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1  Introduction

The need for fuel economy and consequently a reduction 
in CO2 emissions for environmental protection has brought 
about the lean-burn engine technology with high air/fuel 
ratio for motor vehicles. In such a circumstance, however, 
the conventional three-way catalysts (TWC) in removing 
engine exhausts, notably CO, hydrocarbons (HC) and nitro-
gen oxides (NOx), are no longer effective in removal of 
NOx. One promising solution to this problem is to use the 
so-called NOx storage–reduction (NSR) catalyst [1–5]. The 
concept of NSR is that NOx is first stored under the lean 
condition over the catalyst, which is regenerated during 
the short periods of rich conditions, where NOx is released 
and subsequently reduced with HC, H2 and CO to form 
N2, H2O and CO2 [6–8]. A typical NSR catalyst consists of 
noble metals (generally Pt) for the purposes of NO oxida-
tion/reduction, and materials with Lewis basicity (notably 
a metal oxide like BaO) for the purposes of NOx storage, 
which are dispersed on a high surface area support like 
γ–Al2O3 [1, 6–8]. To further improve the performance of 
the catalysts in regard of NOx storage ability, temperature 
stability, regeneration times, and sulfur resistance, a good 
knowledge about the storage and transformation mecha-
nisms is vital.

Despite the fact that huge efforts have been dedicated to 
kinetic measurements and spectroscopic characterizations 
[e.g., 1–31], certain key aspects concerning the mechanis-
tic features of the NSR processes remain elusive, such that 
no clear understanding of this catalytic system has emerged 
[1, 5]. The difficulty arises not only from the variations of 
the operation conditions, but also from the complexity of 
both the reactant gas mixture (i.e., NO, NO2, O2, H2O, CO2, 
etc.) and the catalyst material (e.g., Pt/Ba/γ–Al2O3) with the 
abundance of the different adsorption and reaction sites. To 
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build a comprehensive understanding of the mechanism and 
to set up a predictive kinetic model concerning how differ-
ent reactant gases adsorb, react and even compete against 
each other for active sites, and how different components of 
catalyst materials interplay to enhance or depress the reac-
tion activity, model catalysts and model reactant gases have 
to be employed to individually probe the adsorption and 
chemistry on different sites [10–14, 17–28]. Along this line, 
the present work focuses only on NO, which is the main 
form of NOx in exhaust gas, adsorbed on and reacted with 
BaO, which is the primary storage material, with embedded 
cluster model calculations using density functional theory. 
The results shall be best compared with the experiments 
concerning NO adsorption and reactions on BaO surfaces 
by surface chemistry approaches [12, 13, 15, 23, 26].

In a NSR catalytic system, it is generally believed that 
NO is first oxidized to NO2 on noble metal sites,

which is then stored on BaO as nitrites (NO2
−) and nitrates 

(NO3
−) [6–11]. However, such a conversion was shown 

to be kinetically limited at lower temperature and ther-
modynamically limited at higher temperature [1, 11]. For 
example, Muncrief et  al. [11] reported a <30  % steady-
state NO to NO2 conversion at temperatures below 250 °C 
and above 450  °C, with a maximum conversion of 60  % 
around 350 °C on a Pt/Ba/Al2O3 catalyst for a gas feed of 
500 ppm NO and 5 % O2 flowing at 200 cm3/min. Hence, 
understanding the NO adsorption and transformations is an 
important issue in unraveling the NOx storage mechanism.

In experiments, the ad-species of NO exposure on bar-
ium-containing catalysts is complicated and controversial. 
The NO storage on monolith experiments showed that 
negligible conversion of NO to NO2 occurred with the Pt-
free catalyst, and catalysts with >1 % Pt loading had sig-
nificantly improved the trapping efficiencies [21]. These 
experiments suggested the importance of a Pt–Ba couple 
and associated spillover processes that enhanced the stor-
age [10, 18, 21]. Temperature-programmed desorption 
(TPD) experiments were carried by Mahzoul et  al. [19], 
which also confirmed the role of platinum. Nevertheless, 
they showed that NO storage was already significant even 
if no oxygen was present in the gas phase and even in the 
absence of platinum [19]. Hence, their experiments sug-
gested that BaO alone is reactive toward pure NO. The 
X-ray photoelectron spectroscopy (XPS) has been used 
to characterize the ad-species of NO on a 15–20  Å BaO 
film deposited on the aluminum substrate [12], where the 
influence of the substrate was actually minimized. The 
nitrogen and oxygen core level spectra acquired follow-
ing NO exposure strongly suggested that new ad-species 
had formed, which were primarily ascribed as a nitrite-like 

(1)NO +
1

2
O2

Pt
⇋ NO2

species (NO2
−), accompanied by the formation of a small 

amount of nitrate-like ad-species (NO3
−) [12]. These 

results were, however, not supported by a later XPS and 
TPD investigation on BaO layers deposited on Cu(111) 
surfaces [23], which concluded that BaO itself did not 
readily trap NO. A systematic study of the Pt/Ba/Al2O3 
system was performed by Prinetto et  al. [13]. The evolu-
tions of the surface species were monitored with FT-IR 
where Pt/Ba/Al2O3, Pt/Al2O3, BaO/Al2O3, and Al2O3 were 
exposed independently to NO or NO2 in O2. A couple of 
sharp bands at 1,375 and 1,310 cm−1, a complex absorp-
tion at 1,050–950  cm−1 with maximum at 1,025  cm−1 
and bands of minor intensity at 1,600, 1,470, and 1,220–
1,180 cm−1 were observed upon NO adsorption on either 
Ba/Al2O3 or Pt/Ba/Al2O3 [13]. Regardless of the presence 
of platinum or not, there was little difference on the IR 
spectra for these two systems [13]. Based on these results, 
the formation of nitrites (NO2

−), nitrates (NO3
−), and 

hyponitrite (N2O2
2−) species was assumed, and a mecha-

nism was postulated [13]

However, it should be noted that these seemingly simple 
steps are actually sum of several elementary reaction steps, 
which already includes some uncertainties. For example, 
the suggested formation of the hyponitrite species involves 
coupling of two negative species (NO−), which is suspi-
cious due to the large electrostatic repulsion.

In NSR, conversion to N2 is also thought to occur over 
noble metal sites, which generally involves NO dissoci-
ation to form atomic N and O on platinum, where N2O 
was found to be an important product at lower tempera-
ture when the NO coverage is higher [1, 11, 18, 21, 29]. 
Although the primary focus of this study is the NSR sys-
tem, direct decomposition of NO is also of interest. In 
fact, decomposition of NO over metal oxides in no pres-
ence of noble metals has been actively studied [31–35]. 
For example, Lunsford and co-workers have studied the 
BaO supported MgO systems using in situ Raman spec-
troscopy. This system was claimed to be particularly 
active for NO decomposition at Ba loadings of 11 mol% 
or greater, where a nitro species was assumed to be an 
intermediate in the catalytic cycle [31]. Recently, NO 
direct decomposition on the BaO/Y2O3 catalyst was 
reported by Ishihara et  al. [35]. N2O, nitrite and nitrate 
species were supposed to form based on IR spectra. Thus, 
the disproportional reactions of NO were suggested to 
occur [35]:

(2)2 NO + O
2−

(s) −→ NO−
+ NO

−

2(s)

(3)4 NO + 2 O
2−

(s) −→ 3 NO
−

(s) + NO
−

3(s)

(4)2 NO
−

(s) −→ N2O
2−

2(s)
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Clearly, Eqs. 5 and 6 do not refer to elementary steps and 
the mechanistic details remain to be clarified.

Identification of reaction pathways and intermediates by 
means of experiments represents a great challenge, while 
theoretical calculations can help to gain a more clear-cut 
answer for a given model system. So far, only a few theo-
retical calculations, based on either periodic-slab models 
[36, 37] or cluster models [38–40] have been carried out to 
investigate the interaction of NO with the BaO surfaces. It 
was generally agreed that NO adsorbs on the oxygen anion 
sites to form a NO2

2− species [38, 39]. However, the subse-
quent reactions of the surface species and the possible reac-
tion paths that lead to the formation of the possible hyponi-
trite (N2O2

2−) species and the release of N2O have not yet 
been explored.

Thermodynamics for NO decomposition on MgO has 
been studied using cluster model calculations, where no 
transition states have been characterized [41]. A N2O3

2− 
species was proposed to be an important intermediate in the 
NO decomposition process [41]. Unlike the neutral N2O2 
dimer, it was noticed that anionic dimeric species such 
as N2O2

− and N2O2
2− present a much shorter N–N bond, 

typical of the N–N double bond [42, 43]. Therefore, charge 
transfer from the adsorption site to the ad-species was 
essential to activate the adsorbed precursors for the produc-
tion of molecular N2O [42]. On MgO, the lattice sites were 
found to interact with NO very weakly [41], while chem-
isorbed species was formed only at low-coordination ani-
ons (steps, edges, or corners) or oxygen vacancies [42, 43]. 
As it is well known that the surface basicity of the cubic 
alkaline earth oxides (MgO, CaO, SrO, and BaO) increases 
going down the series as a result of the reduction of the 
Madelung potential with the crystal lattice expansion [44], 
the more basic anions on the BaO surfaces are expected to 
facilitate the NO adsorption and subsequent reactions.

The present theoretical study deals with NO adsorption 
and transformation on BaO surfaces. It aims, on the one 
side, at providing a detailed understanding of NO and BaO 
interactions at the molecular level, and on the other side, 
at complementing the available experimental work to gain, 
in particular, a better assignment of the species observed in 
the IR spectra.

2 � Computational details

Density functional theory (DFT) calculations were car-
ried out using the gradient-corrected Becke three-param-
eter hybrid exchange functional [45–49] in combination 
with the correlation functional of Lee, Yang, and Parr [50] 

(5)3 NO −→ N2 + NO3

(6)3 NO −→ N2O + NO2

(B3LYP). Recently, the inter-conversion between NO2 and 
N2O4 has been studied using the B3LYP functional and sev-
eral ab initio methods (MP2, CCSD(T), etc.). The results 
indicated that the B3LYP functional led to good energetics 
for these conversions [51].

An embedded cluster model approach was adopted to 
describe the BaO(100) surface as well as the low-coordi-
nation surface sties. A Ba16O16 cluster was chosen to rep-
resent the BaO(100) terrace sites (O5c), while Ba12O12 
and Ba10O10 were used as models for the four-coordinated 
edge sites (O4c), and the three-coordinated corner sites 
(O3c), respectively (see Fig. 1). These cluster models were 
constructed in fulfillment of some general requirements, 
namely the neutrality principle, the stoichiometry principle, 
and the coordination principle [52–56]. All these clusters 
were embedded in a large array of ±2 point charges (PCs), 
which were aimed to reproduce the Madelung potential at 
the adsorption sites. A Ba–O lattice distance of 2.76 Å was 
assumed [57]. To avoid the artificial polarization of the O2− 
anions at the cluster border induced by the PCs, the positive 
PCs at the interface were replaced by the total ion effective 
core potentials (TIPs) [58–60] to ensure a proper descrip-
tion of the Pauli repulsion. No basis functions were associ-
ated with the TIPs. The Ba atoms in the clusters were also 
treated with the effective core potentials (ECPs) originally 
developed by Hay and Wadt [61]. These were the small 
core ECPs with the contraction scheme generally known 
as LANL2DZ. The O and N atoms were described with a 
6–31+G* basis set [62, 63].

Geometry optimizations were performed by means of 
analytical gradients with no symmetry constraints. The 
adsorbed NO molecules and atoms in clusters which were 
not in direct contact with the TIPs were included in the 
geometry optimization. Vibration frequencies were com-
puted by determining the second derivatives of the total 
energy with respect to the internal coordinates. No scaling 
factors were applied when comparing the calculated fre-
quencies with the experimental ones.

The adsorption enthalpy changes at room temperature 
were calculated using the formula:

where Hclus + ad
tot , Hclus

tot , and Had
tot refer to the total enthalpy 

of the full system (BaO cluster + adsorbate), the enthalpy 
of the bare BaO cluster, and the enthalpy of the gas-phase 
molecules, respectively. According to this definition, 
�Had < 0 stands for an exothermic adsorption.

Cluster models have generally been recognized as a use-
ful tool to facilitate analysis and to be able to treat the neu-
tral (e.g., NO and NO dimer) and charged adsorbates (e.g., 
nitrite and nitrate) on metal oxide surfaces even-handedly 
[64]. Previously, the same methodology has been used to 
study the O2 dissociation mechanisms over the BaO(100) 

(7)�Had = Hclus + ad
tot − Hclus

tot − Had
tot
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surface [65]. Other related studies, in particular, regard-
ing the cluster size and embedding method [64–67], have 
well documented the validity of the present methodology 
[64–77].

All calculations were performed with the Gaussian 03 
suite of program [62].

3 � Results and discussion

3.1 � One NO adsorption

On the terrace sites of the BaO(100) surfaces, our calcula-
tions predict that NO binds, with the N-down orientation, 
quite strongly to the O5c anion sites [see Fig.  2(1)]. The 
adsorption energy is calculated to be ΔHad =  –28.4 kcal/
mol (see Table  1). Mulliken analysis shows that the 
unpaired spin density is almost entirely localized on the 
adsorbed NO (0.95, as shown in Table S1 in the supporting 
information, SI). Upon adsorption, the NO moiety is neg-
atively charged (−0.89), such that partial charge is trans-
ferred from the surface anion (Os) to the antibonding π* 
orbital of the adsorbed NO, resulting in an elongation of the 
N–O bond length from 1.158 Å in the gas phase to 1.291 Å 
on the surfaces. As a relatively short Os–N bond (1.516 Å) 
is formed, the adsorption of NO on the Os site can be for-
mally regarded as the formation of a NO2

2− species:

(8)NO + O
2−

(s) −→ NO
2−

2 (s)

This was first postulated by Lunsford based on the 
results of the electron paramagnetic resonance (EPR) 
technique on MgO [78] and was later supported by the 
observation on CaO [79]. Certainly, NO2

2− is unstable as 
an isolated species. It is stabilized on the surfaces by the 
Madelung potential.

As expected, the reactivity on the low-coordination 
sites for such an adsorption is much higher than that on 
the terrace sites due to the increased basicity of Os [44]. 
For instance, The NO adsorption energies on the O4c edge 
sites, or the O3c corner sites, are calculated to be −38.8 and 
−46.1 kcal/mol, respectively (Table 1). The stronger inter-
actions are also reflected in the shorter Os–N distances of 
1.461 Å, and 1.423 Å on the O4c and O3c sites, respectively 
(Table S1). Spin densities (0.92) are nearly localized on the 
NO moieties which carrier more negative charges (−0.98), 
as compared to that on the terrace site, in accord with the 
increased adsorption energies.

Previously, a detailed comparison between the slab 
model and the embedded cluster model has been carried 
out in the study of the O2 dissociation mechanisms over 
the BaO(100) surface [65]. A general agreement on the 
reaction trend was observed with these two methods. The 
calculations for NO adsorption are also generally in agree-
ment with previous slab model [36, 37] and cluster model 
[38, 39] calculations. For example, with cluster models 
[38], Pacchioni et al. calculated the adsorption energies for 
NO on the O5c terrace and O4c step sites to be −18.4, and 
−38.0  kcal/mol, respectively. It is interesting to note that 

Fig. 1   Cluster models used in the present work: a (BaO)16 for terrace 
sites, b (BaO)12 for edge sites, and c (BaO)10 for corner sites. Red 
spheres stand for O2−, while large white spheres for Ba2+. Small gray 

spheres refer to the point charges (PCs) that are in close contact with 
O2− in the clusters as described by the total ion effective core poten-
tials (TIPs). The rest of PCs are not shown
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although a similar stability on the O4c sites was obtained, 
their adsorption energies on the O5c terrace sites were pre-
dicted to be less stable by ~10 kcal/mol than ours. The dis-
crepancy is probably due to the difference in cluster size 
and the allowed surface relaxation. For adsorption on the 
terrace sites, besides the adsorbed NO molecule, the four-
center ions of the (BaO)16 cluster have been included in the 
present geometry optimization, while in the previous work 
[38], only the central O atom of the (BaO)9 cluster was free 
to relax. The contribution to the adsorption energy associ-
ated with the surface relaxation can be significant. In our 
case, if only the central oxide anion was involved in the 
geometry optimization, the adsorption energy was found 
to decrease by ~4 kcal/mol. On the other hand, the effect 
of surface relaxation is usually well considered in the slab 
model calculations. For instance, the binding energies for 
NO adsorption on the BaO(100) surface were reported to 
be about −34 kcal/mol at a coverage of 0.25 [36, 37].

The frequency analysis shows that the N–O stretch band 
appears at 1,317 cm−1 on the BaO terrace sites (Table 3), 
which may be compared to, for example, the observed fre-
quency (1,300  cm−1) for NO exposure on the BaO/Y2O3 
catalyst [35]. With the decreasing of the coordination num-
ber of the adsorption sites, the N–O stretch band experi-
ences a red shift to 1,241 cm−1 on the O4c edge sites, and to 
1,096 cm−1 on the O3c corner sites, respectively. Therefore, 
we are inclined to associate the NO2

2− species with the 
broad band at 1,206 cm−1 that was observed by Sedlmair 
et al. [15] in their IR experiments, although they tentatively 
assigned this band to the bridged bidentate nitrites.

3.2 � Two NO adsorption

A key theoretical concept in understanding the interac-
tion between NOx and the basic metal oxides is a pairwise, 
cooperative adsorption mechanism [36]:

where NOx molecules, adsorbed on metal cation sites, and 
oxygen anion sites, respectively, accept and donate elec-
trons. Such a unique ability of NOx is a consequence of 
their high electron affinity and low ionization energy. The 
electron transfer between two NOx adsorbates in close 
proximity through the substrate results in a substantial 
increase of the adsorption energies for the pair in compari-
son with two individual adsorbates in isolation. This effect 

(9)

M2+
− NOx + NOx − O2−

−→ M2+
− (NOx)

δ−/(NOx)
δ+

− O2−

Fig. 2   Optimized structures. 1 
for one NO molecule adsorbed 
on an O5c anion site at the 
terrace of BaO (left, side view; 
right, top view); 1′ for two NO 
molecules adsorbed on two 
neighboring O5c anion sites at 
the terrace of BaO (left, side 
view; right, top view). Color 
codes: yellow spheres for N, 
red spheres for O, large white 
spheres for Ba and small gray 
spheres for TIPs. Geometric 
details are given in Table S1 in 
supporting information (SI)

Table 1   The adsorption energies ΔHad (kcal/mol)a for one and two 
NO (the triplet state) adsorbed on the surface anion sites (Os) of BaOb

a  The adsorption energies are calculated according to �Had =

H
clus + n*NO
tot − Hclus

tot − n*HNO
tot , where n = 1, 2

b  The corresponding adsorption configurations are illustrated in 
Fig. 2

Adsorption geometry Terrace Edge Corner

One NO adsorption (1) −28.4 −38.8 −46.1

Two NO adsorption (1′) −58.1 −66.9 −70.2



	 Theor Chem Acc (2014) 133:1565

1 3

1565  Page 6 of 14

has been observed for the (NO, NO2), (NO2, NO2), (NO2, 
NO3) pairs, but not for the (NO, NO) pair [36].

Adsorption of two NO molecules on the BaO surfaces is 
studied in the present work, where both NO molecules are 
found to adsorb on the O anion sites. The adsorption con-
figuration on two adjacent O5c sites is shown in Fig. 2 (1′), 
while geometries for some other configurations may be 
found in Table S1 in SI. As shown in Table 1, the adsorp-
tion energy per molecule on a terrace site is −29.05 kcal/
mol, no matter the electronic state is set to either a triplet or 
an open-shell singlet. This energy actually compares well 
with the adsorption energy of the singly adsorbed molecule, 
indicating that there is little enhanced pairwise cooperative 
effect. The same is true if two NO molecules are adsorbed 
on a pair of O5c and O4c sites. Interestingly, if adsorption 
occurs on a pair of (O5c, O3c) sites, a repulsion of 3.8 kcal/
mol is encountered (see Table 1).

The coverage dependence of NO adsorption on the 
BaO(100) surface was reported with the slab model calcu-
lations [37]. The results showed that the binding strength 
of NO on the anion sites almost linearly decreased with 
the increasing coverage from 34.6 kcal/mol at θ = 0.125–
23.1  kcal/mol at θ  =  0.5. Therefore, as indicated by the 
present cluster model calculations and the previous slab 
model calculations [37], some other adsorption configura-
tions containing NO dimer may be more favorable at higher 
NO coverage.

As described above, the isolated NO binds strongly on 
the Os sites to form a NO2

2− species even on the terrace 

sites of BaO. As both the NO2
2− species and the free NO 

molecule carry one unpaired electron on the N atom, 
respectively, a singlet N2O3

2− species would be formed by 
coupling the two radical-like groups (see Fig. 3):

The N2O3
2− complex can also be regarded as the 

adsorption of a NO dimer (N2O2) on the surface O anion 
site. These have been studied before on MgO [41], as 
well as BaO [39]. The configurations of the N2O3

2− sur-
face complexes can be assigned to cis-N2O3

2− and trans-
N2O3

2− with respect to cis-N2O2 and trans-N2O2, respec-
tively. The corresponding geometrical parameters are 
listed in Table S2 in SI. The N–N bond length is dramati-
cally reduced from 1.96 Å for cis-N2O2 in the gas phase 
[42] to 1.29–1.32 Å, depending on the orientation, while 
the N–O bond length is drastically elongated from 1.16 Å 
in the gas phase [42] to 1.30–1.34  Å. Mulliken charge 
analysis shows that the adsorbed NO dimer on the terrace 
anion sites almost obtains one electron (−0.84 for the cis 
form and −0.75 for the trans form), which is increased to 
−1.0 and −1.3 for the low-coordination anion sites on the 
edges and corners, respectively (see Table S2 in SI). Such 
an electron transfer from the surface anion sites to the NO 
dimer reinforces the bond strength of N–N, while weak-
ens the N–O bond simultaneously, which then triggers 
the direct dissociation channel from N2O3

2− into N2O as 
described in the next section.

(10)NO
2−

2 (s) + NO −→ N2O
2−

3 (s)

Fig. 3   Optimized structures 
for NO dimer adsorbed on an 
O5c anion site at the terrace of 
BaO, forming cis-N2O3

2− (2) 
and trans-N2O3

2−(2′) (left, side 
view; right, top view). Color 
codes: yellow spheres for N, 
red spheres for O, large white 
spheres for Ba and small gray 
spheres for TIPs. Geometric 
details are given in Table S1 in 
supporting information (SI)
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The adsorption energies of the NO dimer on the terrace 
as well as edge and corner anion sites are summarized in 
Table  2. On the terrace sites, the stability of the cis- and 
trans-N2O3

2− is similar with an exothermicity of ~41 kcal/
mol with respect to two free NO molecules. On the low-
coordination anion sites, the N2O3

2− species are calcu-
lated to be more stable. On the edge sites, formations of 
the cis- and trans-N2O3

2− species are exothermic by 58.3 
and 68.5 kcal/mol, respectively, while on the corner sites, 
both cis- and trans-N2O3

2− show a large stability with the 
adsorption energy of about −90 kcal/mol.

The formation of the stable N2O3
2− species represents 

the N–N bond formation which should be identified by 
the IR spectra. Previously, the bands around 1,310 and 
1,375 cm−1 as observed by Prinetto et al. [13] and the peak 
around 1,380  cm−1 as observed by Sedlmair et  al. [15] 
were associated with the N–N stretching in the N2O2

2− spe-
cies. This is fairly reasonable if one compares them with 
the N–N stretching in the Na2N2O2 salts, which appear 
around 1,314 and 1,419  cm−1 [80]. However, as listed in 

Table  3, our calculated N–N stretching frequencies are 
also around 1,354 cm−1 for cis-N2O3

2− and 1,413 cm−1 for 
trans-N2O3

2−, even though the corresponding peak appears 
at much low region of 1,120  cm−1 in the Na2N2O3 salts 
[80]. Hence, a band of the same nature may appear at dif-
ferent position on surfaces and in compounds. The present 
calculations offer a new insight into the assignment of the 
N–N stretching bands, which may indicate the formation of 
the N2O3

2− species on the surfaces.

3.3 � N2O3
2− dissociation

The proposed mechanisms for NO decomposition via N2O3
2− 

species are presented in Scheme  1. It is initialized by the 
formation of species 1 (NO2

2−) via the adsorption of an NO 
molecule on the oxygen anion sites, then followed by the 
coupling of the second gas-phase NO to 1 to produce 2 (cis-
N2O3

2−) or 2′ (trans-N2O3
2−), depending on the orientation. 

The dissociation of species 2 (2′) occurs through the cleavage 
of one of the N–O bonds, leading to the formation of species 
3(3′), which corresponds to a N2O2

2− species plus a peroxide 
species of O2

2− on the surface. A rearrangement of N2O2
2− 

generates the lattice oxygen anion with an electrostatically 
adsorbed N2O as in 4(4′). The final step is envisioned as the 
desorption of N2O, leaving the peroxide on the surfaces.

The transition states and intermediates in the dissocia-
tion processes on the terrace sites are presented in Figs. 4 
and 5, respectively. The corresponding enthalpy changes, 
defined in Scheme 1, are summarized in Table 4, which are 
depicted in Fig.  6. The detailed geometric parameters are 
given in Tables S3 and S4 in SI.

Table 2   The adsorption energies ΔHad (kcal/mol)a for a NO dimer 
adsorbed on the surface anion sites (Os) of BaOb

a  The adsorption energies are calculated according to �Had =

H
clus + (NO)2
tot − Hclus

tot − 2 ∗ HNO
tot

b  The corresponding adsorption configurations are illustrated in 
Fig. 3

Adsorption geometry Terrace Edge Corner

cis-N2O3
2− (2) −41.4 −58.3 −89.7

trans-N2O3
2− (2′) −41.0 −68.5 −89.9

Table 3   Calculated vibrational 
frequencies (cm−1) for the 
adsorption species on the BaO 
terrace sites

The experimental IR spectra 
for free moleculesa  , ions in 
compoundsa and the NO/BaO/
Al2O3 systemb are also listed for 
comparison
a  Data from Ref. [63] for 
free molecules and ions in 
compounds
b  From IR spectra for NO/BaO/
Al2O3 at room temperature [13]
c  Assigned to the surface 
N2O2

2− species [13]
d  Assigned to the surface NO2

− 
species [13]
e  Assigned to the surface NO3

− 
species [13]

ν1 (N–N stretch) ν2 (N–O stretch)

Calc.

NO adsorption (1) – 1,317

Two NO adsorption (1′) – 1,313 (symmetry), 1,309 (asymmetry)

cis-N2O3
2− (2) 1,354 1,410

trans-N2O3
2− (2′) 1,413 1,282

trans-N2O2
2− (3) 1,279 1,417

cis-N2O2
2− (3′) 1,380 1,241

adsorbed N2O (4) 1,884 1,118

adsorbed N2O (4′) 2,378 1,315

Expt.

NOa – 1,876

N2O
a 2,224 1,285

NO2
− a – 1,260 (asymmetry), 1,330 (sym.)

NO3
− a – 1,380 (asymmetry), 1,050 (sym.)

N2O3
2−a 1,120, 1,100 1,400, 1,380 (asymmetry NO2), 1,280 (sym. NO2), 980, 970

cis-N2O2
2−a 1,314 1,057 (sym.), 857 (asymmetry)

trans-N2O2
2−a 1,419 1,120 (sym.), 1,030 (asymmetry)

NO/BaO/Al2O3
b 1375c, 1310c 1,050–950c, 1,220–1,180d, 1,600d, 1470e
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We first look at the dissociation of cis-N2O3
2− (2) on the 

terrace sites of the BaO surfaces. A transition state (TS1 in 
Fig.  4) is located, which clearly indicates the cleavage of 
a N–O bond and the formation of an Os–O bond. The as-
formed 3 is lower lying by 12.5  kcal/mol on the terrace 
with respect to 2. Notably in 3, a surface peroxide species 
(O2

2−) can be envisioned. This is characterized by an Os−O 
bond length of 1.523 Å as shown in Table S4 in SI, which 
approaches to the bond length of a standard peroxo species 
(1.49 ± 0.02 Å, [81]). Meanwhile, a relatively short Os–N 
bond with the distance of 1.46  Å is maintained, which is 
accompanied by a N–N bond of 1.30 Å (See Table S4). The 
latter compares well with the N–N distance in the standard 
N2O2

2− species (1.27 Å [80]). We thus assign this entity as a 
surface N2O2

2− species. It has to be noted that the transfor-
mation from the N2O3

2− (2) species to the N2O2
2− species in 

3 on the terrace sites needs to surmount an intrinsic reaction 
barrier of 52.8 kcal/mol. Hence, it is necessary to increase 
the reaction temperature to facilitate the N2O2

2− formation.
Thereafter, 3 experiences a geometry relaxation and 

leads to the formation of 4 by overcoming a reaction barrier 
of 25.0 kcal/mol on the terrace sites via TS2. The geometri-
cal features of TS2 (see Fig. 4 and Table S3 in SI) clearly 
indicate the N2O formation with the N–N bond length of 
1.18 Å and the N–O length of 1.28 Å, which is accompa-
nied by a strongly elongated Os–N bond (2.11 Å). In 4 on 
the terrace, the as-formed N2O is found to be adsorbed on 
the surface anion site via the middle N atom (see Fig. 5). 
There is still a sizable charge transfer from Os to N2O (0.57 
as listed in Table S4 in SI), leading to a NNO which is bent 
by 138°, instead of adopting a linear NNO structure as in 
free N2O. We find that there is an energy cost of 10.2 kcal/
mol from 3 to 4.

Now, we look at the dissociation of trans-N2O3
2− (2′) on 

the terrace site of the BaO surfaces. As shown in Fig. 6, the 
dissociation route is basically the same as that of the cis-
N2O3

2− species. The whole energetics is more favorable, 
as compared to the dissociation of cis-N2O3

2− (2), due to a 
more favorable electrostatic interaction between the trans-
configurations of the ad-species and the surfaces. Indeed, 

TS1′ is 5.7 kcal/mol lower lying than TS1, while TS2′ is 
17.3  kcal/mol more stable than TS2. The geometry fea-
tures of N2O in 4′ are shown in Fig. 5 and Table S4 in SI. 
The adsorbed N2O is nearly linear (177°), which is nearly 
charge neutral. Hence, one may consider the N2O2

2− spe-
cies in 3(3′) as a chemisorbed N2O on the surface, the N2O 
moiety in 4, in particular 4′, shall be considered as a phys-
isorbed species.

The energy profiles show that the dissociation of N2O3
2− 

on the terrace sites is characterized by a large barrier 
encountered at TS1(TS1′) for the formation of N2O2

2−, 
followed by a small barrier at TS2(TS2′) which eventu-
ally leads to the N2O formation. Hence, if the first barrier 
can be overcome, e.g., with the help of other components 
in the catalyst at high temperature, it is possible that NO 
undergoes direct dissociation over BaO as it was observed 
in the BaO/MgO [31] or BaO/Y2O3 [35] system. On the 
other hand, we conclude that NO initially adsorbs on BaO 
as NO2

2− and N2O3
2− at low temperature in no presence of 

O2 and Pt.
We have also examined the dissociation of N2O3

2− on the 
low-coordination sites of the BaO surfaces. The correspond-
ing enthalpy changes are also summarized in Table  4 and 
depicted in Fig. 6. The detailed geometric parameters may 
be found in SI. Even though the intrinsic barriers to trans-
form N2O3

2− (2 or 2′) to N2O2
2− (3 or 3′) remain to be high 

(54.8–62.1 kcal/mol), the strong basicity of the low-coordi-
nation sites is found to significantly enhance the stabilities 
of the N2O3

2− species, which actually brings the transition 
states (TS1 or TS1′) lower (by −3.5 to −30.0  kcal/mol) 
than the entrance level (BaO + 2 NO), rendering these dis-
sociation processes having no apparent barriers. Therefore, 
the N2O3

2− dissociation on the low-coordination surface 
sites is predicted to be easier than that on the terrace sites. 
In addition, the increased basicity from terrace to edge to 
corner sites has significantly increased the amount of the 
change transfer from 0.57 to 0.90 to 1.34 from the surfaces 
to the N2O moiety (see Table S4 in SI), which stabilizes the 
bent N2O in 4. In fact, both TS2 and TS2′ are found to con-
nect with 4 on the low-coordination sites.

Scheme 1   The possible reaction pathways of NO decomposition on BaO (100) surfaces
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The calculated N–N–O asymmetric stretching mode in 
4 appears at 1,884 cm−1 on the terrace sites, 1,756 cm−1 on 
the edge sites, and 1,570 cm−1 on the corner sites, which 

are comparable to the experimental band observed around 
1,780  cm−1 for NO adsorbed on BaO/Y2O3 [35]. On the 
other hand, the calculated N–N–O asymmetric vibration 

Fig. 4   Optimized transition 
state (TS) structures on the 
terrace sites of BaO (left, side 
view; right, top view): TS1 and 
TS1′ correspond to the dissocia-
tion of cis-N2O3

2− and trans-
N2O3

2−, respectively, to form 
cis-N2O2

2− and trans-N2O2
2−; 

TS2 and TS2′ correspond to the 
dissociation of cis-N2O2

2− and 
trans-N2O2

2−, respectively, to 
form physisorbed N2O. Color 
codes: yellow spheres for N, 
red spheres for O, large white 
spheres for Ba and small gray 
spheres for TIPs. Geometric 
details may be found in support-
ing information (SI)
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Fig. 5   Optimized structures 
on the terrace sites of BaO 
(left, side view; right, top 
view): 3 and 3′ correspond to 
trans-N2O2

2− and cis-N2O2
2−, 

respectively, plus a surface O2
2− 

species. 4 and 4′ correspond to 
a physically adsorbed N2O plus 
a surface O2

2− species. Color 
codes: yellow spheres for N, 
red spheres for O, large white 
spheres for Ba and small gray 
spheres for TIPs. Geometric 
details may be found in support-
ing information (SI)

Table 4   Reaction enthalpy 
changes and intrinsic activation 
barriers (kcal/mol) for reaction 
paths defined in Scheme 1

ΔH1 ΔH2 H1
╪ ΔH3 H2

╪ ΔH4 ΔH5 ΔH2′ H1
╪′ ΔH3′ H2

╪′ ΔH4′ ΔH5′

Terrace −28.4 −13.0 52.8 −12.5 25.0 10.2 −0.6 −12.6 47.7 −14.8 7.7 6.1 5.5

Edge −38.8 −19.5 54.8 −2.7 28.1 2.0 16.6 −29.7 58.3 −5.7 22.9 – 5.6

Corner −46.1 −43.6 62.1 9.1 45.1 5.7 33.8 −43.8 59.9 1.7 36.7 – 5.2
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frequency in 4′ is around 2,377 cm−1 on the terrace. This is 
in good agreement with the experimentally observed band 
at 2,350  cm−1 for the NO/BaO/Y2O3 system [35] and is 
also close to that in the free N2O [81]. All in all, our calcu-
lations support that the peaks around 1,780 and 2,350 cm−1 
are from N2O, in accordance with the assignments reported 
by Ishihara et al. [35] for the NO/BaO/Y2O3 systems.

It is particularly interesting to compare the calculated 
N–N stretching spectra in N2O2

2− with those observed 

in experiments for the NSR systems [13, 15]. In fact, the 
calculated bands are around 1,279 and 1,380 cm−1, which 
compare fairly well with the bands centered at 1,310 
and 1,375  cm−1 as observed by Prinetto et  al. [13] and 
1,380 cm−1 as observed by Sedlmair et al. [15], which were 
assigned to the N2O2

2− species. Hence, our calculations 
support that the surface N2O2

2− will also contribute to the 
strong peaks observed around 1,310–1,380 cm−1 if the bar-
riers from TS1 (TS1′) can be effectively overcome.

Fig. 6   Energy profiles for NO 
adsorption and transformations 
on the a terrace b edge and c 
corner sites of BaO surfaces. 
The reaction schemes are 
defined in Scheme 1. The pro-
files bifurcate at the formation 
of cis- and trans-N2O3

2− (2 and 
2′, respectively) species

(a)

(b)

(c)
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4 � Concluding remarks

It is commonly reported that conversion of NO to NO2 
over noble metals is required for NOx storage, while NO 
reduction also occurs over noble metals [6–10]. Due to the 
complexity of the NSR system, however, the understanding 
of the single role of BaO is still incomplete. Some reports 
suggested that BaO is inactive toward NO [10, 23], while 
some others showed that NO trapping is already significant 
on BaO alone [11, 12]. The present work presents a theo-
retic study on NO adsorption and reaction on BaO, trying 
to clarify this issue.

The XPS experiments by Schmitz and Baird have high-
lighted the importance of BaO [12]. Considering that NOx 
in exhaust gas is primarily NO and that the surface area of 
the oxides far exceeds that of the dispersed noble metals, 
they proposed a unique mechanism that the initial trapping 
is dominated by the molecular adsorption of NO on BaO to 
form a nitrite-like (NO2

−) ad-species [12]. Our calculations 
support this view of molecular adsorption of NO on BaO, 
although we are inclined to favor the picture that NO adsorbs 
on the surface anion sites to form NO2

2−, which is in agree-
ment with the results from the EPR study of NO on the low-
coordination sites on MgO and CaO surfaces [78, 79].

A key theoretical concept in understanding the interac-
tion between NOx and the basic metal oxides is a pairwise, 
cooperative adsorption mechanism [36], which is shown 
not to be effective for the (NO, NO) pair on BaO. At high 
NO pressure, dimerization is favored, in particular, on the 
low-coordination anion sites to form N2O3

2−. Although the 
surface N2O2

2− species is a commonly assumed key inter-
mediate in the NSR system, our calculations suggest that it 
has to surmount an intrinsic barrier of 50 kcal/mol for its 
formation. Notably, the high basicity of the low-coordina-
tion anion sites on BaO will bring the corresponding transi-
tion states below the entrance level, which shall facilitate 
the N2O2

2− formation.
Our calculations show that if this barrier can be over-

come, the transformation from the surface N2O2
2− species 

to N2O is facile. Indeed, the formation of N2O has been 
observed in some NSR and related systems [10, 25, 29, 33, 
35]. It is well known that N2O can be further reduced to N2 
on the metal oxide surfaces [82], which has been charac-
terized with embedded cluster models for BaO(100) [83]. 
Hence, it is envisioned that BaO not only plays a role in 
NO storage, but also affects in a way the NO reduction.

The net reaction studied in the present work may be 
summarized as

It would be anticipated that the surface peroxide spe-
cies may, in turn, serve as an active oxidant for further NO 

(11)2 NO + O
2−

(s) −→ N2O + O
2−

2 (s)

storage to form NO2
− and NO3

− [13, 15, 21, 31, 40], which 
deserves a detailed investigation.

Some calculated vibrational frequencies of the interme-
diates are summarized in Table 3, which shall be helpful to 
assign the bands observed in the experiments. In Table 3, 
we have also listed the experimental results for the corre-
sponding free molecules (NO and N2O) and ions (NO2

−, 
NO3

−, N2O3
2− and N2O2

2−) in compounds [80]. These are 
the reference numbers with which the IR spectra for surface 
species in the NSR systems are compared [84]. One has to 
note that coordination on surfaces will change the peak 
positions dramatically and the bands from various NxOy

δ 
species overlap. All of these have made the assignment of 
the corresponding vibrational spectra complicated and con-
troversial. Indeed, the surface NO2

2− and N2O3
2− species 

provide an alternative explanation of the experimentally 
observed IR spectra which were previously assigned to the 
nitrite/nitrate and hyponitrite species [13, 15].

Further investigation is necessary to see how differ-
ent reactant gases adsorb, react and even compete against 
each other for a specific active site, and how the interplay 
between different components in a real NSR catalyst will 
change the energy profiles or even change the reaction 
mechanisms.
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