III) ions as nearest neighbours.

FIG.5. A ball-and-stick model on the active site employed for CO
adsorption and continuous CO oxidation, according to the Mars—van
Krevelen mechanism.
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Thus, the two surface oxygen ions experience different crys-
tal fields, which causes their electropositivities to differ, and
thereby also their reactivities. These oxygen ions are here-
after indicated Ow and Og, representing the weaker and
stronger local crystal field sites, respectively. The two is-
sues addressed in this section concern (a) whether one or
both of the mentioned oxygen ions can be employed to
produce CO,, and (b) characteristics of the corresponding
reaction paths for CO, formation. Thus, Section 3.3.1 ad-
dresses the exit channels where the CO; product is assumed
to have formed. Section 3.3.2 scans the corresponding re-
action paths, while in Section 3.3.3 implications based on
these results are discussed.

3.3.1. Two exit channels. The CO, product, resulting
from CO oxidation, may produce two different surface
oxygen vacancies dependent on whether Ow or Os is ab-
stracted, in accord with the experimentally verified Mars—
van Krevelen mechanism. The stability of the reduced sub-
strate decides its electron-buffering capacity and to what
extent it can be useful as an oxidation agent. In this section,
we assume the formation of the CO, molecule to have al-
ready occurred. We determine the relative stabilities for the
two situations and compare the two potential energy curves
(PEC). The PEC are scanned by means of single-point DFT
calculations at different distances between each of the va-
cancies and the CO, molecule, as indicated in Fig. 6. Thus
the number of atoms and the total number of electrons in
the system are conserved throughout the calculations. The
exit channel of the CO oxidation mechanism in the case of
Ow abstraction displays a potential energy curve with an
outer (—2.5 eV) and an inner (—1.8 eV) energy minimum
(cf. Fig. 7) corresponding to the CO, and the formal CO3~
species, respectively. The potential energy curves’ crossing
occurs at 0.5 A from the original oxygen lattice position.
The existence of a formal CO3~ intermediate of significant

FIG. 6. Oxygen (Og) abstraction from the surface to form CO, is
schematically depicted.
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FIG.7. Results from single point energy calculations for the abstrac-
tion of the oxygen experiencing the weaker crystal field (Ow). A linear
CO; molecular product arrangement is employed as probe.

stability (local minimum on the PEC) reflects the weakness
of the local crystal field at the Ow site. Such a local min-
imum on the PEC is not found at the Og site (cf. Fig. 8)
because of the strong electron affinity of this site. The rel-
ative stabilities of the asymptotes, 2.5 and 1.6 €V in case of
Ow and Os removal, respectively, are taken to reflect the re-
ducing power of the excess electrons at the Os site. Indeed,
removal of O from the Oy site results in a more efficient re-
duction of the surface Co(III) ions than does removal of O
from the Og site. Furthermore, it is noted that O abstraction
from Og (Fig. 8) displays stability similar to that of the ini-
tial Co(III)-CO species (Table 3), while O abstraction from
Ow (Fig. 7) produces a significantly more stable product.
This property is expected to affect in a significant way the
nature of the Co3Oy4 surface at thermodynamic equilibrium
in the presence of CO(g).

3.3.2. Two overall reaction pathways. Subsequent to in-
vestigating the entrance channel in Section 3.2, and the exit
channels for the Ow and Og abstractions in Section 3.3.1,
the stabilities of the intermediate surface transients are ad-
dressed here. The configurations and corresponding ener-
getics are displayed in Figs. 9 and 10. It is noted that for the
Ow channel (Fig. 9) all points on the schematic potential
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FIG. 8. Results from single point energy calculations for the abstrac-
tion of the oxygen experiencing the stronger crystal field (Os). A linear
CO; molecular product arrangement is employed as probe.
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FIG.9. An overall energy diagram for reaction pathway A is shown.
Notice the energy barrier upon CO, leaving the surface. Simplified
sketches for the intermediates are shown to the right. The |_| pocket de-
notes oxygen vacancy Ow.

energy curves lie well below the CO(g) + slab starting point,

while, in contrast, intermediate states on the Og abstraction

path approach zero stability for the same reference point.
The two pathways may be summarised as follows:

1. Ow abstraction pathway. This reaction involves the
surface oxygen which experiences the weaker crystal field
(Ow). The stabilities at stages I-V in Fig. 9 correspond to
the following:

Stage I. Adsorption of CO on the active cobalt(III)
site occurs, with the CO molecule adsorbing straight at a
distance of 1.8 A above the Co>* ion.

Stage II. Formation of a bent CO;? species occurs as
the carbon monoxide molecule glides towards Ow. The
structure of this charged transient surface CO, species
results from CO bridging the Co(III) and Ow sites. Here,
the orbital hybridisation on the carbon resembles that of
the formaldehyde molecule.

Eads 4 [eV]
| CO(g)+slab

1.7

. 16 Co (lll)— O,
Co adforbed

C02(g) + slab
\Y

Reaction coordinate

FIG. 10. An overall energy diagram for reaction pathway A is shown.
Simplified sketches for the intermediates are shown to the right. The ||
pocket denotes oxygen vacancy Os.
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Stage III. Upon dissociation of the Co(III)-C bond,
Pauli repulsion causes the Ow—-C bond to become parallel
to the surface normal. The resulting surface CO, species
stays bent, as it remains a formally doubly charged anion.

Stage I'V. The charged triatomic molecule straightens
along a normal coordinate, which becomes the reaction co-
ordinate, and the linear CO, species displays a quasistable
structure on the potential energy surface.

Stage V. Desorption occurs by surmounting an en-
ergy barrier associated with the reduction of the substrate.
The existence of two potential energy minima reflects the
metastable nature of this reduced substrate site. Excess
electrons are either shared with the CO, molecule or dis-
persed into the slightly distant neighbouring Co(III) sites.
The asymptotic stability for CO;, +reduced Ow site be-
comes 2.5 eV.

2. Oy abstraction pathway. This reaction path involves the
surface oxygen which experiences the stronger crystal field
(Os). The stabilities for the steps I-V are shown in Fig. 10
and correspond to the following:

Step I. Asin pathway A.

Step II. As in pathway A. Note that there is reduced
surface complex stability due to the crystal field stabilisa-
tion of the O?~ species, which makes the Os site less nucle-
ophilic.

Step III. Asin pathway A. The reduced stability of the
CO3™ surface species, resulting from competition with the
crystal field, is again emphasized.

Step IV. The straightening of the charged CO, surface
species is associated with a concerted electron transfer to
the substrate. The resulting interaction between the formed
CO; and the reduced substrate becomes repulsive and con-
sequently COs is ejected.

Step V. The CO; molecule leaves the surface, resulting
in an oxygen vacancy and a reduced substrate. The asymp-
totic stability of the product becomes 1.6 eV, which is less
than that of pathway A. This reflects the greater initial stabil-
ity of the OF~ species than that of O%, due to the different
local crystal fields at these sites.

3.3.3. Implications for Co;04(110)-mediated CO oxida-
tion. The resulting stabilities of the intermediates along
the two CO oxidation pathways described in Section 3.3.2
are compared in Fig. 11. Thisillustrates the significant differ-
ence expected in the kinetics and thermodynamics depend-
ing on which oxygen is removed from the surface structure.

Key observations comprise the following; (a) pathway A
introduces quasistable CO%* surface transients, (b) signifi-
cant stabilization is seen upon formation of the CO;(g) +
reduced slab product, and (c) pathway B produces a less sta-
ble reduced substrate. In particular, (b) and (c) imply that
the lifetime of the reduced Os site should be significantly
shorter than that of the Oy site, or conversely, the Og site
is expected to dominate the rates of the redox reactions

BROQVIST, PANAS, AND PERSSON

dE 4 [ev]
C02(g) + slab
0 4 _
CO2(g) + slab
adsorbed CO

-1.6eV

o ATeV Pathway |
-25¢eV

Pathway 11

FIG. 11. Comparative exothermicities for paths A and B, relative to

the adsorbed CO intermediate at the proposed Co(I1I) surface site.

associated with the (110) surface of Co304(s)-mediated
oxidation of CO by an oxidant.

4. CONCLUDING REMARKS

First-principles density functional theory calculations
have been performed in order to investigate the low-
temperature activity of Co3;O4 for CO oxidation. The cal-
culations, performed on the (110) surface, employed a slab
with periodic boundary conditions. The applicability of the
computational procedure was verified by comparing the ex-
perimentally known structural data for Co3QO4(s), the iso-
lated CO molecule, and the isolated CO, molecule. The
theoretical results are accurate to the 2% level.

The previously studied electroneutral CozO4(110) sur-
face was chosen for this CO adsorption investigation. In-
deed, our calculations indicate that the (110) surface as ob-
tained by cleaving the bulk structure is quite stable, in that
relaxation effects are small.

Three different possible initial CO adsorption sites on
the (110) surface were investigated. These correspond to a
surface oxygen, a Co(III) ion between two oxygen ions in
a subsurface geometry, and a Co(IlI) ion in the top layer.
Results of the calculations imply that the latter site is the
only one suitable for initial CO adsorption. Thus, the CO
molecule is found to bind with the carbon end to a Co(I1I)
ion on the surface at Rc,.c =1.8 A with a binding energy
of 1.7 eV. Calculations, performed on TiO,, give a bind-
ing energy of 0.8 eV for adsorbing CO at a Ti site (21).
Furthermore, the adsorption energy for the spinel cobalt
oxide is estimated to be about double that value, accord-
ing to catalytic activity theory (32). The latter estimate is in
agreement with the independent 1.7 eV result obtained in
the present study.

The initial CO adsorption site at a surface Co(III) ion,
determined in the present study, was found to change the
ligand field on this ion. This in turn resulted in the ion be-
coming paramagnetic rather than diamagnetic. This change
in surface magnetic property could be used to experi-
mentally validate the nature of the proposed adsorption
complex, particularly so since this configuration is not the
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same as that discussed in Ref. (16). The latter subsurface
candidate site for reactive CO adsorption was ruled out,
based on the prohibitively large Pauli repulsion interactions
experienced by the CO molecule from the neighbouring
surface oxygen ions in the entrance channel.

Starting from the Co(III)-CO surface complex, two re-
action paths towards CO oxidation were considered. In-
deed, in the proximity of this adsorption site there are two
symmetry-inequivalent oxygen ions, both of which could
be involved in the oxidation of CO. These two oxygen ions
differ in the way they are bound to the lattice, and con-
sequently they experience different crystal fields. Stability
changes along the two pathways for Og,s abstraction by
CO to form CO, were computed. While the two pathways
produce similar intermediate Oyg,t—CO structures, the com-
puted stabilities deviate significantly. The first three steps
are common to both pathways.

1. CO adsorbs on a surface-exposed Co’*.

2. CO glides towards the oxygen, forming a surface CO
complex, displaying bonds to both the surface oxygen and
the Co(III) site.

3. Acharged Og,—CO species is formed with a bent equi-
librium structure.

Here, the reactions bifurcate, as the Oy, at the strong crys-
tal field site (Og) does not possess a quasistable linear CO%‘
intermediate structure, while the Og, ¢ abstraction from the
weak crystal field site (Ow) displays a barrier for linear
CO3~ to CO;(g) interconversion. Both possibilities even-
tually reduce the active site.

The two reaction pathways are expected to display dif-
ferent catalytic activities. Specifically, the energy difference
between reactants and product is substantially larger for
removing the oxygen from the weak crystal field site, i.e.,
2.5 eV (Ow) relative to 1.6 eV (Os). This, in conjunc-
tion with substantially stabilized intermediate surface com-
plexes, implies that the Oy site is more reluctant to reoxi-
dize than the Og surface site. The pathway for the oxygen
abstraction from the strong crystal field site displays sev-
eral additional characteristics, which may be useful in the
context of catalysis. One such observation is that only negli-
gible energy difference is obtained when CO,q4s reacts with
Og to form CO,, which in conjunction with the significantly
faster rate of reoxidation expected for this surface site point
to the Og site as the dominant site in determining the cata-
lytic redox properties of the (110) surface of Co3O4(s).

The scenario described above may also be used to explain
the loss of activity resulting from the solid-state reaction
product between Co3;O4 and the alumina support whereby
CoAl,Oy4 is formed. This is in spite of the fact that CoAl,O4
has the same spinel structure as Co3Oy. The decisive factor
is that in CoAl,O4, Co and Al assume oxidation states IT+
and III+, respectively. Neither one of these ions is likely to
be reduced upon surface oxygen abstraction and therefore

205

this compound becomes inactive towards CO(g) oxidation,
following the above outlined mechanism, which has an in-
termediate electron sink as a necessary prerequisite.

In summary, it was demonstrated how oxide materials
with significant CO oxidation capacity benefit from having
an effective electron sink, e.g., in terms of the reduction of
Co’* to Co?* in the Co30y spinel structure, for harbouring
the excess electrons upon CO; formation, until being re-
oxidised by O,. Two paths for oxygen abstraction were dis-
cussed. Future investigations will include (a) calculations to
determine activation energies along the outlined reaction
paths for kinetics modelling, and (b) addressing other oxide
surfaces with possible catalytic capacity by employing the
strategy developed here.
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