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a b s t r a c t

Density functional theory calculations for NO adsorption and NO–CO reaction on a Co2+-dimer/�-
Al2O3(1 1 0) model catalyst were conducted to understand two new aspects of the increases in the
amount and reduction rate of adsorbed NO by gas phase CO molecules which are undetectable at the
Co2+-ensemble/�-Al2O3 catalyst surface. Three kinds of dinitrosyl adsorbates were found and assigned
to normal gem-dinitrosyl species (gem-dinitosyl I and II) and an unique cis-(NO)2 dimeric species. The
gem-dinitrosyl II with a reconstructed structure involving Co–Osurf cleavage was considered as stable
species experimentally observed, which is responsible for the spectator CO-promoted NO adsorption.
We also found that the cis-(NO)2 dimeric species specific for the Co2+-ensemble structure possesses a
pectator CO
O–CO reaction
eaction mechanism

much higher reactivity than the gem-dinitrosyl species, enabling the facile reaction with CO that is very
weakly trapped at the surface. In the cis-(NO)2 dimeric species two adsorbed NO molecules on two adja-
cent Co2+ sites interact with each other due to the opposed orientation of the unoccupied d orbitals of the
two Co2+, resulting in easy formation of a N–N bond through the 2�*–2�* hybridization. The NO adsor-
bates modify and activate the surface (Co2+ sites) to make pseudo-compounds (intermediates) with CO
at the Co2+ sites in such a way that CO is not detected at the surface. The potential energy surface for the

ted a
NO–CO reaction is presen

. Introduction

Ensemble catalysts with concerted metal ion sites often exhibit
haracteristic catalysis, which may not be performed by a single
etal site [1–11]. We found a new phenomenon that the catalytic

eduction and adsorption of NO on a Co2+-ensemble/�-Al2O3 cat-

lyst were significantly promoted by gas phase CO undetectable
t the catalyst surface [7,12–15]. The Co2+-ensemble/�-Al2O3
atalyst was prepared by chemical vapor deposition (CVD) of
o2(CO)8 on �-Al2O3, followed by step-by-step treatments in
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nd the transition states and intermediates are discussed.
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a controllable manner, and characterized by EXAFS, diffuse
reflectance UV/vis, FT-IR, Raman, TPD, etc [15–17]. The CVD Co2+-
ensemble/�-Al2O3 catalyst thus obtained was ca. 50 times more
active for 2NO + CO → N2O + CO2 than a usual impregnated Co2+/�-
Al2O3 catalyst. The new aspect “surface catalytic reaction and
adsorption assisted by gas phase molecules” is briefly summa-
rized as follows. NO adsorbs to give paired peaks at 1769 and
1849 cm−1, which may be considered as a gem-dinitrosyl species
(Co2+(NO)2), while CO stays on the surface as shortly as ca. 10−10

s and its adsorbed amount is so small as undetectable volu-
metrically and IR-spectroscopically below their detection limits.
Most of heterogeneous catalytic reactions are known to fol-
low the Langmuir–Hinshelwood (LH) mechanism requiring the
adsorption-mediated activation of reactant molecules rather than
the Eley–Rideal (ER) mechanism which is induced by the collisional

energy of impinging molecules from the gas phase. However, CO
which rarely resides on the catalyst surface significantly promotes
the reactivity of adsorbed NO to produce N2O according to TPD
of adsorbed NO. Further, the presence of CO in the gas phase also
increases the equilibrium amount of NO adsorbed at the surface by

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:iwasawa@pc.uec.ac.jp
mailto:iwasawa@chem.s.u-tokyo.ac.jp
dx.doi.org/10.1016/j.cattod.2010.03.048
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a. 2 times. Interestingly, a Co2+-monomer/�-Al2O3 catalyst pre-
ared in a similar way to the Co2+-ensemble/�-Al2O3 catalyst had
o activity for the same reaction and never showed the spectator
O-promoted NO adsorption, in spite of the similarity in the elec-
ronic state and local structure of their Co2+ sites [15]. Thus, the new
urface phenomenon promoted by gas-phase CO molecules may
riginate from the Co2+-ensemble structure. Importance of a syn-
rgistic cooperation between nearby Co2+ sites was also indicated
o enhance the catalytic activity of the selective NO reduction on
o2+/ferrierite catalysts [18,19]. However, it is hard to find exper-

mentally the key issue and detailed mechanism for the surface
vent assisted by gas phase molecules because CO is neither spec-
roscopically nor volumetrically detectable at the surface under the
eaction conditions.

Recently, we proposed a surface structure of a Co2+-
imer/�-Al2O3(1 1 0) model catalyst based on the experimental
haracterizations and density functional theory (DFT) calcula-
ions [20], and suggested that an adsorbate–adsorbate interaction
mposed by the opposed orientation of the unoccupied d orbitals of
he adjacent Co2+ ions may be the origin of the new catalytic phe-
omenon on the Co2+-ensemble catalyst [15,21]. By means of the
FT calculations closely compared with our recent experimental

esults [15], here we report that a cis-(NO)2 dimeric species through
he adsorbate–adsorbate interaction is the origin of the high activ-
ty of the Co2+-ensemble/�-Al2O3 catalyst, and that this highly
eactive cis-(NO)2 dimer enables the reaction with only weakly
dsorbed, namely chemically unactivated CO molecules. We also
uggest that the CO-promoted NO adsorption may be correlated
ith the appearance of a new gem-dinitrosyl species accompanied
ith CO-induced cleavage of a Co–Osurf bond at the interface.

. Calculation

The density functional theory (DFT) at the level of gener-
lized gradient approximation (GGA) [22] has been employed
hroughout calculations. The exchange–correlation functional was
f Perdew–Burke–Ernzerhof (PBE) [23]. The basis set was the dou-
le numeric basis with polarization functions (DNP) [24], whose
ccuracy is comparable to the famous 6-31G** basis. The core
arts were described by the effective core potentials (ECP) of Dolg
t al. [25,26]. These calculations were conducted by the DMOL3
rogram package [24]. The catalyst surface was modeled by a
epeated slab separated by a ca. 1-nm vacuum region. The k-
oint mesh was 3 × 4 × 1 (the size of the unit cell was 0.79110,
.55939 and 1.90503 nm, which had been decided in the previous
alculations [20]). The convergence criterion for SCF calculations
as 1.0 × 10−5 Hartree and those for geometry optimization were

.0 × 10−5 Hartree in energy and 2.1 × 10−3 Hartree/Bohr in force.
The vibrational frequencies of adsorbates were calculated in a

ay that force constants, second-order derivatives of energy were
pproximated by a numerical differentiation, where each atom was
isplaced from the equilibrium position by 0.001 nm in the x, y, and
directions. In addition, we used a partial hessian consisting of the

orce constants of a Co2+ dimer and adsorbates, which accurately
eproduced the vibrational frequencies obtained by diagonalizing
total hessian.

Transition state searches were executed as follows. At first,
he linear synchronous transit method (LST) [27] was used to
earch the energy maximum in the line connecting a reactant and
roduct. From this approximate energy maximum, energy mini-

ization in the direction conjugate to the reaction pathway (CG)
as conducted. Then the quadratic synchronous transit method

QST) was used to improve the energy maximum point. Finally the
G/QST cycle was repeated until the gradient at the transition state
ecreased within 5.3 × 10−3 Hartree/Bohr. The obtained transition
ay 154 (2010) 118–126 119

state was refined in order to give a sole imaginary frequency for the
reaction coordinate. Further, we confirmed whether the obtained
transition state corresponded to the maximum in the reaction path-
way or not by additional LST/QST/CG calculations between the
reactant (product) and the transition state.

As was described in the previous calculations [20], each Co2+

ion had a high spin state, i.e. Co2+(↑↑↑) and the relative spin
orientation of the adjacent Co2+ ions (Co2+(↑↑↑)· · ·Co2+(↑↑↑) or
Co2+(↑↑↑)· · ·Co2+(↓↓↓)) did not affect the energy and structure of
the catalyst model. Because CO does not have any unpaired elec-
tron, CO adsorption was totally independent of the spin orientation
of the adjacent Co2+ ions. NO with one unpaired electron in a 2�*
orbital is known to makes its doublet anti-parallel to the spin of Co2+

(Co2+(↑↑↑)–NO(↓)) [28], and as for the relative preference we con-
firmed that the anti-parallel orientation was 0.25 eV more stable
than the parallel orientation. In addition, bridging NO adsorbates,
which emerged in mononitrosyl or geminal species as a result of
the underestimated Co–N bond length (described later), always
favored the Co2+(↑↑↑)–NO(↓)–Co2+(↑↑↑) spin configuration than
Co2+(↑↑↑)–NO(↓)–Co2+(↓↓↓) by 0.2–0.3 eV. Therefore, we fixed the
total spin at 6 − x in a system which included x NO adsorbates
(x = 0–2). Such restriction to the total spin density gives correct spin
states on metal ions, compared to spin-unrestricted calculations
[29].

In our calculations, a Co2+ dimer composed of the two adja-
cent Co2+ ions weakly interacted with each other significantly
prevented a SCF cycle from converging because multiple d orbitals
underlay in a narrow energy region. For this convergence prob-
lem, we employed the following scheme [20] using the thermal
smearing method [30]. Firstly, a single-point calculation with a
high smearing temperature, 0.010 Hartree was done. Next the
obtained electronic state was re-converged with a milder smearing
rate, 0.008 Hartree. In this way, the smearing rate was gradually
decreased to 0.004 Hartree, which was enough small to evaluate
accurate energies and frequencies (the error ranges which were
derived from calculations about several dinitrosyl-Co2+ complexes,
were 0.05–0.10 eV for the energy and 10–20 cm−1 for the fre-
quency).

The interaction between NO and highly correlated metal or
metal ions is one of the major challenges of DFT with pure func-
tionals such as PBE. In our system, the adsorption energy of
mononitrosyl species bridging the two adjacent Co2+ ions was over-
estimated as largely as by ca. 1.5 eV, and its vibrational frequency
was greatly red-shifted by 180 cm−1, indicating an overestimated
back-donation from Co2+ to NO. Similar problems of the pure-
functional DFT have been reported for CO adsorption on a Pd(1 1 1)
surface [31,32], CO and NO adsorption on a strongly correlated
NiO(1 1 0) surface [29,33,34], and so on. These problems partly
come from the well-known fact that the pure-functional DFT
underestimates the gap size between valence and conduction
bands (or orbitals) [35]. The underestimation of the HOMO-LUMO
gap size of NO in the pure-functional DFT results in an overesti-
mated back-donation into the unoccupied 2�* orbital of NO, which
leads to the increase of adsorption energies, red-shift of the vibra-
tional frequencies, and elongation of the N=O bond length. Since
the degree of the error depends on the kind of the adsorption
sites and the number of the metal ions bound to NO, we did not
compare the relative stability of various NO adsorbates at differ-
ent sites and adsorption modes. Another source of the problems
is the incorrect description of the on-site Coulomb repulsion [29],
which causes spin overmixing between a highly correlated metal

ion and NO, i.e. shrinks and strengthens the Co2+–N bond. In spite
of these problems, however, it is known that the activation barrier
for the N–O scission is much more accurate due to the error cancel-
lation [36,37]. Similarly, we confirmed that the difference between
the asymmetric and symmetric vibration frequencies of dinitrosyl
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pecies was relatively accurate. Thus, we continuously employed
he PBE functional for the NO–CO reaction.

On the other hand, we also conducted DFT+U calculations for
he most important cis-(NO)2 dimeric species to circumvent the
pin overmixing problem using the program package of VASP [38],
here the Dudarev type [39] was applied with U = 6.5 and J = 1

or the d electrons of Co2+ (parameters were decided to fit to the
otal magnetization of cobalt oxide). In this additional calculation,
he PBE functional, projector-augmented wave (PAW) method [40],
lane wave basis set with the kinetic-energy cutoff of 400 eV, and
× 5 × 1 k-points were employed.

. Results

.1. Co2+-dimer/�-Al2O3 model catalyst

In this section, we briefly summarize the characteristics of the
o2+-dimer/�-Al2O3 model catalyst, which was derived in the pre-
ious DFT calculations [20]. A Co2+ dimer is believed to be an active
nit for the NO–CO reaction (2NO + CO → N2O + CO2) on the Co2+

nsemble/�-Al2O3 catalyst prepared by Co2(CO)8 precursor, since
XAFS analysis gave the coordination number of 0.8 for the Co–Co
ond of 0.33 nm [17] and the maximum coverage of NO was 2NO
er Co2+ dimmer [15]. Among several tens of models which were
btained by supporting a Co2+ dimer on a �-Al2O3(1 1 0) surface
hrough the reaction with surface hydroxyl groups, the structure in
ig. 1 meets all the experimental results for the electronic and local
tructure of the Co2+ species [15,17]. In this model, Co2+ ions have

high spin state and are three-folded by O(II), O(III), and O(I)H (the
oman number in parentheses indicates the coordination number
f O in terms of Al). The Co2+ ions are situated in a trigonally dis-
orted Td symmetry, which coincides with the previous UV and
ANES results [15,17]. The averaged Co–O distance is 0.191 nm,

ig. 1. (a) Perspective, (b) top, and (c) side views of the proposed Co2+-dimer/�-
l2O3 model catalyst surface. The coordination numbers of O around Co2+ are shown

n terms of Al. The arrows indicate the orientation of unoccupied d orbitals of Co2+.
lack: O, pale purple: Al, red: Co, white: H.
ay 154 (2010) 118–126

which reproduces 0.193 nm determined by EXAFS [15]. The Co–Co
distance, which is the most important issue of evaluation of the
validity of the surface model, is 0.316 nm, which agrees with the
EXAFS value, 0.33 nm [17].

As described in Section 1, the behavior of the Co2+-ensemble
catalyst is different from the Co2+ monomer catalyst only in the
coexistence of spectator CO, i.e. the Co2+-ensemble catalyst shows
its ensemble aspect only in the limited situation. In the previ-
ous study [15,20,21], we suggested that the structural origin of
these behaviors is the opposed orientation of the unoccupied d
orbitals of the adjacent Co2+ ions, shown as arrows in Fig. 1. When
one NO molecule adsorbed on the Co2+-dimer catalyst and the
Co2+-monomer catalyst, the both Co2+ catalysts gave a very sim-
ilar adsorption structure. However, when another NO molecule
was added at the adjacent Co2+ site in the dimer catalyst, the co-
adsorbed two molecules could interact with each other because of
the special orientation of the Co2+ dimer. This adsorbate–adsorbate
interaction was the most prominent character of our Co2+-dimer/�-
Al2O3 model catalyst and we proposed that it should be the key to
the NO adsorption and catalysis [20].

3.2. Possible dinitrosyl species

Starting from various initial structures, three different dinitro-
syl species were finally obtained on the Co2+-dimer model catalyst,
shown in Fig. 2(a) and(c) [21]. Two of them in Fig. 2(a) and (b)
are conventional geminal species (two NO molecules adsorb at one
Co2+ ion), and they are denoted as gem-dinitrosyl I and II species,
respectively. gem-Dinitrosyl adsorbates are a quite general species
in organometallic complexes [41] and also on supported metal-ion
catalysts [42–44]. The two gem-dinitrosyl species are different from
each other in the extent of surface reconstruction around Co2+: the
gem-dinitrosyl I accompanied little reconstruction, while the for-
mation of the gem-dinitrosyl II required the scission of the Co–O(III)
bond (the Co–O length changes from the original Co–O(III) length of
0.217–0.373 nm). The other stable species was a cis-(NO)2 dimeric
species, where the two N atoms at the adjacent Co2+ sites faced to
each other with the terminating O atoms in the reversed direction
(Fig. 2(c)) [15,21]. It is notable that the two NO molecules cou-
ple with each other through an adsorbate–adsorbate interaction,
which is the most prominent feature of the Co2+-dimer catalyst
[20]. Although similar species have been observed in gas-phase
[45,46] and they have also been proposed based on DFT calcula-
tions on the Ag(1 1 1) [47,48], Pt(2 1 1) [49], and Rh surfaces [50], to
our knowledge it is the first to report the cis-(NO)2 dimeric species
on the supported metal/metal ion catalysts. The dimerization of NO
in the gas phase is still a difficult system for the DFT calculations
[51], but the cis-(NO)2 dimer on the Co2+-dimer model catalyst was
much easier to be described by the DFT because the alignment of
the Co2+ dimer required the dimerization of NO. Namely, the for-
mation of the cis-(NO)2 dimer was caused by the geometric feature
of the Co2+ sites on the �-Al2O3 surface, not by a weak and diffi-
cult spin coupling between two NO adsorbates. Considering that
the experimentally obtained N–N distance of the gas-phase dimer
was between 0.175 and 0.233 nm [45,46] and that on the Ag(1 1 1)
surface was 0.15 nm [48], our cis-(NO)2 dimer had relatively larger
N–N length of 0.251 nm, which was both due to the large Co–Co dis-
tance of 0.317 nm and to the underestimated Co–N length by the
pure-functional DFT. In the present study we conducted additional
DFT+U optimization. The DFT+U calculation indicated a decrease of
the N–N length from 0.251 to 0.176 nm accompanied with enlarg-

ing the Co–N distance from 0.183 to 0.205 nm (Fig. 2(d)), which
implies the easier formation of the N–N bond to lead to N2O prod-
uct.

The adsorption properties of the three species are summarized
in Tables 1 and 2. The cis-(NO)2 dimeric species looked the most sta-
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Fig. 2. Possible adsorption states of dinitrosyl species: (a) gem-dinitrosyl I, (b) gem-dinitro
species re-optimized using DFT+U. The arrow in (b) indicates the scission of the Co–O(III
scheme is kept in subsequent Figures.

Table 1
Adsorption energies and vibrational frequencies of mononitrosyl and dinitrosyl
adsorbates.

Speciesa Ead/eV Frequency/cm−1

Calc. Exp. Calc.c Exp.

Mononitrosyl −1.78 ≤0.3 1643 1823
gem-Dinitrosyl I −1.89 1624, 1768 1769, 1849
gem-Dinitrosyl II −2.28 –0.61 1656, 1767
cis-(NO)2 dimer −2.71 (–0.78)b 1613, 1729
cis-(NO)2 dimer (DFT+U) −1.69 n/a

a The corresponding species are shown in Fig. 2.
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b The parenthetic value is the adsorption energy of the more stable 2NO, which
as produced by coexistence of CO.
c The vibrational frequency of NO(g) was calculated as 1889 cm−1.

le, apparently because of the overestimated back-donation from
he two Co2+ ions to NO. On the one hand, the gem-dinitrosyl II
as ca. 0.4 eV more stable than the gem-dinitrosyl I in spite of the

act that the bridged NO in the gem-dinitrosyl I took extra back-
onation (see also that the frequencies of the gem-dinitrosyl I were
ed-shifted more than those of the gem-dinitrosyl II). Namely, the
nergy difference between the geminal I and II must be meaningful,
eferring to the problems of the pure-functional DFT. The aver-
ged frequencies between the symmetric and asymmetric modes

ere 1696 cm−1 for the geminal I, 1711 cm−1 for the geminal II, and

672 cm−1 for the cis-(NO)2 dimer, thus all of which were signif-
cantly red-shifted compared to the IR result, average 1809 cm−1

ue to the problems of the pure-functional DFT. As mentioned

able 2
tructural parameters of mononitrosyl and dinitrosyl adsorbates.

Species Distancea/nm

Co–N1 Co–N2 N1–O1 N2–O2

Mononitrosyl 0.194, 0.194 – 0.1195 –
gem-Dinitrosyl I 0.189, 0.204 0.210 0.1192 0.1167
gem-Dinitrosyl II 0.177 0.174 0.1183 0.1175
cis-(NO)2 dimer 0.182 0.184 0.1185 0.1185
cis-(NO)2 dimer (DFT+U) 0.203 0.207 0.1193 0.1193

a The numbers on atoms correspond to those in Fig. 2. The calculated bond length
f NO(g) was 0.1164 nm.
syl II, and (c) cis-(NO)2 dimeric species optimized by DFT, and (d) cis-(NO)2 dimeric
) bond. Black: O, pale purple: Al, red: Co, gray: C, light blue: N, white: H. This color

above, the amount of the red-shift largely depends on the mode of
adsorption and the number of the involved Co2+ ions, and therefore
the comparison of the averaged frequencies among the different
species is meaningless. Instead we focused on the splitting of the
paired frequencies of the three adsorbates. The two conventional
gem-dinitrosyl species showed the splitting over 100 cm−1, and
surprisingly the frequencies of the cis-(NO)2 dimeric species split
into 1613 and 1729 cm−1 like those of the gem-dinitrosyl species,
rather than that of two mononitrosyl species. This finding proves
the existence of a coupling between the two NO adsorbates in the
cis-(NO)2 dimeric species, and the compatibility of the cis-(NO)2
dimer with the appearance of asymmetric and symmetric stretch-
ing peaks in FT-IR spectra [15]. Indeed, the normal modes of 1613
and 1729 cm−1 behaved equally to asymmetric and symmetric
stretching vibrations of a gem-dinitrosyl species where the cou-
pling center for the cis-(NO)2 dimeric species is virtually positioned
at the intermediate position between the adjacent Co2+ sites.

3.3. Reaction mechanism

Next, we examined possible reaction mechanisms between the
three types of dinitrosyl species and CO. Prior to the reaction
between the dinitrosyl species and CO, the possibility of the two-
step reaction mechanism, 2NO → N2O + Oad and Oad + CO → CO2,
was checked. Though the experimental results excluded this mech-
anism, two Co2+ sites might be sufficient to dissociate NO to
form atomic N and O adsorbates. At first, the bridged monon-
itrosyl species was tilted to make a Co2+–N=O–Co2+ structure,
which required only 0.15 eV energetic penalty. However, when the
N–O bond length of the tilted NO was manually elongated from
0.122 to 0.17 and to 0.22 nm, the energy increased by 0.47 and
2.16 eV, respectively. Thus the energy of the tilted NO monoton-
ically increased towards the dissociation because of the extreme
instability of the atomic adsorbates. Finally we excluded the two-
step pathway, consistently with the experiments.
From the geminal species I, two reaction pathways were found,
whose transition states were denoted as TS 1 and TS 2 (see Ref.
[21] for the details). The activation energy for the ER mechanism
was as large as 2.49 eV, because the Co–N–Co–N=O intermediate
species was 2.36 eV less stable than a N2O(g) molecule. The acti-
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Table 3
Structural parameters of the transition and intermediate states.

Structurea N1–O1/nm O1–C/nm C–O2/nm N1–N2/nm Co–C/nm

TS 3-1 0.1339 0.1790 0.1159 0.1322 –
Int 3 0.1451 0.1381 0.1191 0.1293 –
TS 3-2 0.1654 0.1291 0.1207 0.1264 –
TS 4-1 0.1285 0.2004 0.1155 0.1351 0.2199
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B, and the CO effect on the increase of the adsorbed NO amount
Int 4 0.1482 0.1368 0.1206 0.1287 0.1945
TS 4-2 0.1811 0.1294 0.1223 0.1220 0.2018

a The corresponding transition and intermediate states are in Fig. 3.

ation energy for the LH mechanism was also as large as 1.66 eV
hough the value was smaller than that for the ER mechanism.
his was because the transition state of the LH pathway was rela-
ively near the product side, and therefore a part of the heat of CO2
ormation contributed to the stabilization of the transition state.
he reactivity of the gem-dinitrosyl II with CO was obviously much
ess than that of the gem-dinitrosyl I due to its quite large Co–Co
istance, which prevented both the ER and LH mechanisms.

For the reaction between the cis-(NO)2 dimer and CO, ER and
H pathways were found, denoted as paths (a) and (b) in Fig. 3,
espectively. Both of them were composed by two elemental steps:
he N–N formation and subsequent N–O bond cleavage. In the
R path (a), a CO(g) molecule approached either of NO directly
rom the gas phase with its molecular axis nearly vertical to the
urface. At the first transition state (TS 3-1), the N1–N2 distance
ecreased to 0.132 nm by utilizing the collisional energy of the
O molecule (Table 3). After a shallow intermediate state (Int
), the N1–O1 was cleaved to make CO2 at the second transi-
ion state (TS 3-2). The heights of the TS 3-1 and TS 3-2 from
he reactant were 1.13 and 0.88 eV, respectively. In the LH path
b), a CO molecule very weakly trapped at one Co2+ induced the
hrink of the N1–N2 distance to 0.135 nm at the first transition
tate (TS 4-1, Table 3). The interaction between the CO molecules
nd the Co2+ ion was slightly endothermic (ca. 0.2 eV) at the reac-
ant, consistently with the experimental absence of CO on the
urface. However, the interaction gradually varied to attractive
ne toward the TS 4-1, resulting in the stabilization of the TS 4-
, whose height from the reactants was 1.07 eV. After surpassing
he TS 4-1, a stable surface complex (Int 4) was formed among
he CO, 2NO and Co2+ dimer, where the attractive CO–Co2+ inter-
ction significantly contributed the stabilization. Finally at the TS
-2, the stable complex begun to form CO2 with a very small acti-
ation barrier, and the N1–N2 distance was further decreased to
.122 nm. It is likely that CO molecules physically trapped by the
atalyst surface migrate to a Co2+ site having the cis-(NO)2 dimer,
nd then react only in the case that the cis-(NO)2 dimer has a
ufficient internal energy to surpass the TS 4-1. The heat of the
ormation of Int 4 is readily available to overcome the small bar-
ier at TS 4-2, and therefore the reaction never stays at Int 4 for a
etectable time. In the both paths, the common product state of
he bridging N2O adsorbate, whose energy was only 0.18 eV less
table than that of N2O(g), easily desorbed from the catalyst sur-
ace without any notable barrier. It is also noteworthy that the
–N bond formation provides the stable surface pseudo-compound

ntermediates with gaseous or weakly trapped CO in both the
aths.

. Discussion

.1. Relationship between theoretical and experimental results
To discuss on the dinitrosyl species and NO–CO reaction mech-
nism, let us briefly summarize our experimental findings on the
o2+-ensemble/�-Al2O3 catalyst [15].
ay 154 (2010) 118–126

(i) At least two kinds of dinitrosyl species on the Co2+-
ensemble/�-Al2O3 catalyst were found: species A produced in
the absence of gaseous CO and species B produced only in the
presence of CO(g). In the absence of CO (g), NO adsorbed on the
catalyst as species A; for example, the adsorbed amount was
typically 0.18 NO molecule per Co under 5.3 kPa of NO pres-
sure at 443 K. The adsorption energy was decided as 59 kJ/mol
(0.61 eV), and the vibrational frequencies for the adsorbed
NO were 1769 and 1849 cm−1, which had been assigned to
asymmetric and symmetry stretching modes of gem-dinitrosyl
species, respectively.

(ii) The presence of spectator CO in the gas phase drastically
enhanced the equilibrium adsorption amount from 0.18 to
0.35 NO per Co, where the species A and B coexisted on the
catalyst surface. The newly generated species B was responsi-
ble for the increase in the equilibrium adsorption amount. The
species B was 16 kJ/mol more stable than the species A, while
its vibrational frequencies were almost the same to those of
the species A, and consequently the species B was considered
as gem-dinitrosyl species.

iii) The transformation from the species A to B required the activa-
tion energy of 86 kJ/mol in the presence of CO, and that of the
backward transformation from the species B to A was as large
as 159 kJ/mol in the absence of CO. Actually the species A was
readily removed from the catalyst surface by evacuation, but
the species B remained sticking on the catalyst surface under
vacuum. When NO(g) was re-admitted after evacuation of the
pre-exposed surface, the species A recovered, and the species
B still remained on the surface in spite of the absence of CO(g)
and of the frequent exchange between NOad and NO(g), which
suggested that the promoting effect of CO was memorized on
the catalyst surface structure. Thus, it can be inferred that the
generation of the species B require some surface reconstruc-
tion, whose barrier becomes accessible only in the presence of
CO(g).

(iv) In addition to the enhanced NO adsorption, CO(g) significantly
proceeded the reaction 2NO + CO → N2O + CO2 on the Co2+-
ensemble/�-Al2O3 catalyst, whose activity was ca. 50 times
higher than that of an impregnated Co2+/�-Al2O3 catalyst. On
the other hand, the Co2+-monomer/�-Al2O3 catalyst prepared
similarly to the Co2+-ensemble catalyst showed no activity for
the same reaction under the similar reaction conditions. This
suggests that the reaction mechanism should result from the
ensemble structure. A set of temperature programmed reac-
tions revealed that only the species A contributed to the activity
of the Co2+-ensemble catalyst, while the species B was hard to
react with CO(g). The activation energy for the reaction was
0.74 eV from the energy of the species A.

Based on the DFT calculations on the Co2+-dimer/�-Al2O3 model
catalyst surface, three dinitrosyl species were suggested: gem-
dinitrosyl I and II, and cis-(NO)2 dimeric species as shown in Fig. 2.
The gem-dinitrosyl I and cis-(NO)2 dimer without any notable
reconstruction of the catalytic surface seemed to be easily formed
without CO. Namely, both of them or either of them may correspond
to the species A that is highly reactive to CO. On the other hand, the
formation of gem-dinitrosyl II required to surpass a barrier for the
Co–O(III) bond scission. In addition, the gem-dinitrosyl II had lit-
tle reactivity with CO as was described in Section 3.3. It is most
plausible from these facts that the gem-dinitrosyl II is the species
may be memorized through the Co–O(III) bond scission. However,
we could not discuss the effect of spectator CO on the barrier of the
bond scission, due to the large error range of the pure-functional
DFT.
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the energy was plotted by changing the N–N distance without CO.
In Fig. 4(b), it was found that the energetic penalty to make the
N–N bond was even smaller than 1.1 eV in the case of the pres-
ence of CO. Jigato et al. [47] performed a similar DFT simulation for
ig. 3. Possible reaction pathways between cis-(NO)2 dimer and CO to produce N
imer, and path (b) of the Langmuir–Hinshelwood type, where CO is only weakly tra
etween CO and Co2+ to stabilize the first transition state and intermediate state in

Next, we simulated and compared the four mechanisms
etween the gem-dinitrosyl I or cis-(NO)2 dimeric species and CO,
nd found that the cis-(NO)2 dimeric species obviously had a much
igher reactivity with CO than the gem-dinitrosyl species which

s conventionally believed as reactive species [12–14,42,44]. This
omewhat surprising trend must not be changed by more sophisti-
ated calculations since the DFT+U suggested the easier formation
f the N–N bond (a rate-limiting step in the paths (a) and (b) of
ig. 3) by elongating the N–Co2+ distance. Furthermore, the pure-
unctional DFT calculations are known to be accurate in energy
arrier for the N–O bond breaking [36,37]. Thus, we concluded
hat the highly reactive species is the cis-(NO)2 dimeric species,
hose vibrational frequencies were compatible with the IR, and

hat the species A corresponds to the cis-(NO)2 dimeric species or
o a mixture of the cis-(NO)2 dimer and the gem-dinitrosyl I. The
roposed reaction mechanisms between the cis-(NO)2 dimer and
O (the paths (a) and (b) in Fig. 3) had similar activation barriers
t the rate-limiting steps, ca. 1.1 eV, which are acceptable com-
ared to the experimental value, 0.74 eV [15]. In addition, both
he paths meet the above-mentioned prerequisite: the reaction
ith gaseous or very weakly trapped CO molecules and particu-

ar to the Co2+ dimeric structure as the cis-(NO)2 dimeric species
tself is specific for the Co2+ dimer. However, as in the great major-
ty of surface-catalyzed reactions, the LH path (b) is entropically

uch more advantageous than the ER path (a). In the path (4), CO
igrates to a Co2+ site without a strong chemical interaction at the

eactant, while it starts to chemically interact with the Co2+ site
t the transition state. This mechanism provides a new aspect of
atalysis to understand how the active site contributes to the acti-
ation of a reactant to promote its reaction even if the reactant has
lmost no interaction/adsorption with the active site at the static
tate. CO adsorption on the Co2+ dimer is undetectable, but the NO
dsorbates modify the active Co2+ sites on the surface and the new
urface adsorbs CO but in such a way that it cannot be detected.

.2. The origin of the high reactivity of the cis-(NO)2 dimer to CO

Here a detailed analysis is conducted to uncover the origin of
he high reactivity of the cis-(NO)2 dimer with CO. First, the C–O1
istance in the path (a) of Fig. 3 was manually varied from the reac-
ant to the TS 3-1 to see the change in the N1–N2 distance (Fig. 4(a)).

hen the C–O1 distance was larger than 0.22 nm, the N–N distance
emained almost unchanged at the same distance as that of the
eactant. The further approach of the CO molecule shortened the
2. Path (a) of the Eley–Rideal type, where CO directly collides with the cis-(NO)2

by one Co2+ site. The progress of the reaction accompanies an attractive interaction
ath (b).

N–N distance, and led to the N–N bond formation, and finally the
N–N distance became to 0.132 nm at the transition state (Fig. 4 and
Table 3). Also in the path (b) of Fig. 3, the shrink of the Co–C distance
shortened the N–N distance to 0.135 nm at the TS 4-1 (Table 3).
Activation energies in the both pathways were ca. 1.1 eV similarly
to each other.

Then, it was examined why the CO molecule that adsorbs very
weakly at an undetectable level can make the N–N bond with the
energetic penalty of only 1.1 eV. In order to answer this question,
Fig. 4. (a) Evolution of the N–N distance in terms of the C–O1 distance in the path
(a) of Fig. 3. (b) Energy change in decreasing the N–N distance without CO, where
the electron densities in the insets indicate the formation of the covalent N–N bond
at ca. 0.135 nm of the N–N distance.
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Fig. 6. The potential energy surface (PES) around the TS 3-2 and TS 4-2. The N1–O1

and Co2+–C distances are scanned with the N–N distance optimized. Again, repre-
ig. 5. The potential energy surface (PES) around the TS 3-1 and TS 4-1. The C–O1 and
o2+–C distances are scanned, while fixing the N–N distance at 0.135 nm, to examine
he connectivity between the paths (a) and (b). Some representative structures in
he potential energy surface are also shown in (a)–(d).

he formation of a cis-(NO)2 dimeric species on a Ag(1 1 1) surface.
hey reported the disappearance of the spin densities of the NO
olecules (from the doublet) after the dimer formation and such
delocalization of the unpaired electrons of NO was due to the

�*–2�* bonding between the two NO molecules. When the N–N
istance of our cis-(NO)2 dimeric species decreased from 0.251 to
.190 and to 0.135 nm, the Mulliken spin density on the N atoms
ecreased to 0.26 and 0.11, respectively, from the original spin den-
ity, 0.41. This is an evidence for the formation of the 2�*–2�*
onding between the two NO molecules. This is also supported by
he change in the electron density shown in the insets of Fig. 4(b).
onsequently, we showed that the relatively small activation ener-
ies in the paths (a) and (b) of Fig. 3 were caused by the ease of the
–N bond formation of the cis-(NO)2 dimeric species through the
�*–2�* hybridization, and that the significant activity of the Co2+-
nsemble/�-Al2O3 catalyst for the NO–CO reaction was attributed
o the property of the cis-(NO)2 dimeric species on the Co2+ dimer
ith the opposed orientation of the unoccupied orbitals. On the

2+
ther hand, the complete inertness of the Co monomer catalyst
ust be owing to the lack of this species. Thus, it is suggested

hat such a special configuration of supported metal ions can dra-
atically promote the NO reaction even with inert molecules that
eakly adsorb or undetectable at the catalyst surface.
sentative structures in the PES are shown in (e)–(h). Note that the point (d) coincides
with that in Fig. 5, and the point (e) is connected to the point (a) in Fig. 5.

4.3. Relationship between paths (a) and (b)

The paths (a) and (b) of Fig. 3 for the NO–CO reaction on the Co2+-
dimer/�-Al2O3 model catalyst have an important common feature:
the N–N distance decreased to 0.132–0.135 nm at the rate-limiting
step with the similar energetic penalty of ca. 1.1 eV (Table 3). On
the other hand, the major difference between the TS 3-1 and TS
4-1 is the reaction coordinates: the C–O1 distance in the path (a)
and the Co2+–C distance in the path (b). To examine the connectivity
between the two paths, a two dimensional potential energy surface
(PES) was drawn by manually scanning the C–O1 and Co2+–C dis-
tances around the TS 3-1 and TS 4-1, while fixing the N–N distance
at 0.135 nm (Fig. 5). The employed grid size in the manual scan was
0.01 nm for the energetically important regions around the points
(a)–(d), while the other less important regions were plotted with
thinner grids. The points (a) and (b) nearly correspond to the TS
3-1 and TS 4-1, respectively. The heights of these points are ca.
1.0 eV (slight structural deviations from the real transition states
decreased the energies by about 0.1 eV). The point (d) is near the
Int 4 of the path (b) (Fig. 3). When the ridge line from the points (a)
and (b) was traced, the maximum was found at the point (c), where
CO approaches to one NO sideways. Notablly the point (c) was only
ca. 0.2 eV higher than the points (a) and (b), which indicates that
the TS 3-1 in the path (a) and TS 4-1 in the path (b) are rather

continuous at the reaction temperature 333–463 K. This continuity
of the PES again proved the high reactivity of the cis-(NO)2 dimer
even with gaseous or very weakly trapped CO molecules, both of
which were not activated by chemisorption. However, the reaction
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cheme 1. The most plausible mechanism for 2NO + CO → N2O + CO2 on the Co2+-
imer/�-Al2O3 catalyst.

ominantly proceeds along the LH path (b) in an entropic reason at
finite temperature, even though the two pathways have similar

ctivation energies.
A similar two-dimensional PES was drawn for the latter part of

he reaction with respect to the Co2+–C and N1–O1 distances (Fig. 6).
he employed grid densities for the two coordinates were similar
o those in Fig. 5, while the N–N distance was allowed to relax.
here are dual pathways to enter the latter half of the reaction. The
rst pathway over the TS 3-1 (point (a) in Fig. 5) goes through a
addle point (e) nearly corresponding to the TS 3-2 via a shallow
ntermediate point (h) corresponding to the Int 3 of Fig. 3. The other
athway reaches a very low saddle point (f) corresponding to the
S 4-2, which is largely stabilized by the formation of the stable
ntermediate Int 4 of Fig. 3 (point (d) of Fig. 6). As seen from the
ES, the two saddle points (e) and (f), and the two intermediate
tates (d) and (h) are almost completely continuous with only a
egligible barrier less than 0.1 eV (the local maximum is located at
he point (g)). Dynamically, it seems more likely that trajectories
cross the TS 3-1 in the path (a) fall down into the lower pathway,
.e. into the path (b), before crossing the 2nd transition state, TS 3-2,
han the reverse transformation from the path (b) to the path (a).
t must be noted that surpassing the TS 3-2 never affect the total
eaction rate, since the rate-limiting step is at the 1st transition
tates.

Good continuity of the ER and LH pathways was confirmed
ver the wide region of the PES extending from the rate-limiting
st transition states to the end of the reaction. However, it was
oncluded that the LH pathway starting from weakly trapped CO
olecules at the Co2+ site was entropically much more favored in

he rate-limiting N–N bond formation, and the subsequent N–O
ond breakage was promoted by the attractive interaction of CO
ith the Co2+ site (Scheme 1).

. Summary

To investigate the molecular-level mechanism of the NO reduc-
ion and adsorption promoted by CO molecules undetectable on
he Co2+-ensemble/�-Al2O3 catalyst, we performed density func-
ional theory calculations for the Co2+-dimer/�-Al2O3 catalyst. On
he Co2+-dimer model catalyst derived in the previous paper [20],
hree dinitrosyl adsorbates were found: two of them were conven-
ional gem-dinitrosyl species (gem-dinitrosyl I and gem-dinitrosyl
I) and the other was a cis-(NO)2 dimeric species, where two NO

olecules adsorbed at the adjacent Co2+ sites interacted with each
ther due to the opposed orientation of the unoccupied d orbitals
n the adjacent two Co2+ ions. The vibrational frequencies of the cis-
NO)2 dimer were almost identical to those of the gem-dinitrosyl
pecies. The gem-dinitrosyl II, whose formation was accompanied
ith the Co2+–Osurf bond scission, was considered to be the exper-

mentally observed stable species, which was responsible for the
pectator CO-promoted NO adsorption. We found that the reactiv-
ty of the cis-(NO)2 dimer with CO was much higher than that of
he geminal species since the cis-(NO)2 dimer easily formed the
–N bond due to the 2�*–2�* hybridization between the adjacent
O species. The highly reactive cis-(NO) dimer was able to react
2
ith unactivated gaseous or very weakly adsorbed CO molecules. In

he most plausible mechanism, CO molecules are first very weakly
rapped at the Co2+ sites in an undetectable manner, and then

ake a pseudo-compound intermediate with the cis-(NO)2 dimer

[

ay 154 (2010) 118–126 125

as a result of the rate-limiting N–N bond formation, which is read-
ily converted to the gaseous N2O + CO2 products (Scheme 1). It is
notable that there was a good continuity of the ER and LH pathways
over the wide region of the PES extending from the rate-limiting
1st transition states to the end of the reaction. This study is the
first to explain the high reactivity of a molecularly designed het-
erogeneous catalyst surface by the comprehensive and microscopic
theoretical calculations comparing the experimental observations.
The study also proves the significance of the molecular-level design
of the active sites on catalyst surfaces by new insight of catalysis
mechanisms to develop highly reactive catalysts.
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