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The capability of NO, storage on the supported BaO catalyst largely depends on the Ba loading. With
different Ba loadings, the supported BaO component exposes various phases ranging from well-
dispersed nanoclusters to large crystalline particles on the oxide support materials. In order to better
understand size and morphological effects on NO, storage over y-Al,03-supported BaO materials, the
adsorption structures and energetics of single NO, molecule, as well as NO, + NO,, (NO; + NO,, NO + NO3
and NO, +NOs) pairs on the BaO/y-Al,05(100), (BaO),/y-Al,05(100), and (BaO)s/y-Al,05(100)
surfaces were investigated using first-principles density functional theory calculations. A single NO,
molecule prefers to adsorb at basic Og, site forming anionic nitrate species. Upon adsorption, a charge
redistribution in the supported (BaO), clusters occurs. Synergistic effects due to the interaction of NO,
with both the (BaO), clusters and the y-Al,03(1 0 0) support enhance the stability of adsorbed NO,. The
interaction between NO, and the (Ba0),/y-Al,05(1 0 0) catalysts was found to be markedly affected by
the sizes and morphologies of the supported (BaO), clusters. The adsorption energy of NO, increases
from —0.98 eV on the BaO/y-Al,03(1 0 0) surface to —3.01 eV on (BaO)s/y-Al,03(1 0 0). NO, adsorption
on (Ba0), clusters in a parallel configuration on the y-Al,03(1 0 0) surface is more stable than on dimers
oriented in a perpendicular fashion. Similar to the bulk BaO(1 0 0) surface, a supported (BaO), cluster-
mediated electron transfer induces cooperative effects that dramatically increase the total adsorption
energy of NO,+ NO, pairs on the (BaO),/y-Al,05(1 0 0) surfaces. Following the widely accepted NO,
storage mechanism of BaO + 3NO,(g) — Ba(NOs3), + NO(g), our thermodynamic analysis indicates that
the largest energy gain for this overall process of NO, uptake is obtained on the amorphous monolayer-
like (BaO)s/y-Al,05(1 0 0) surface. This suggests that 'y-Al,03-supported BaO materials with ~6-12 wt%
loadings may provide optimum structures for NO, storage.

Keywords:

Nitrogen oxides

Barium oxide

Alumina

Adsorption

Density functional theory

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline earth oxides (e.g. BaO) supported on y-alumina (Al;05)
have widely been used as storage components in NO, storage-
reduction (NSR) catalysts [1,2]. On the fully formulated catalyst
NO, from the exhaust emission is first oxidized to NO, over noble
metals (Pt and/or Rh) and then NO, is chemisorbed by BaO,
forming barium nitrate Ba(NOs), under lean-burn (i.e. oxygen-
rich) operating conditions [1,2]. As with most heterogeneous
catalytic processes, the reactivity of the NO, storage, (i.e. the
sorption of NO, on the BaO component), strongly depends on the
chemical and physical nature of the supported active BaO phase.
Important questions, like how and where NO, interacts with the
active sorption sites on supported BaO that may expose different
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surface structures (morphologies) are yet to be answered. Atomic
level understanding of the interaction between NO, and alumina-
supported BaO with different sizes and structures is essential to
improve the effectiveness of current NO, storage materials.
Without considering other possible Ba-containing compounds
such as BaO,, Ba(OH),, and BaCOs3 that could co-exist and inter-
transform with BaO phases under practical cyclic conditions [2-4],
sizes and morphologies of the supported BaO phases depend not
only on the Ba loading, the preparation method, and the support
[5-7], but also on the operating conditions [8]. Using traditional
incipient wetness methods with a Ba(NO3), precursor, ultra-high
field NMR spectra coupled with ultra-high resolution scanning
transmission electron microscopy (HR-STEM) images of the
prepared BaO/vy-Al,O3 storage materials clearly show that well-
dispersed nano-sized (BaO), (x < 2) clusters are anchored to penta-
coordinated AI** sites on the y-Al,O3 substrate at low Ba (<8 wt%)
loadings [9]. At 2 wt% BaO loading, nearly half of the penta-
coordinated Al** sites on the y-Al,05(1 0 0) surface are occupied by
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BaO monomers. As the Ba loading increases towards 8 wt%, and
then higher-order 2D clusters become the predominant BaO
phases. For BaO loadings higher than 20 wt%, both HR-STEM
images from high surface area materials and infrared reflection
absorption spectroscopy (IRAS) measurement indicate that amor-
phous 3D BaO clusters are formed on the y-Al,03 support [9,10].

NO, adsorption studies on <y-Al,03-supported BaO with
different BaO coverages revealed the formation of two different
types of nitrate species [11]. The nomenclature arose because
“surface” nitrates were observed to form by NO, interacting with
supported small BaO clusters or monolayers at low Ba loadings,
while the “bulk” nitrates were formed by NO, interacting with
large, bulk-like BaO particles at high Ba loadings. Important new
insights regarding these two nitrate species have recently been
provided by comparison of theoretically calculated and experi-
mentally measured vibrational frequencies of both types of nitrate
species [9]. In particular, the results showed that “surface” nitrates
are those formed on no more than monolayer thick BaO clusters
that are themselves anchored to the «y-Al,03(100) surface. In
contrast, “bulk” nitrates are both adsorbed and absorbed NO,
species on bulk-like 3D Ba-containing phase, including adsorbed
NO, on bulk BaO surfaces. Desikusumastuti et al. have described
strong size effects on the stability of surface NO, species formed by
the interaction of NO,with nanostructured BaO particles sup-
ported on ordered Al,Os3 films [5]. Using in situ IRAS and molecular
beam methods, they found that the stability of nitrate species
formed on very small BaO particles is much lower than that of
bulk-like nitrates formed on large BaO particles, although the rate
of nitrate formation over small BaO particles was faster [5]. Due to
their low stabilities on the support, the small-particle nitrate
species can be rapidly transformed to bulk-like nitrates via an
aggregation process. The size dependence of the stability of formed
nitrates was explained to be the consequence of the interaction
between NO, and BaO, which, in turn, was determined by the
interaction of supported BaO particles with different sizes as well
as the underlying alumina support [5].

The effects of catalyst size and morphology on the NO,
interaction with BaO have also been theoretically examined
[12-22]. The interaction of NO, with unsupported BaO clusters,
flat and stepped BaO surfaces, and y-Al,05-supported BaO clusters
have been studied using first-principles density functional theory
(DFT) calculations [12-22]. Generally, the interaction between NO,
and BaO can be understood as a combination of Lewis acid-base
interactions resulting from strong basicity of BaO and redox
(electron transfer) processes [20,23]. In particular, upon adsorp-
tion, fractional electron transfer occurs from BaO to the adsorbed
NO, molecule, forming either anionic nitrite NO,~ at acidic Ba®*
sites or anionic nitrate NO;~ at Lewis basic 0%~ sites on BaO. For
unsupported BaO clusters, the adsorption energies of NO, change
with the cluster size. It was found that the adsorption energy of
NO, in an N-down configuration as NOs~ species decreased from
—1.22 eV on (Ba0); monomer to —0.86 eV on the (Ba0), tetramer
[16,17], while it increased from —1.07 eV on the (BaO)s hexamer to
—1.28 eV on (Ba0);, cluster [22]. Gronbeck et al. explained this
moderate size dependence on the basis of the electrostatic nature
of the interaction between NO, and BaO [22]. Cheng and Ge studied
NO, adsorption on the edge and corner sites of BaO clusters up to
(Ba0)s, as well as the stepped BaO(3 1 0) surface [17]. They found
that the adsorption of NO, on the edge and corner sites of the BaO
clusters was stronger than on the flat BaO(1 0 0) surface. These
authors also investigated the interaction of NO, with BaO clusters
supported on the Al-terminated vy-Al,05; surface [16,17]. They
found a strong synergistic effect that enhances NO, adsorption as
NO, interacts with both BaO clusters and the support. For
NOy + NO, pair (x=1, 2; y=2, 3) adsorption on the BaO(10 0)
surface, an enhanced stability has been clearly rationalized by a

cooperative co-adsorption mechanism [20,24]. Such increased
stability of adsorbed NO, species on different sizes of unsupported
BaO clusters was found to be essentially the same as the NO, + NO,,
pair adsorption on the flat BaO(1 0 0) surface [22].

In order to better understand size and morphological effects on
the NO, interaction with y-Al,03-supported BaO, we investigated
the adsorption structures and energetics of single NO, molecule
and NOy + NO,, pairs on the BaO clusters (BaO monomer, (BaO),
dimers, and an amorphous (BaO)s monolayer) supported on the y-
Al;05(1 0 0) surface using first-principles DFT calculations. Three
NOy + NO,, pairs NO, + NO2, NO + NO3 and NO, + NO3 were chosen
to follow generally the accepted consecutive NO, storage route
over the y-Al,03-supported BaO materials. The calculation results
were then directly compared with our previous results on the clean
v-Al,03(100) and BaO(100) surfaces [9,19,25]. Based on a
thermodynamic stability analysis, an optimum BaO loading on
the «y-Al,05 support for NO, storage is proposed.

2. Computational method

Periodic DFT calculations were performed using the Vienna ab
initio simulation package (VASP) [26,27]. The projector augmented
wave (PAW) method combined with a plane-wave basis set and a
cutoff energy of 400 eV was used to describe core and valence
electrons [28,29]. The Perdew-Burke-Ernzerhof (PBE) form of
generalized gradient approximation (GGA) [30] with spin polari-
zation was implemented in all calculations. Ground-state atomic
geometries of the entire systems were obtained by minimizing the
forces on each atom to below 0.05 eV/A.

Previous experimental investigations strongly suggest that
penta-coordinated AI** ions are the anchoring sites on the y-Al,03
support surface for deposited transition metal and metal oxide
particles [31,32]. Since the penta-coordinated AI** sites are only
available on the y-Al,05(1 00) surface, a y-Al;05(100)-(2 x 1)
model surface with eight atomic layers (11.16 A x 8.41 A x 8.37 A)
has been used as the support substrate. The y-Al;05(1 00)-(2 x 1)
model surface had been thoroughly tested and validated in our
previous studies [9,19,25]. The oxide-on-oxide (BaO),/y-
Al;05(1 00) surface models were constructed by structurally
optimizing adsorbed (BaO), (n=1, 2, 5) clusters on the <y-
Al;05(1 00) surface [33]. A vacuum slab of 15 A in the z-direction
was used to separate the interactions of the neighboring model
surface slabs. A (2 x 2 x 1) Monkhorst-Pack mesh sampling
scheme was found to be accurate enough for the convergence of
adsorption structures and energies after testing different k-point
grids ranging from (1 x 1 x 1) to (4 x 4 x 1).

Adsorption energies, E,qno,» Of NO, on the (BaO),/y-
Al;05(1 00) surfaces were calculated by Eq. (1):

Ead.NOZ = ENOZ+surface - (Esurface + ENOZ) (1)

where Egyface 1S the total energy of the bare (BaO),/y-Al,03(1 0 0)
surface, Eno, is the energy of the isolated NO, molecule in the
vacuum, and Eyo, ;surface 1S the total energy of NO; interacting with
the (BaO),/y-Al;03(1 00) surface. Similarly, for NO,+ NO, pair
(NO; + NO,, NO+NO3 and NO,+NO3) adsorption, the total
adsorption energies, E g no,+No,, Were calculated as:

Ead.NOX+NOy = ENOX+NOy+surface — (Esurface + Eno, + ENOy) (2)

Based on these definitions, a negative value of E;4 no, OT Ead No, +No,
indicates favorable (exothermic) adsorption.

3. Results and discussion

The size and morphology of (BaO), clusters supported on the y-
Al,03 surface depend upon the Ba (or BaO) loading and preparation
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method [5,9]. Based on HR-STEM images of BaO/y-Al,03 storage
materials with varying BaO coverages, it is clear that monomer
(BaO); and dimer (BaO), clusters are predominant at low
coverages, while much larger BaO monolayer clusters and 3D
bulk-like particles form at high coverages [9]. We have also
computed the morphologies of supported BaO structures obtained
by adsorption of varying coverages of BaO monomers interacting
with the y-Al,03(1 0 0) surfaces using DFT [32]. We find that the
size and morphology of <y-Al,0s-supported (BaO), (n=1-8)
clusters via an aggregation process are determined by the BaO
coverage. At low BaO coverage, it is thermodynamically unfavor-
able for isolated BaO monomers to form larger (BaO), (n > 2)
clusters on the dehydrated y-Al,05(1 0 0) surface by aggregation
and the supported (BaO), dimer is found to be the most
energetically stable cluster size on y-Al,03 support. However, at
high BaO coverages, the formation of a (BaO),, (n > 2) 2D overlayer
becomes thermodynamically favorable. In agreement with experi-
mental observations [10], the amorphous monolayer-like (BaO)s
overlayer is formed at BaO coverage of 0.75 ML [32]. As a result,
three model oxide-on-oxide surfaces, i.e. BaO/vy-Al,O03(100),
(Ba0),/y-Al,03(100), and (BaO)s/y-Al,03(100) are studied,
representing the BaO/y-Al,0; storage materials at practically
different BaO loadings. Although multiple (BaO),/y-Al,03(1 00)
structural configurations with different stabilities were found in
our previous work [32], the most stable (BaO),/vy-Al,03(100)
(n=1, 2, 5) surface structures shown in Fig. 1 are adopted here as
model substrates in this work. For the (BaO),/y-Al,03(100)
surface, two types of surface structures with one in the parallel
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Fig. 1. Optimized structures of various (BaO),/y-Al,O5(1 0 0) surfaces: (a) BaO/vy-
Al,03(100); (b) (BaO),/y-Al,05(100) in a parallel configuration; (c) (BaO),/vy-
Al,05(100) in a perpendicular configuration; and (d) (BaO)s/y-Al,05(1 0 0). Al
atoms are in magenta, O atoms in red, and Ba atoms are in green. The bond lengths
shown in the figure are in angstrom units. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

(BaO), cluster configuration (Fig. 1b) and another in the
perpendicular (BaO), cluster configuration (Fig. 1c) are used to
examine morphology effects.

In the following discussion on the adsorption of NO, and
NO, +NO,, pairs on the (BaO),/v-Al,05(100) surfaces, three
different types of oxygen atoms are defined: for O; atom represents
the atomic surface oxygen on the y-Al,03(1 0 0) surface; Oy atoms
are the oxygen atom from adsorbed NO, (NO or NOs); and Og,
atoms are the oxygen atom belonging to the BaO clusters
(monomer, dimer and pentamer).

3.1. BaO/y-Al,03 surface

Multiple adsorption configurations have been identified for NO,
interacting with the BaO monomers on y-Al,03(1 0 0) as shown in
Fig. 2a-c. NO, binds solely with the Ba ion in a bidentate structure
shown in Fig. 2a. The calculated adsorption energy is —0.44 eV,
which is in good agreement with a previous DFT result of —0.41 eV
on the spinel y-Al,03(1 1 1) supported BaO monomer model [16].
The two On-Ba bond lengths are almost the same (2.94 and 2.99 A).
Note that the Ba-Op, bond length is only 2.45A after NO,
adsorption representing a pronounced shortening from the
original Ba-Og, bond length of 2.82 A (see Fig. 1a), and suggesting
a large structural relaxation of the supported BaO monomer occurs
upon NO, adsorption.

As indicated before, the interaction between NO, species and
the (Ba0O), clusters [16,17,21,22] as well as the BaO(1 0 0) surface
[14,15,20] is typically Lewis acid-base one accompanied by
significant charge transfer. Indeed, a Bader charge analysis
[34,35] performed for this adsorption configuration shows that
charge redistribution occurred within the BaO-NO, adsorption
complex. Upon adsorption, NO, becomes NO,° by obtaining a
total 0.47 |e| charge from the supported BaO monomer. Corre-
spondingly, the charge on the Ba atom changes from +1.50 |e| to
+1.62 |e| while the charge on the Og, atom changes from —1.42 |e|
to —1.20 |e|. Similar to the adsorption of BaO monomer on the y-
Al,03(1 00) surface [32], charge transfer between the y-Al,05
substrate and the BaO-NO, complex is negligible (~0.05 |e|). This
indicates that charge redistribution, induced by NO, adsorption,
only occurs in the supported BaO monomer, not involving the -y-
Al,03 substrate. The contribution of the y-Al,03 substrate to the
adsorption complex is structural rather than electronic. After NO,
adsorption, the BaO-NO, complex, i.e. (Ba0)**42€((NO,) %47lel s
almost neutral.

NO, can also adsorb on both Ba and Og, sites on the BaO/y-
Al;053(1 0 0) surface, in a parallel configuration shown in Fig. 2b.
The bond lengths of N-Op, and Ba-Oy are 2.15 and 2.87 A,
respectively. Similarly, the Ba-Og, bond length becomes shorter
(2.42 A) after NO, adsorption. Bader charge analysis also shows
charge redistribution for the BaO-NO, complex. NO, becomes
(NO,)~%34¢l 35 the charge on the Ba ion changes from +1.50 |e| to
+1.62 |e|, and the Og, charge changing from —1.42 |e| to —1.27 |e|
after NO, adsorption. Again, no noticeable charge transfer between
the y-Al,03 substrate and the BaO-NO, complex is found. The
adsorption energy of NO5 in this parallel configuration is —0.56 eV,
which is slightly stronger than in the bidentate adsorption
structure. This is due to the fact that adsorbed NO, can interact
with both Ba and Og, atoms in this parallel configuration.

NO, can also adsorb at the interface between the supported BaO
monomer and the y-Al,03(1 0 0) substrate. In this configuration, the
adsorbed NO, molecule binds with an Og, ion and a surface Al atom
through the N-Og, and the On—Al bonds, forming a nitrate-like NO;
species. As shown in Fig. 2¢, the strong Ba-Og, bond contraction,
induced by NO, solely interacting with the supported BaO monomer
as described above is slightly abated, the Ba-Og, bond length being
2.57 Ain this configuration. We note that N-Op, and N-Oy bonds are
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Fig. 2. Adsorption structures of NO,, as well as NO, + NO,, NO + NO3 and NO, + NOjs pairs on the BaO/y-Al,03(1 0 0) surface. For each adsorption structure, both top and side
views are shown. The y-Al,05(1 0 0) substrate is illustrated in faint lines for clarity, and the color scheme of Fig. 1 is applied. The O atoms of adsorbed NO, (x = 1-3) species are
in orange and N atoms are in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

elongated to 1.48 and 1.40 A respectively toaccommodate the On—Al
bond that forms to the y-Al, 05 surface. Both N-Og, and N-Oy bonds
in the thus formed NOs are much longer than the calculated N-O
bond of 1.25 A for a NO; radical in the gas phase, while the third O-N
bond of NO; is 1.24 A. The calculated adsorption energy of NO,
forming this nitrate-like NO3 configuration is —0.98 eV, consider-
ably stronger than the other two configurations of NO, interacting
with the supported BaO monomer. This enhanced stability of NO,
adsorbing at the interfacial region between the two oxides was also
found and described as a synergistic effect in a previous study [16].

Interestingly, except for similar charge redistribution between NO,
and BaO, our Bader charge analysis shows that the surface O; atom
that directly connects to the bonded surface Al atom, rather than the
bonded surface Al atom itself, is oxidized. In particular, the charge of
the O;atom changes from —1.61 |e| to —0.94 |e| as NO, adsorbs at the
interface. The charges of other surface Os atoms are still in the
normal range of —1.60 to —1.64 |e|. As aresult, the electron density of
the formed anionic NO3*5 (8 =1.94 |e|) species is donated by both the
supported BaO monomer and the Al,O5 surface. This is close to the
result for NO; % (6 =1.79 |e|) bound in a similar configuration with
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the spinel y-Al,05(11 1) supported BaO monomer reported by
Cheng and Ge [16].

Two different adsorption structures of the NO, + NO,, pair on the
BaO/vy-Al,05(1 0 0) surface (Fig. 2d and e) were studied in this work.
In the first adsorption structure shown in Fig. 2d, the two NO,
molecules only interact with the supported BaO monomer with one
NO, adsorbing at the Ba site and the other at the Og, site. The
calculated adsorption energy for this configuration is —2.34 eV.
Compared to single NO, adsorption, the stability of NO, + NO, pair
adsorption is dramatically enhanced by 1.34 eV with respect to the
combined adsorption energy of ~-1.00 eV for two single adsorbed
NO, molecules shown in Fig. 2a and b. This indicates that the
cooperative effect that enhances the stability of NO, pair adsorption
on larger alkaline earth oxide clusters as well as flat BaO(1 0 0)
surfaces [12-15,20-22,24] is also applicable to the v-Al,03-
supported BaO monomers. The enhanced stability is reflected by
structural variations upon the pair adsorption. Firstly, the Ba-Og,
bond length becomes 2.78 A after the NO, + NO, pair adsorption,
which is very close to the original Ba—Og, bond length (2.82 A) of the
supported, adsorbate-free BaO monomer. The strong Ba-Og, bond
contraction calculated for single NO, adsorption is largely eliminat-
ed by the second NO, adsorption. Secondly, by comparison of Fig. 2a
and d, two Oy-Ba bonds for the adsorbed NO, on the Ba site are
shorter (2.65 and 2.68 A) in the NO, + NO; pair adsorption. Also, the
N-Og, bond in the pair adsorption structure is shorter than that for
single NO, adsorption on the Og, site. This suggests that, on one
hand, the interaction between the supported BaO monomer and the
v-Al;05(1 0 0) substrate becomes weaker, and, on the other hand,
the interaction between the supported BaO monomer and NO,
becomes stronger upon the second NO, adsorption. As a conse-
quence, the interaction between NO, and the supported BaO
monomer, in terms of the total adsorption energy, is dramatically
increased. Bader charge analysis shows that both adsorbed NO,
molecules are oxidized to anionic NO,° species after adsorption.
One of the adsorbed NO, actually forms the NO,~? (6=1.26 |e|)
species by combining with the Op, atom. In the second NO, + NO,
pair adsorption configuration studied here, both adsorbed NO,
molecules not only interact with the BaO monomer, but also the y-
Al,03(1 0 0) substrate. Similar to the binding of single NO, molecule
bound at the BaO-vy-Al,05 interface, a synergistic effect further
enhances the stability of adsorbed NO,+NO, pair in this
configuration. The calculated adsorption energy is —3.05 eV, which
is 0.75 eV stronger than the adsorption configuration where only the
supported BaO monomer is involved.

The NO + NOs3 pairs on y-Al,0s-supported BaO catalysts have
been considered as an important intermediate state leading to the
formation of Ba(NOs), [11,36]. As such, three different adsorption
structures of NO + NOj3 pair on the BaO/y-Al,03(1 0 0) surface were

Table 1

studied. In the first structure shown in Fig. 2f, both NO and NO3
interact only with the supported BaO monomer. NO binds with the
Og, site and NOs adsorbs at the Ba site in a bidentate structure. Bader
charge analysis shows that the adsorbed NO in this pair adsorption
structure is positively charged (+0.26 |e|). As such, the adsorbed
NO + NOs pair can be described as the NO**NO;~° pair. However,
adsorbed NO is not positively charged in the other two co-adsorbed
structures (Fig. 2g and h) when the y-Al,03 substrate is directly
involved in the adsorption. For these latter two adsorption
configurations of the NO +NO; pair, fractional electron charge
(0.44 and 0.11 |e|) was found to be transferred from the y-Al,03
substrate to the NO**NO;~° pair upon adsorption. Once again, the
calculated adsorption energies of the NO + NOs pair in these three
different structures confirm a synergistic effect that enhances
stability. The adsorption energy of the NO + NOs pair gradually
increases from —3.67 eV for the structure where the NO + NO;5 pair
exclusively interacts with the supported BaO monomer (Fig. 2f), to
—4.07 eV for the structure in which NOs interacts with both the BaO
monomer and the v-Al,0; substrate (Fig. 2g), and further to
—4.19 eV for the structure where both NO and NO3 bind with the BaO
monomer and the y-Al,O3 substrate (Fig. 2h).

For the adsorption of the NO,+NO; pairs on the BaO/y-
Al,03(1 00) surface, stoichiometric Ba(NOs3), species are formed
on the +y-Al,03 substrate. Here we only present two typical
adsorption structures. The first structure, shown in Fig. 2i, is the
NO, + NOs pair adsorbed on the supported BaO monomer without
interacting with the support while the second structure (Fig. 2j)
involves NO, interacting with both BaO monomer and the y-Al,03
substrate. Again the second structure is 0.36 eV stronger than the
first structure due to the synergistic effect. These two structures
have been identified as the basis for “surface” nitrates formed on
BaO/vy-Al,O3 catalysts using a combined experimental and
theoretical method [9].

The calculated adsorption energies and Bader charges of NO,
and the NO,+NO, pairs on BaO/y-Al,05(100) surface are
summarized in Tables 1 and 2. We would point out that the
adsorption structures of NO, and the NO, + NO, pairs on BaO/vy-
Al;05(1 00) surface that lack of direct interactions with the -
Al,03(1 00) surface are spatially flexible. For each adsorption
configuration reported here, we have identified several structures
with different molecular orientations (not shown here). The
adsorption energy difference between these adsorption structures
is less than 0.15 eV.

3.2. (Ba0),/y-Al,03 surfaces

Our previous calculation showed that two types of structures
(parallel and perpendicular) for supported (BaO), clusters on the

Adsorption energies and Bader charges (in |e|) of NO, on (BaO),/y-Al,05(100) (n=1, 2, 5) surfaces.

Structure Eaq (eV) Bader charge |e|
Ba Oga NO, O BaO

BaO/v-Al,05(100) +1.50 —1.42 -1.62

Fig. 2a -0.44 +1.62 -1.20 -047 +0.42
Fig. 2b —0.56 +1.62 -1.27 -0.34 +0.35
Fig. 2¢ -0.98 +1.63 -0.56 -0.87 —0.94* +1.07
(Ba0),/y-Al,03(100) +1.50 -1.43 -1.62

Fig. 3a -1.17 +1.60 -1.18 -0.79 +0.42
Fig. 3b -1.53 +1.59 -1.11; —-0.80* -0.89 +0.48
Fig. 4a -0.97 +1.59 -1.19 -0.87 +0.40
Fig. 4b -0.45 +1.60 -0.97; —-0.57* -0.83 +0.63
(Ba0)s/y-Al05(100) +1.49 -1.47 -1.62 +0.02
Fig. 5a -1.64 +1.54 -1.35 -0.88 +0.19
Fig. 5b -3.01 +1.52 —1.34; —0.82* —0.86 +0.18

Note: The number with the star “*” is the Bader charge of the bonded Og, atom.
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Table 2
Adsorption energies and Bader charges (in |e|) of NO,+NO, (x=1-2, y=2-3) pairs on (Ba0),/y-Al,05(100) (n=1, 2, 5) surfaces.

Substrate Structure Eaq (eV) Bader charge |e|

NO,+NO, Ba Oga NO NO, NO; NO +Oga NO, +Og,
BaO/vy-Al,05(100) Fig. 2d —-2.34 +1.65 -0.79 —0.52; —0.40 —-1.26
Ba0/vy-Al,05(100) Fig. 2e -3.05 +1.64 -0.81 —-0.42; —-0.28 -1.11
(Ba0),/y-Al,05(100) Fig. 3¢ ~3.64
(Ba0),/y-Al,05(100) Fig. 4c —4.44 +1.62 -1.47; -0.67* -0.84; —0.22 -1.02
(Ba0),/y-Al,03(100) Fig. 4d —-437
(Ba0)s/y-Al,05(100) Fig. 5¢ —6.54 +1.56 —1.28; —-0.62* —0.84; —0.35 —0.99
(Ba0)s/y-Al,05(100) Fig. 5d -6.21 +1.55 ~1.29; —0.59* ~0.89; —0.33 -1.03
Substrate Structure Eaq (eV) Bader charge |e|

NO +NO3 Ba Opa NO NO, NO5 NO +Opg, NO, +Og,
BaO/vy-Al,03(100) Fig. 2f -3.67 +1.66 -0.90 +0.26 -1.07 -0.50
BaO/vy-Al,05(100) Fig. 2g —4.07 +1.65 -0.83 -0.34 —0.90 -1.16
BaO/vy-Al,03(100) Fig. 2h —-4.19 +1.67 —0.78 —0.12 —0.88 —1.01
(Ba0),/y-Al,05(100) Fig. 3d -452 +1.59 -0.73 ~0.05 -0.89 -0.89 -0.91
(Ba0)s/y-Al,05(100) Fig. 5e —7.69 +1.55 -1.30; —-0.67* -0.22 -0.92 -0.89 -0.92
Substrate Structure Eaq (eV) Bader charge |e|

NO, +NO3 Ba Oga NO NO, NOs3 NO +Og, NO; +Og,

BaO/v-Al,05(100) Fig. 2i —-3.67 +1.67 -0.84 —0.05 -0.84 -0.87
BaO/vy-Al,05(100) Fig. 2j -4.13 +1.67 -0.76 +0.03 -1.05 -0.88
(Ba0),/y-Al,05(100) Fig. 3e -4.76
(Ba0),/y-Al,05(100) Fig. 3f ~6.07
(Ba0)s/y-Al,05(100) Fig. 5f —5.53

Note: The number with the star “*” is the Bader charge of the bonded Og, atom.

v-Al,03(1 0 0) surface are stable, with the parallel configuration is shown in Fig. 1c, only one BaO unit of the dimer pair binds with the
energetically more stable than the perpendicular configuration v-Al,03(1 0 0) surface. We first investigated the adsorption of NO,
[32]. For the parallel configuration shown in Fig. 1b, all Ba and O on the parallel (BaO),/y-Al,05(1 0 0) surface. Fig. 3a and b shows
atoms of the (BaO), dimer bind with the y-Al,05(1 0 0) surface via two stable adsorption structures of NO, interacting only with the
Ba-Os and Og,-Al bonds. For the perpendicular configuration supported (BaO), dimer. The adsorption of NO, at the Og, site

132
1.31

E\ =\0

(a) NO, (b) NO,

2614

266
130
Y *2.68
201
200 / 209 = & L =
(c) NO;+ NO; (d) NO+ NO;
268
300 299 200 223
2.08 = LA
” - = 2.80
1.30
(e) NO, + NO; () Q2+ N0

Fig. 3. Adsorption of NO,, as well as NO, + NO,, NO + NO3; and NO, + NO3 pairs on the parallel (BaO),/y-Al,03(1 0 0) surface. For each adsorption structure, both top and side
views are shown, and the color scheme of Fig. 2 is applied.
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Fig. 4. Adsorption of NO, and pairs on the perpendicular (BaO),/y-Al,05(1 0 0) surface. For each adsorption structure, both top and side views are shown, and the color

scheme of Fig. 2 is applied.

through an N-Og, bond (Fig. 3a, —1.53 eV) is stronger than binding
at the Ba sites in a bridging bidentate configuration (Fig. 3b,
—1.17 eV). Compared to similar adsorption structures of NO, on
the BaO/vy-Al,05(100) surface, the stabilities of NO, on the
parallel (BaO),/y-Al,03(1 0 0) surface are significantly increased,
indicating that increasing the size of the supported BaO clusters
increases the stability of NO, adsorption. As found for the
monomeric BaO structure, charge redistribution between the
supported (BaO), dimer and NO, occurs upon adsorption.
Fractional electronic charge from both Og, atoms is transferred
to the adsorbed NO, forming NO, %%/l and NO, %€l in the
bridging bidentate structure and the N-down structure, respec-
tively. For the N-down binding structure (Fig. 3b), the charge of the
bonding Og, atom is reduced to —0.80 |e|. Electron transfer
between the supported (BaO), dimer and the <y-Al,03(100)
substrate is less than 0.1 |e|.

We then studied the adsorption of NO,+ NO, pairs on the
parallel (Ba0O),/vy-Al,05(1 0 0) surface. The adsorption of NO; + -
NO, pair causes pronounced structural relaxation of the (BaO),
dimer. As shown in Fig. 3¢, although one adsorbed NO, molecule
locates above the (BaO), dimer, the strong interaction between the
second adsorbed NO, and the (BaO), dimer via the N-Og, bonding
causes the adsorbed NO, molecule to tilt towards the ~y-
Al,03(1 0 0) surface. As a result, the adsorbed NO, in the N-down
configuration binds with both (BaO), units of the dimer, as well as
with the y-Al,05(1 0 0) surface. In addition, one of Ba-Og, bonds in
the supported (BaO), cluster is broken as a result of the NO; + NO,
pair adsorption. The adsorption energy of this NO, + NO, pair
adsorption configuration on the (BaO),/vy-Al;05(1 0 0) surface is
—3.64 eV. This value is larger than the corresponding adsorption
energy on the BaO/vy-Al,05(1 0 0) surface, again implying that the
adsorption stabilities of single NO, molecule as well as NO; + NO,
pairs increase with the size of the supported BaO clusters. The
adsorption of NO + NOs pairs on the parallel (BaO),/y-Al;03(1 0 0)
surface is shown in Fig. 3d. Although the supported (BaO), cluster
is still intact in this adsorption configuration, one of the Og, atoms
moves away from the y-Al,03(1 0 0) surface and, in fact, this Og,—
Al bond is broken.

Structural relaxations induced by NO, + NO3 pair adsorption on
the (BaO),/y-Al,03(1 0 0) surface are also found. In the case shown
in Fig. 3e, one of the Ba-0 bonds in the supported (BaO), dimer is
broken as a result of the NO,, pair adsorption. Even more profound
structural changes are shown in Fig. 3f where the supported (BaO),
dimer changes its configuration due to the NO,+NOs pair
adsorption. In this case, the adsorbed (BaO), dimer with initial

parallel configuration on the y-Al,05(1 0 0) surface is now oriented
in the perpendicular configuration. As indicated before, the
supported (BaO), dimer in the perpendicular configuration is less
stable than the parallel configuration. Thus, the NO, + NO5 pair
adsorption leads to a significant weakening of the interaction
between the formed Ba(NOs ), and the y-Al,05(1 0 0) surface, likely
promoting the mobility of the Ba(NOs3),. Such a result is consistent
with previous experimental observations. In particular, Desiku-
sumastuti et al. [5] observed that surface nitrate species can be
readily formed on very small alumina-supported BaO particles.
These surface nitrate species can be rapidly transformed to bulk-
like nitrates via aggregation processes due to their low stability.
Comparing the adsorption energies of the two structures following
NO, + NO3 pair adsorption shown in Fig. 3e and f, we find that the
adsorption of NO, + NOs pairs with the intact (BaO), cluster (3f,
—6.07 eV) is much stable than the NO, + NOs3 pair with the broken
(Ba0); cluster (—4. 76 eV).

To further investigate morphology effects on the interaction
between NO, and supported BaO clusters on the y-Al,03 surface,
we investigated the adsorptions of NO, and the NO, + NO, pair on
the perpendicular (BaO),/vy-Al,05(1 00) surface, with the opti-
mized adsorption structures shown in Fig. 4. The corresponding
adsorption energies are also given in Tables 1 and 2. For this initial
supported dimer morphology, different trends for single NO, and
NO, + NO, pair adsorption are found. Compared to the parallel
(Ba0),/y-Al;,03(1 00) surface, our calculations show that the
adsorption of NO; is considerably weaker, while the NO, + NO,
pair adsorption is, in fact, somewhat stronger on the perpendicular
(Ba0),/y-Al;05(1 0 0) surface.

3.3. Amorphous BaO overlayer supported on y-Al,05

The DFT-optimized amorphous monolayer-like (BaO)s/vy-
Al;03(1 00) surface is shown in Fig. 1d. A variety of possible
adsorption sites on the supported (BaO)s overlayer are available. In
this work, two adsorption sites, NO, adsorbing at one of the surface
Ba or the Og; sites, are considered. Fig. 5a shows NO, adsorbed at a
Ba site in a bidentate structure forming anionic NO,~? (6=0.88|e|)
species. Bader charge analysis indicates that no localized electron
hole is found at the Og, sites in the amorphous (BaO)s overlayer. As
given in Table 1, the average charge of Ba atoms increases from
+1.49 to +1.54 |e| while the average charge of Og, atoms decreases
from —1.47 to —1.35 |e| after NO, adsorption. As a result, the (BaO)s
overlayer is slightly positively charged (+0.19 |e|). For NO,
adsorption at the Og, site shown in Fig. 5b, although a similar
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Fig. 5. Adsorption of NO,, as well as NO; + NO,, NO + NO3; and NO, + NOs pairs on the (BaO)s/y-Al,05(1 0 0) surface. For each adsorption structure, both top and side views are

shown, and the color scheme of Fig. 2 is applied.

positively charged (+0.18 |e|) (BaO)s overlayer is formed, an
electron hole located at the bonded Og, atom is identified. The
Bader charge of this Og, atom is —0.82 |e|, which is clearly different
from other Og, atoms in the (BaO)s overlayer. The adsorbed NO,
combining with this reduced Og, atom can be considered as a
NO5° nitrate species with a total charge of —1.38 lel. The
calculated adsorption energies of NO, at the Ba and the Og, sites
are —1.64 and —3.01 eV respectively; obviously, the adsorption of
NO, at the Og, site is much stronger than the adsorption at the Ba
site. This is consistent with the trend that NO, adsorption at Og,
sites on both BaO/y-Al,05(100) and (BaO),/y-Al,05(1 0 0) sur-
faces is stronger. The adsorption strength of single NO, also clearly
increases with the BaO cluster size (see Table 1). Furthermore, the
effect of the alumina support can be elucidated by comparing the
adsorption of NO; on the supported amorphous (BaO)s overlayer
with the BaO(1 0 0) surface. The calculated adsorption energy of
NO, in the most stable structure on the flat BaO(1 0 0) surface is
—0.96 eV, which is much weaker than the energies of —1.64 and
—3.01eV on the (BaO)s/y-Al,03(100) surface. The enhanced
stability of NO, on the (BaO)s/y-Al,03(100) surface can be
attributed to the low-coordination of the adsorption sites
compared to the sites on the flat surface [17,21]. This is consistent
with the DFT results of NO, adsorption on variously coordinated Ba
and O sites on unsupported clusters and stepped BaO surfaces
[13,17,21]. For instance, Branda et al. found the adsorption energy
of NO, at the step and corner sites of BagOg clusters was about
—1.8 eV, almost twice as much as the adsorption energy on the
terrace sites (—0.94 eV) [21]. Cheng and Ge also found that the
adsorption energies of NO, at the step-edge and terrace sites on a
stepped BaO(3 1 0) surface were —1.13 and —1.39 eV [17], stronger
than on the flat BaO(1 0 0) surface.

For NO, + NO, pair adsorption on the (BaO)s/y-Al,05(100)
surface, two co-adsorption structures were studied. The calculated

adsorption energies are —6.54 and —6.21 eV, respectively, indicat-
ing a significant enhancement of stability upon the second NO,
adsorption. As shown in Fig. 5c and d, one NO, molecule binds with
the Og, sites forming anionic NO;®witha very similar structure to
a single NO, adsorption on the Og, site shown in Fig. 5b. The second
NO, adsorbs on either the Ba site in a bidentate configuration
(Fig. 5¢) or over the Og; site in the parallel configuration forming
NO,~? (Fig. 5d). Compared to the single NO, adsorption, more
electrons are transferred from the (BaO)s overlayer to the adsorbed
NO; + NO, pair. For the NO+NOs; and NO,+ NOs pairs, the
optimized adsorption structures are shown in Fig. 5e and f, with
calculated adsorption energies of —7.69 eV for the NO + NO3 pair
and —5.53 eV for the NO, + NOj3 pair. Interestingly, we observe that
NO5 adsorbs on the (BaO)s/y-Al;03(1 00) surface in a parallel
fashion for both adsorption structures. This parallel adsorbed NO3
structure is not found for the NO,+ NO; pairs on the BaO/y-
Al;05(100) and (BaO),/y-Al,03(100) surfaces, but has been
calculated to be the most stable adsorption configuration on the
flat BaO(1 0 0) surface in previous theoretical studies [9,19,25].
This indicates that the nature of (BaO)s/y-Al,03(100) surface
more closely resembles the extended BaO(1 00) surface rather
than the +y-Al,03(1 0 0)-supported BaO monomers and (BaO),
dimers.

3.4. Effects of Ba loading on NO, storage

The NO, storage capability over the +y-Al,03-supported BaO
materials depends not only on the BaO loading, but also on the
morphology of BaO particles on the support. Previous experimen-
tal and theoretical studies [5,9,10,32,33] clearly indicate that nano-
sized BaO clusters such as BaO monomers and (BaO), dimers
are the primary BaO phases present on the support at very low
Ba loadings (<4 wt%). At low to intermediate Ba loadings
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Table 3

Reaction energies AE (eV) of various elementary steps of NOy storage on different model surfaces.
Reaction v-Al,03 BaO/y-Al,03 (Ba0),/y-Al,03 (Ba0)s/y-Al,03 BaO

(100) (100) (100) (100) (100)

Substrate + 3NO,(g) = substrate + NO,~ +2N0y(g) -0.22 -0.96 -1.53 -3.01 -0.96
Substrate + NO, ~ +2N0,(g) = substrate + NO,~ + NO, ™+ NOy(g) +0.04 —2.68 —-2.11 -3.59 -1.75
Substrate + NO,~ +NO, ™~ + NO,(g)=substrate + NO~ +NO3;~ + NOx(g) -0.53 +0.57 +0.20 +0.02 -0.30
Substrate+NO~ +NO3~ +NO,(g)=substrate+ NO, +NO3~ +NO(g) +0.48 +0.06 -0.27 +2.17 —0.02
Substrate + 3NO,(g) =substrate + NO,~ +NO3~ +NO(g) -0.27 -3.01 —3.68 —-4.41 -3.13

(~6-12 wt%), amorphous 2D BaO clusters are formed. At still
higher Ba loadings (>15 wt%), bulk-like BaO particles become the
dominant BaO phase on the y-Al,03 substrate. Therefore, both the
size and the morphology of the BaO phase on the alumina support
vary with Ba loading. In this work, the BaO/vy-Al,05(1 00) and
(Ba0),/y-Al,03(1 0 0) substrates are useful models for represent-
ing the +y-Al,03-supported BaO materials at low (<4 wt%) Ba
loadings, and the (BaO)s/y-Al,05(1 00) system can be used for
modeling supported BaO materials at intermediate BaO loading
(~6-12 wt%). We previously investigated the adsorption of NO,
and NOy + NO, pairs on the clean y-Al,05(1 0 0) surface and the
“bulk” BaO(1 0 0) surface [9,19,25] which are representative of the
BaO-free support and the y-Al,O3-supported BaO materials with
very high Ba loadings. With the new results presented here, we can
now compare the NO, storage capability of y-Al,05-supported BaO
materials for a full range of Ba loadings.

Despite extensive experimental and theoretical studies carried
out in the past 10 years (see review papers [1,2] and references
therein), details of the complex NO, storage mechanism for y-
Al,05-supported BaO materials remain unclear. However, a
notable generally agreed-upon aspect of this mechanism, based
on experimental work, is the operation of stoichiometric storage
[37-39], given in Eq. (3):

BaO + 3NO,(g) = Ba(NOs), + NO(g) G

According to this mechanism, NO, is the primary form of NO, being
sorbed by the BaO phase. For every three NO, molecules that react
with the BaO phase, stoichiometric barium nitrate Ba(NOs), will be
formed along with the release of one NO molecule into the gas
phase. This mechanism for NO, storage has been widely used in
previous DFT studies of NO, storage on BaO(1 0 0) surfaces [12-
15,20,22], and is also considered here to compare the relative
storage behavior as a function of BaO loading on the y-Al;,05(1 0 0)
surface. For these various model catalysts, the reaction energies of
possible elementary steps involving each of the three NO,
adsorption and reaction processes are given in Table 3. The
adsorption energies of single NO,, as well as NO, + NO,, NO + NO3
and NO, + NOs pairs in their most stable configurations were used
to calculate the reaction energies. In this comparison, the total
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Fig. 6. Thermodynamical energy diagram of NO, storage on different substrates.

energy gain was referenced to the clean substrate and three NO,
molecules in the gas phase.

As shown in Fig. 6, the energy profile for NO, storage on the
clean y-Al,03(1 0 0) surface is rather flat. In the absence of Ba, the
v-Al,05 surface only weakly interacts with NO, and NO, + NO,
pairs. This is consistent with experiments that the y-Al,05 support
itself plays a minor role in NO, storage. On the -y-Al,03-supported
BaO monomer surface, a strong interaction between NO, and the
substrate is present. The synergistic effect for NO, interacting with
both BaO monomer and the <vy-Al,O3 support leads to NO,
adsorption that is as strong as on the BaO(100) surface. We
noted above that the cooperative effect of NO,+NO, pair
adsorption is more pronounced on the supported BaO monomer
than the flat BaO(1 0 0) surface, as evidenced by the adsorption
energy for NO, + NO, pairs of —3.64 eV on BaO/y-Al,05(100),
which is 0.83 eV stronger than on the BaO(1 0 0) surface. A further
interconversion from the NO, + NO, pairs to adsorbed NO + NO3
pairs on the supported BaO monomer and the flat BaO(1 0 0)
surface proceeds with different energetic, being endothermic on
the supported BaO monomer while it is exothermic on the
BaO(100) surface. As a result, nearly identical adsorption
strengths are obtained for NO + NOs pairs on both surfaces. For
the formation of the final stoichiometric product of Ba(NOs),
(modeled as a co-adsorbed NO, + NO;3 pair with adsorbed NO,
bound to a surface O species), the total energy gain for the y-Al,03-
supported BaO monomer and the BaO(1 0 0) surface is —3.01 and
—3.13 eV, respectively. Our previous experimental and theoretical
studies have suggested that supported (BaO), clusters are the most
thermodynamically favorable BaO phase on the y-Al,03 support at
low Ba loadings [9,33]. The results presented here (Fig. 6) also
show that the thermodynamics of NO, uptake via this reaction
mechanism is very similar for both the supported BaO monomers
and (BaO), dimers. At intermediate Ba loadings, however, NO,
interactions are dramatically enhanced by the size and amorphous
structure of the supported (BaO)s overlayer. The adsorption
strengths of NO, and NO,x+NO, pairs on the (BaO)s/y-
Al;05(1 00) surface are almost twice those on the (BaO),/y-
Al;03(1 0 0) surface. In addition, the energy gain for the entire
storage process on the (BaO)s/y-Al,03(1 0 0) surface is 0.73 and
1.23 eV higher than the supported (BaO),/y-Al,03(100) and
BaO(100) surfaces. This result suggests that BaO structures
present at intermediate Ba loadings, ranging from 6 to 12 wt%, a
coverage range where “surface” nitrates have been observed as the
primary form of stored NO,, provide an optimum Ba morphology
for NO, uptake in y-Al,03-supported BaO materials.

4. Conclusions

NO, storage over v-Al,Os-supported BaO materials were
investigated using first-principles DFT calculations. Three model
substrates were used to represent the <y-Al,0s-supported BaO
materials at different Ba loadings: the +y-Al,0s-supported BaO
monomer and (BaO), dimer surfaces for low Ba loadings and the y-
Al,03-supported amorphous monolayer-like (BaO)s/y-Al,03(1 0 0)
surface for the intermediate Ba loadings. The adsorption structures
and energetics of single NO, molecules and NO, + NO,, (NO; + NO,,
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NO + NOs and NO, + NOs) pairs on these three (BaO),,/y-Al,03(1 0 0)
(n=1,2,5)surfaces were investigated. The adsorption of NO, on the
(Ba0),/vy-Al,03(1 0 0) surfaces can be described as an acid-base
interaction with electron transfer due to the strong basic nature of
Ba0.NO, preferentially adsorbs at oxygen sites of the supported BaO
forming anionic nitrate-like species while NO, + NO, pairs favor
adsorption at Ba and O sites forming nitrite and/or nitrate species,
consistent with prior experimental observations. For single NO,
molecule adsorption, a pronounced synergistic effect was found on
the BaO/vy-Al,05(1 0 0) and (Ba0),/y-Al,03(1 0 0) surfaces resulting
from interactions with both the nano-sized BaO clusters and the y-
Al,03 support. With increasing BaO cluster size, the adsorption
strength of NO, increases. Furthermore, the interaction of NO, with
BaO is affected by morphology as evidenced by the result that
adsorption of both NO, and NO,+NO, pairs on the supported
parallel (BaO), clusters are stronger than on supported perpendicu-
lar (BaO), clusters. Similar to NO,+NO, pair adsorption on
BaO(1 00), cooperative effects that dramatically enhance the
stability of the adsorbed NO, are also found for NO, adsorption
on the y-Al,0s-supported (BaO), systems. Most significantly, by
comparing the new results presented here with the adsorption
energies of BaO-free y-Al,03(1 0 0) and flat BaO(1 0 0) surfaces, we
find that the largest energy gain for an overall storage process that
leads to stoichiometric Ba(NOs), and gas phase NO is obtained on the
amorphous, monolayer-like (BaO)s/y-Al;05(100) surface. This
indicates that the <y-Al,0s-supported amorphous BaO overlayer
that forms at intermediate Ba loadings of ~6-12 wt% provides an
optimum morphology for NO, uptake.
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