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The reactivity of NO with peroxo groups (037) present on BagOg particles is studied using the density
functional theory (DFT). Bulk-like and hexagonal structures were considered. The surface peroxo groups
were modeled by adding an oxygen atom (O,) to a structural oxygen anion (Os). Calculations indicate that
the NO molecule can react either with Os or, with O, to form NO, by surpassing an activation barrier of
only 0.2 eV or less. In particular, the NO, formation via the extraction of O involves a transition state in
which an interchange is produced between O, and O,. The predicted high reactivity is in agreement with
experiments performed on highly defective samples of BaO wherein NO activation is observed to occur on

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The removal of harmful exhaust gases poses a great challenge to
the development of novel catalytic materials such as the so called
NO, Storage and Reduction catalysts (NSR catalysts). In these sys-
tems, nitrogen oxides are stored during long oxygen excess periods
and reduced to N, during short fuel rich periods. Usually, dispersed
BaO is used as a storage material which is able to trap NO, as sur-
face nitrites and nitrates. For this reason, in the last years the stor-
age of NO, has been extensively studied on supported BaO
catalysts [1-10] as well as on films [11-13] and powders [14] of
this oxide. On the other hand, many fundamental aspects on NO,
interaction with BaO could be understood by means of density
functional calculations [15-23].

Dissociative adsorption of O, on surfaces of alkaline-earth oxides
occurs through the formation of peroxo groups, 03~ (also called per-
oxide groups). Adding an O atom to the stoichiometric surface of an
alkaline-earth oxide implies that two O atoms have the general oxi-
dation state of —2, and hence are bound as an O%’ ion. The process of
peroxo formation has been investigated theoretically by several
authors. Kantorovich and Gillan have studied peroxo groups formed
at terrace and low-coordinated sites of MgO [24]. This subject was
reconsidered by Geneste et al. [25]. Peroxo groups formed at the
(100) surface of CaO and BaO were investigated by Stromberg and
Lu et al., respectively [26,27]. Systematic studies of peroxo groups
formed on alkaline-earth oxides have been reported by Karlsen
et al. [28], Abdel Halim and Shalabi [29], and Di Valentin et al. [30].
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On the other hand, the reactivity of peroxo on BaO was inten-
sively analyzed by Lunsford et al. [1-4]. They studied the NO, stor-
age over BaO supported on MgO with the in situ Raman
spectroscopy and found that the preoxidation of the catalyst or
exposure to oxygen leads to the formation of peroxo groups that
enhance the rate for nitrate formation [1]. By studying the catalytic
decomposition of NO on BaO/MgO, they also noticed that the NO
activation occurs on 0% ions that are present on defect-rich BaO
[2.4].

Although the structure of BaO operating as a storage material is
not clear, it is expected to present very different topological defects
which can be easily modeled with very small particles. In fact, it is
well known that nanoscale alkaline-earth metal oxides are very
active for a large number of reactions including chemical synthesis
and pollution control [31,32]. They exhibit unusual surface mor-
phologies and possess a large number of reactive sites due to the
presence of high concentrations of defects such as edges and cor-
ners. In the past, DFT calculations performed with small particles
of alkaline-earth oxides were used as a complementary tool to
investigate the adsorption properties and reactivity of dispersed
or polycrystalline oxides [14,33-35].

The main interest of this research was to evaluate the role
played by peroxo groups on BagOg particles during its interaction
with NO by means of the density functional theory (DFT). This pro-
cess has an important environmental and technological signifi-
cance, and up to now, it has not been studied at a fundamental
level. We have attempted here to provide a rationale for the high
capacity for NO storage of highly defective BaO. On the other hand,
admitting that the BagOg particles used in the present calculations
should not be considered as models of Ba(100) surfaces but as iso-
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lated particles, the use of these tiny systems can be used as a guide
in the study of different aspects of adsorption. Additionally, in sim-
ulations of chemical reactions it is essential to have a reliable
methodology for searching transition states, and very often, they
are formed by complex molecular structures that are more easily
tractable with small systems.

2. Computational details

Density functional theory (DFT) calculations were carried out by
using the gradient-corrected Becke’s three parameters hybrid
exchange functional, in combination with the correlation
functional of Lee, Yang and Parr (B3LYP) [36]. This method was
widely used in the past to study adsorption processes yielding reli-
able results both on oxides and metal clusters. All the calculations
have been performed using the Gaussian-03 program package [37].

The interaction between NO and BaO was evaluated by using
two different structures of the BagOg particle: one conserving the
bulk structure, denoted here as the “slab” structure, and the other
considering a hexagonal geometry (Fig. 1). As in Ref. [38], we ob-
served that both structures are essentially isoenergetic (the slab
structure is only 0.1 eV more stable). These models will be denoted
as “BagOg(slab)” and “BagOg(hex)”, respectively. On the BagOg(slab)
particle two non-equivalent peroxo groups can be formed by
adsorbing an O atom to structural O anions located on edge and
corner sites. In BagOg(hex) all the structural oxygen anions are
equivalent. The systems with peroxo groups are indicated as
“0-Bag0¢”. In both geometries, the NO molecule can interact either
with the structural oxygen of the peroxo group (Os), or with the
external (or adsorbed) oxygen (0,). N and O atoms have been
described at the all-electron level using the 6-31+G" basis set.
The Ba atoms have been treated with the LANL2DZ basis set [39].
The adsorption energy E,qs was evaluated according to the follow-
ing total energies difference:

Eqas = E(NO/O—BagOg) — E(0—BagOg) — E(NO)

According to this definition, negative values correspond with
exothermic processes. The energy difference calculated in this
way present an error known as basis set superposition error (BSSE).
When two fragments interact each fragment takes the basis func-
tions of the other, and as a consequence, the energy of the system
falls down and the magnitude of the energy difference is overesti-
mated. To correct this error we applied the so-called counterpoise
(CP) procedure [40,41] in which each fragment is treated with the
ghost functions of the other one. Activation energies were deter-
mined for the transition between chemisorbed NO species and
NO, formation via the interaction with peroxo. In the calculation
of the potential energy curve, the sum of O-BagOg and NO total
energies was used as reference. This energy difference was simply
labeled as “AE”. Thus, AE coincides with E,4s at the optimized
structures for the interaction of NO with O-BagOg. Besides, AE val-
ues at transition states and at the final products were also cor-

rected by CP. In all cases, the correction was performed a
posteriori, i.e., by a single point calculation on the structures opti-
mized by the standard procedure. The magnitude of the BSSE re-
sulted to be around 0.2 eV. We also observed that the values of
AE were slightly affected with the CP correction.

Vibrational frequencies have been computed by determining
the second derivate of the total energy with respect to the internal
coordinates. The atomic net charges were calculated following the
NBO (Natural Bond Orbital) analysis [42]. The location of transition
states was performed using the Synchronous Transit-Guided Qua-
si-Newton Method (STQN) [43] implemented in Gaussian 03.

3. Results and discussion
3.1. Surface peroxo complexes

Firstly, we analyze the structure of surface peroxo groups
formed on BagOg(hex) and on edge and corner sites of BagOg(slab).
The main results are presented in Table 1 and Fig. 2. In all cases the
0,-0, bond length is about 1.51 A. Very similar values were found
for O adsorption on the BaO(100) surface, and on edge and corner
defects using B3LYP and the embedding cluster approach [27,30].
In these three situations the O, atom is electrostatically linked with
two Ba cations, as it can be deduced looking at the calculated NBO
charges. The 0,-Ba distance has a value of about 2.70 A at corner
site of BagOg(slab) and BagOg(hex), and 2.84 A at edge on
BagOg(slab).

We have also computed the vibrational frequencies for the
stretching mode of the peroxo groups (Table 1). The corresponding
values, around 860 cm™!, are consistent with different experimen-
tal measurements reported in the literature. For instance, Nakam-
ura et al. assigned a value of 880 cm™! to peroxo groups formed by
decomposition of N,O on the surface of CaO [44]. Hess and Luns-
ford assigned features within the range of 900-980 cm™! to surface
peroxo groups present on defect-rich BaO, whereas a band at
830 cm™~! was observed in crystalline BaO, [1]. Di Valentin et al.
calculated a value of 907 cm™! on the Ba(100) surface by using
DFT [30]. As shown in Table 1, in all cases the peroxo charge is
—1.96e, with O slightly more charged than O,. Similar results were
found by Lu et al. [27] on terrace and topological defects of BaO.

3.2. NO adsorption on BagOg in absence of peroxo groups

NO adsorption on BagOg in absence of peroxo groups is shown
in Fig. 3. Some selected results are reported in Table 2. The N-O
distance stretches from 1.157 A at gas phase to 1.31-1.35 A when
it is adsorbed on the BaO particles. The O,—~N-O angle is around
110°. On the other hand, the oxygen atom of NO is electrostatically
linked with a Ba cation. The O-Ba distance is about 2.75 A for Bag.
Og(hex) and on corner site of BagOg(slab), and it is somewhat long-
er at edge of the cubic-type cluster (2.82 A).

Fig. 1. Optimized structures of the oxides particles: (a) BagOg(slab) and (b) BagOg(hex).
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Table 1
Peroxo groups on the BagOg particles. Charges (q) and stretching vibration mode (v).
O is the surface oxygen atom and O, is the external oxygen atom.

Table 2
NO adsorbed on the BagOg particles in absence of peroxo groups. Adsorption energies
(Eags), charges (q), and stretching (v) and bending (J) vibrational modes.

BagOg(slab) edge BagOg(slab) corner BagOs(hex) BagOs (slab) edge BagOs (slab) corner BagOs (hex)

q(0y) -1.03 -1.05 -1.05 Eags (€V) -1.60 -1.57 -1.70
q(0,) -0.93 -0.91 -091 q(N) -0.11 -0.09 -0.14
q(0,0,) ~-1.96 -1.96 -1.96 q(0) -0.79 ~0.72 -0.85
¥(0s-0,) (cm™') 864 858 850 q(NO) -0.90 -0.81 -0.99
q(0s) -1.01 -1.08 -091
y(N-0) (cm™') 1187 1221 1114

. . ¥(0s-N) 850 790 920

NO is bonded with E.q4s values of about —1.6 eV for both bulk- 5(0~N-0) 656 638 650

type particles, while on the hexagonal structure it is 0.1 eV more
stable. Interestingly, these values are very similar than the one cal-
culated for NO adsorption on the BaO(100) surface by using peri-
odic DFT (about —1.5 eV) [20,22]. This similarity on the adsorption
strength between particles and surfaces was also noted in a related
system. Indeed, a weak dependence on cluster size was observed
by Gronbeck et al. [15] during the NO, adsorption on different
BaO particles, with a rapid convergence as the particle size in-
creases. In particular, the NO, adsorption is only 0.2 eV stronger
on the extended BaO(100) surface than on the BagOg bulk-like
particle.

The NO net charge is negative, from about —0.8 to —1e, indicat-
ing an electron charge transfer from the BaO surface to the adsor-
bate. From Table 2 is clear that this charge is mainly taken from Os.
Indeed, the magnitude of the negative charge of O decreases by
about 0.8e in comparison with the bare particle. The NO electronic
charge is localized on the O atom, while the nitrogen atom is al-
most neutral. Therefore, when NO reacts with BaO surface, it forms
a nitrite-like structure if the surface oxygen anion is considered in
the molecular structure. Using X-ray photoelectron spectroscopy
Schmitz and Baird proposed the same type of molecular adsorption
when NO interacts with polycrystalline BaO [13].

The elongation of the NO bond causes a consequent decrease in
the N-O stretching frequency. The N-O stretching for free NO is
1978 cm~!. Upon NO adsorption the N-O stretching shifts to
1221 cm™', 1187 cm~' and 1114 cm™! for corner and edge of Bag.

Og(slab), and on BagOg(hex), respectively. Besides, stretching
modes in the range of 790-920 cm~! were obtained for the Os-N
bond. For comparison, Xie et al. using Raman spectroscopy as-
signed features at 1336 and 807 cm™! to adsorbed complexes in
which the NO, fragment would be linked to a Ba cation via one
oxygen atom [4].

3.3. NO reaction with peroxo groups on BagOg particles

The main adsorption properties for the non-dissociative NO
interaction with peroxo groups on BagOg particles are reported in
Table 3. NO adsorbs on both oxygen atoms of peroxo with adsorp-
tion energies in the range of —0.5/—0.8 eV, i.e., appreciably weaker
than on pure BagOg. The strength of the adsorption follows the or-
der: BaO(hex) > BaO(slab), corner > BaO(slab), edge. In Fig. 4a and
a/, Fig. 5a and &', Fig. 6a and a’ the optimized geometries are sche-
matized. In agreement with the E,4s values, the distance between
O; (or 0,) and N is longer than that in absence of peroxo, between
1.7 and 2.3 A, being longer when the interaction occurs on O,. On
the other hand, the N-O distance stretches to values within the
range of 1.19-1.23 A, and the N-O stretching frequencies decrease
to values between 1489 and 1745 cm™! for the different sites and
geometries (Table 3). Also here, but less pronounced, a charge

Fig. 2. Structure of a peroxo group on the BagOg particles: (a) at the edge site of the BagOg(slab) particle; (b) at the corner site of the BagOg(slab) particle; (c) on the BagOg(hex)

particle.

Fig. 3. Adsorption geometries of NO adsorbed on: (a) at the edge site of the BagOg(slab) particle; (b) at the corner site of the BagOg(slab) particle; (c) on the BagOg(hex)

particle.
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Table 3
NO adsorbed on peroxo groups on the BagOg particles. Adsorption energies (E,q4s), charges (g), and stretching (v) and bending (§) vibrational modes. O is surface oxygen atom and
0, is the external oxygen atom.

BagOs (slab) edge BagOs (slab) corner BagOs (hex)

0, Os 0O, Os 0, 05
E.as (eV) -0.54 -0.51 -0.64 —-0.66 -0.81 -0.69
q(N) 0.06 —0.03 0.01 —0.05 0.02 —0.08
q(0) —0.46 -0.37 -0.57 —0.38 —0.52 -0.30
q(NO) —-0.40 —-0.40 -0.56 -0.43 —0.50 -0.38
q(0,) —0.64 —0.81 —0.46 -0.77 —0.57 -0.77
q(0Os) -0.92 -0.76 —0.93 —0.76 —0.89 —-0.81
q(0,0s) -1.56 -1.57 -1.39 -1.53 —1.46 -1.58
¥(N-0) (cm™ 1) 1605 1675 1489 1679 1547 1745
v(0,-0s) 902 903 926 917 917 903
§(ONO,) or §(ONOs) 517 464 622 481 579 438

1.266 I1.2ss
1922 13 b 1.44_1.%% c
) . @
IS FS

12660266

b' 1.26i c'

Fig. 4. Optimized structures of NO reaction with the O, atom of the peroxo group at the edge site of the BagOg(slab) particle. (a) initially adsorbed structure (the initial state,
IS); (b) transition state (TS); (c) the reaction product: adsorbed NO, (the final state, FS). ('), (b’) and (¢’) correspond to the same states but with the Os atom of the peroxo
group.

a b c

1 ‘zsz 1.278

1.400

1.263
263
FS
: .a
Is %9’ Ts e FS 1.288
1.2
1.228

Fig. 5. As in Fig. 4 for the optimized structures of NO reaction with the peroxo group at the corner site of the BagOg(slab) particle.
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b

TS

FS 1.277

1.254

Fig. 6. As in Fig. 4 for the optimized structures of NO reaction with the peroxo group on the BagOg(hex) particle.

Table 4
Activation energy (E,.) and energetic difference (AEe.:) between the final state
(adsorbed NO,) and the initial state (adsorbed NO).

BagOg(slab) edge BagOg(slab) corner BaO(hex)

0, 0Os 0, [oX 0, Os
Eace (€V) 0.19 0.19 0.15 0.04 0.19 0.13
AE eact (€V) -2.01 -2.01 -1.85 -1.98 -1.91 —-2.38

transfer occurs to NO. The negative charge that NO acquires is ta-
ken from the peroxo groups which loses part of its charge (see Ta-
bles 1 and 3).

Next, for each case of NO adsorption above considered we pro-
ceed to study the reaction towards NO,. In Figs. 4-6, the optimized
molecular structures for the initial state (IS, adsorbed NO), transi-
tion state (TS) and final state (FS, adsorbed NO,) are represented.
When NO adsorbs on O, for both positions, edge and corner, it is
extracted to form NO,. In contrast, when NO interacts with O, an
atomic interchange is produced; namely, whereas O, becomes part
of the BaO particle structure, the initially structural oxygen (Os) is
released to react with NO and to form NO,.

In Table 4, the energetic differences (AEeac) between FS and IS
are presented. Clearly, for all cases the reaction is exothermic, with
AEeact Values between —1.85 and —2.38 eV. We have also deter-
mined the activation barriers to nitrite formation, E,, as it is shown
in Table 4. The E, are very low in all cases, about 0.2 eV at the most,
indicating a notable reactivity of the peroxo groups. Considering in
particular the reaction which implies the extraction of O,, the cor-
ner site of BagOg(slab) presents a slightly shorter barrier (0.15 eV)
with respect to the other two cases. Regarding the reaction with
O, also here the same site presents the lowest E,. value of only
0.04 eV. A schematic potential energy curve for the NO reaction
with the O, atom of the peroxo group at the corner site of the Bag.
Og(slab) particle is presented in Fig. 7. The profiles for the other
cases (not shown) are very similar (see Table 4).

In relation to the final state, complementary calculations on gas
phase NO, show the following vibrational modes: 1621 cm™!
(Vasym), 1320 cm™! (veym) and 648 cm ™! (8). When NO; is adsorbed
the stretching modes decrease and the bending ones increase (see

0n
PPN 39
‘ o 3
0,41 .J—.‘z 9 ..
oo
— TS,
0,81 IS “\\
> Y
X S
w
< 41,24 ‘\‘ ‘ -@- ‘ }
\\ oo
-1,6 \‘\‘
i
5 L_Reaction coordinate FS

Fig. 7. Schematic potential energy curve for NO reaction with the O, atom of the
peroxo group at the corner site of the BagOg(slab) particle. The profiles for the other
cases (not shown) are very similar (see Table 4).

Table 5). The ranges are 1362-1511cm™!, 1245-1302 cm™! and
790-823 cm™!, respectively. These values can be compared with
the bands experimentally observed upon NO, adsorption on dis-
persed BaO catalysts centered at 1327, 1225 and 811 [1]. The
charge of NO, present values around —0.95e, indicating that it ad-
sorbs as nitrite anion (Table 5).

The high reactivity of peroxo groups present on the BaO parti-
cles is in agreement with experiments performed on defect-rich
BaO, in which the surface peroxo group is observed to play an
important role as center which activates NO to form NO, [2,4]. Fur-
thermore, in other studies Yanagisawa observed an oxygen ex-
change of NO with surface oxygen in thermally activated
powders of alkaline-earth oxides [45,46]. By using temperature-
programmed desorption analysis he found an oxygen exchange
of N80 with Mg'®0, Ca'®0 and Sr'®0. Although the mechanisms
of this process have not been fully understood yet, it has been sug-
gested that the exchange reactions proceed via NO, and NOs inter-
mediates. Taking into account that a large amount of energy is
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Table 5
Charges (q), and stretching (v) and bending (J) vibrational modes corresponding to
the final state (adsorbed NO,).

BagOg(slab) edge  BagOg(slab) corner BaO(hex)

Oa OS Oa 05 Oa OS
q(N) 031 0.31 0.31 0.18 0.31 0.31
q(0) -0.64 -064 -0.64 -0.44 -0.58 -0.70
q(0,) -064 -188 -0.64 -1.37 -0.68 -1.46
q(Os) -188 -064 -1.17 -0.70 -1.01 -0.57
q(NOy) -097 -097 -0.97 —-0.96 -0.95 -0.96
Vasym(N-0) (cm™!) 1363 1363 1362 1511 1382 1400
Vsym(N-0) 1302 1302 1317 1245 1283 1288
5(ONO) 813 813 790 795 823 821

required to extract a surface oxygen from the BaO surface, even
with coordinatively unsaturated oxygen [30], it is likely that the
lattice oxygen may come from surface peroxo groups formed dur-
ing the thermal treatment.

4. Conclusions

Calculations indicate that NO reacts very easily with peroxo
groups on BagOg particles with either oxygen atom to form NO,
by surpassing an activation barrier of only 0.2 eV or less. It turned
to be of particular interest that NO, formed via the extraction of O
because an interchange is produced between both oxygen atoms of
surface peroxo. The predicted high reactivity is in agreement with
experiments performed on highly defective BaO wherein NO acti-
vation is observed to occur on surface peroxo groups. Besides, it
is likely that our theoretical results, evidencing the facile extrac-
tion of oxygen from BaO particles, could provide some clue to
the observed isotopic exchange between oxygen atoms of NO
and surface oxygen of thermally activated alkaline-earth oxides.

We hope that the present findings might stimulates further the-
oretical investigation about the reactivity of molecules such as NO,
NO, and CO, with peroxo groups present on larger particles or on
extended stepped surfaces of alkaline-earth oxides .
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