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Abstract

The NOx storage properties of a BaO/θ -Al2O3/NiAl(100) model system, with a BaO coverage of ∼2 monolayer equivalent (MLE), was studied.
X-ray photoelectron spectroscopy (XPS) and temperature-programmed desorption (TPD) techniques were used to investigate NO2 adsorption and
reaction on the BaO/θ -Al2O3/NiAl(100) surface. These results were compared with those of the θ -Al2O3/NiAl(100) support material, a thermally
aged BaO/θ -Al2O3/NiAl(100) model system, and a realistic BaO (20 wt%)/γ -Al2O3 high-surface area counterpart. At T > 300 K, adsorbed NO2
is converted to nitrates on all of the surfaces studied. Nitrates residing on the alumina sites of the model catalyst surfaces are relatively weakly
bound and typically desorb within 300–600 K, leading to NO(g) evolution; while nitrates associated with the baria sites are significantly more
stable and desorb within 600–850 K, resulting in NO(g) or NO(g)+O2(g) evolution. NOx uptake by the baria sites of the BaO/θ -Al2O3/NiAl(100)
model system was found to be as much as five-fold greater than that of the θ -Al2O3/NiAl(100) support material. Thermal aging of a BaO/θ -
Al2O3/NiAl(100) surface at 1100 K before NOx uptake experiments brings about a significant (>70%) reduction in the NOx storage capacity of
the model catalyst surface.
© 2006 Published by Elsevier Inc.

Keywords: NOx storage materials; Al2O3; BaO; Pt; NO; NO2; Nitrate; Nitrite; XPS; TPD
1. Introduction

Due to their outstanding catalytic performance for NOx re-
duction under highly oxidizing conditions resulting from diesel
engine operation, BaO and transition metal-based NOx stor-
age/reduction (NSR) catalysts [1–4] have recently become,
along with an ammonia selective catalytic reduction (SCR) ap-
proach [5], a viable technology solution for controlling NOx

emissions from diesel engine powered vehicles. Diesel engines
are typically operated at high air to fuel ratios (A/F = 25/1
[wt/wt]) providing up to a 35% improvement in fuel efficiency
with respect to that of gasoline engines in which lower A/F ra-
tios (14.5) are used [5]. It should be noted that conventional
(Pd or Pt–Rh)/γ -Al2O3-based three-way catalysts (TWC) com-
monly used in automotive catalysts for NOx reduction purposes
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fail under highly oxidizing (lean) conditions, that is, A/F >

18 [1].
The first commercial NSR catalyst was developed in 1994

by Toyota Motor Company [1], where a Pt/BaO/γ -Al2O3-based
formulation was used. In this catalyst formulation, the Pt com-
ponent provides NO oxidation and NOx reduction (redox) capa-
bilities, whereas the primary role of BaO sites is NOx storage in
the form of Ba(NO3)2. The γ -Al2O3 support material enables
dispersion of the active sites over a large surface area and may
facilitate the reactant transport between the active sites on the
catalyst via surface diffusion. NSR catalysts are typically op-
erated in two alternating cycles. In the so-called storage cycle,
the exhaust gas composition is abundant in O2 (i.e., lean condi-
tions). Under these conditions, NO(g), which is the major NOx

component in the untreated exhaust gas mixture, is readily oxi-
dized to NO2 on the Pt sites. Next, NO2 migrates onto the BaO
storage sites via gas-phase adsorption and/or surface diffusion
and is eventually stored as Ba(NO3)2. After saturation of the
active Ba-containing phase with nitrates, a reduction cycle is
started by quickly switching to an exhaust gas-phase composi-
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tion that is abundant in hydrocarbons (HC), CO, and H2 (i.e.,
rich conditions). During the reduction cycle, the Ba component
releases the stored nitrates in the form of NO2 and NO + O2,
which is subsequently transferred onto the Pt sites to be reduced
to N2, resulting in regeneration of the active BaO storage com-
ponent [1].

Although numerous studies on high-surface area NSR cata-
lysts have been conducted, as recently discussed in a detailed
review by Epling et al. [2], only a limited number of surface
science studies [6,7] have been carried out addressing the fun-
damental chemical and physical phenomena occurring on the
NSR catalyst surfaces, which ultimately dictate the reaction
mechanisms and catalytic performance of these systems. There-
fore, we have recently used a systematic approach to identify
some of the key surface science phenomena relevant to the
NSR systems by means of well-defined mixed-oxide (baria–
alumina)-based model systems. We have used a bottom-up syn-
thetic strategy to prepare a model NOx storage material. This
is achieved by using an ordered θ -Al2O3 ultrathin film grown
on a NiAl(100) bimetallic alloy substrate mimicking the high-
surface area alumina counterpart. The spectroscopic characteri-
zation of the alumina support material [8], as well as its interac-
tion with H2O [8], NO2 [9], and H2O+NO2 [10] in the absence
of the active Ba-containing phase, have been investigated previ-
ously. Next, deposition, oxidation, and growth of the Ba phase
on the θ -Al2O3/NiAl(100) substrate were studied via different
preparation protocols [11,12] to obtain a model NOx storage
system in the form of BaO/θ -Al2O3/NiAl(100) [12].

As a continuation of this effort, in the current text we focus
on the NOx storage properties of the BaO/θ -Al2O3/NiAl(100)
model system on NO2 adsorption using TPD and XPS tech-
niques. Furthermore, NO2 uptake of the BaO/θ -Al2O3/NiAl-
(100) mixed metal-oxide surface, as well as the Ba-free θ -
Al2O3/NiAl(100) substrate and a realistic high-surface area
BaO (20 wt%)/γ -Al2O3 NOx storage material, will be dis-
cussed in a comparative fashion. Finally, the thermal aging and
deactivation of the NSR systems will be examined. This will
be illustrated by NO2 adsorption and subsequent TPD analysis
on a BaO/θ -Al2O3/NiAl(100) surface pretreated at high tem-
peratures (1100 K) before NOx adsorption, in an attempt to
simulate some of the long-term thermal aging effects that can
occur under regular operational and regeneration temperatures
(573–973 K).

2. Experimental

The experimental setup, sample preparation methods and
the data acquisition procedures that are used in the current
work have been discussed in detail elsewhere [8–12]. In brief,
experiments were performed in an ultra-high vacuum (UHV)
surface analysis chamber (Pbase = 2 × 10−10 Torr) equipped
with facilities for XPS (PHI-dual anode X-ray source, Omi-
cron EA-125 multichannel electrostatic hemispherical electron
energy analyzer), AES (PHI-single pass cylindrical mirror an-
alyzer), a quadruple mass spectrometer (QMS, UTI) for TPD,
and a rear-view low energy electron diffraction (LEED) setup
(Princeton Research Instruments). θ -Al2O3/NiAl(100) surfaces
were prepared using the procedure developed by Ibach and
co-workers [13,14]. θ -Al2O3 ultrathin films grown via this
method resulted in ordered alumina films with a thickness of
6 ± 2 Å [8]. A custom-made Ba evaporation source, contain-
ing an exothermic Ba ring getter material (SAES Getters Inc.),
was used for preparing the BaO/θ -Al2O3/NiAl(100) [12]. As
described in a previous report [12], this surface was prepared
by carrying out Ba deposition and subsequent oxidation in a
stepwise fashion. First, a controlled dose of Ba metal was evap-
orated onto the θ -Al2O3/NiAl(100) surface in UHV at 300 K;
then O2(g) (PO2 = 5 × 10−7 Torr) was introduced into the
chamber at 300 K. Next, the sample temperature was quickly
increased to 800 K in the presence of O2(g), and the sam-
ple was annealed at 800 K for 15 min. These dosing and an-
nealing sequences were repeated for each Ba deposition step
(total number of deposition/oxidation steps = 8; total time of
Ba deposition = 50 min; 1 ML < θ total

Ba < 2 ML). It was also
pointed out in a previous report [12] that for similar model
systems, BaAl2O4 formation also can be observed after high-
temperature (T > 1000 K) treatments. On the other hand, be-
cause the initial sample preparation was done at T � 800 K
here, the surface was dominated by BaO species rather than
BaAl2O4. TPD experiments were performed using a differen-
tially pumped QMS by applying −70 V bias voltage on the
spectrometer shield to constrain the ionizing electrons to the in-
terior of the QMS shield, preventing any possible electron beam
damage on the sample. All of the TPD data presented in this
study were obtained by ramping the temperature of the sample
at a constant rate of 2 K/s. A tubular pinhole gas doser, po-
sitioned in close proximity to the sample (∼2 mm away), was
used in the adsorption/desorption (TPD) experiments, which al-
lowed the background pressure in the chamber to stay in the
∼10−10 Torr range during the dosing processes, minimizing
background desorption artifacts in the TPD data.

Before the introduction of NO2 gas to the vacuum cham-
ber, the gas-dosing line and pinhole doser were passivated by
flushing with NO2 gas for an extended period. This passivation
procedure was monitored with QMS by following the 46-amu
signal with respect to the 30-amu signal for a constant flux of
NO2. The saturation of the 46/30-amu ratio indicated the deac-
tivation of the dosing line surfaces. This procedure was found
to be helpful in minimizing the decomposition of NO2 before
admittance to the vacuum chamber. XPS data were acquired us-
ing an AlKα X-ray source (hν = 1486.6 eV) and 50 eV pass
energy. The X-ray source was oriented ∼50◦ with respect to the
sample normal.

3. Results and discussion

Fig. 1 illustrates the procedure used for the synthesis of the
BaO/θ -Al2O3/NiAl(100) model system [11,12]. In this proce-
dure, the NiAl(100) surface (Fig. 1a) was cleaned and used
as a substrate to grow the θ -Al2O3/NiAl(100) ultrathin film
(Fig. 1b) [8,13–17]. Next, the BaO layer was prepared via a
step-by-step growth protocol as described in Section 2. In this
protocol, Ba metal is dosed on a clean θ -Al2O3/NiAl(100) sur-
face at 300 K in UHV, resulting in a well-dispersed Ba surface
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Fig. 1. Preparation protocol that is followed to synthesize BaO/θ -Al2O3/NiAl-
(100) model system (see text for details). (a) Clean NiAl(100) bimetallic sub-
strate, (b) θ -Al2O3 ultrathin film grown on NiAl(100), (c) Ba deposition on
θ -Al2O3/NiAl(100), (d) BaO/θ -Al2O3/NiAl(100) model system obtained after
stepwise Ba deposition/oxidation.

Fig. 2. XPS data for (a) clean θ -Al2O3/NiAl(100) surface at 300 K, (b) θ -
Al2O3/NiAl(100) surface after NO2 adsorption at 300 K (PNO2 = 1.5 Torr,

total NO2 exposure = 4.5 × 108 L) and pumping out at 300 K, (c) clean
BaO/θ -Al2O3/NiAl(100) surface at 300 K, (d) BaO/θ -Al2O3/NiAl(100) sur-
face after NO2 adsorption at 300 K (PNO2 = 1.5 Torr, total NO2 exposure =
4.5 × 108 L) and pumping out at 300 K. Spectra were shifted for clarity.

component that strongly interacts with the oxygen-terminated
θ -Al2O3/NiAl(100) surface (Fig. 1c) [11]. Subsequently, the
Ba-dosed surface is annealed in O2 at 800 K for each Ba depo-
sition step, leading to the formation of fully oxidized 3D BaO
clusters (Fig. 1d) [12]. The total BaO coverage at the end of the
deposition and oxidation series is within 1 monolayer equiva-
lent (MLE) < θBa < 2 MLE [12]. During oxidation and growth
of the 3D BaO clusters, film thickening and a loss in the order
of the alumina film structure are also observed [12].

Fig. 2 presents XPS results comparing the N1s regions
of the XPS data corresponding to θ -Al2O3/NiAl(100) and
BaO/θ -Al2O3/NiAl(100) surfaces before and after NO2 up-
take. In these experiments, after the XP spectrum of the clean
surfaces at room temperature were acquired (spectra a and
c in Fig. 2), the samples were transported to the elevated
pressure cell and saturated with NO2(g) at 300 K (P NO2 =
1.5 Torr, total NO2 exposure = 4.5 × 108 L, where L = 1 ×
10−6 Torr s). After evacuation, the samples were moved back to
the main UHV chamber, and XPS data were obtained at 300 K.
The XPS data shown in Fig. 2 clearly indicate that saturat-
ing θ -Al2O3/NiAl(100) (Fig. 2b) and BaO/θ -Al2O3/NiAl(100)
(Fig. 2d) surfaces with NO2 at 300 K resulted in the forma-
tion of nitrate species, as evident from the N1s features at
407.7 and 407.1 eV, respectively [9,18]. In contrast, consider-
ing the noticeable dissimilarity in the binding energy values of
the nitrate species, various differences in the adsorption sites,
adsorption strengths, or surface coordinations of these nitrate
species were likely over these two materials (consistent with
the TPD results discussed below). XPS experiments were also
carried out by dosing lower exposures of NO2 (0–20 L) on
the BaO/θ -Al2O3/NiAl(100) surface at 80 K and the thermal
evolution of N1s species at 80–850 K was monitored (results
not shown). The results of these experiments were qualita-
tively similar to those obtained for the θ -Al2O3/NiAl(100) sur-
face [9], where the surface was dominated by nitrate species at
T > 180 K, whereas at T < 180 K, BaO/θ -Al2O3/NiAl(100)
surfaces were populated with mostly molecular species, such
as NO2 and N2O4(NO2-dimer), with a minor contribution
from nitrite species. The results of this XPS experiment indi-
cated that from physisorbed NO2/N2O4 nitrites formed first on
both the θ -Al2O3/NiAl(100) and BaO/θ -Al2O3/NiAl(100) sur-
faces. As the sample temperature was increased, the nitrites
were gradually converted into nitrates; at elevated tempera-
tures, the only ionic NOx species observed were nitrates. These
results are consistent with the previously proposed formation
mechanism of the ionic NOx species—that is, on exposure of
BaO/alumina systems to NO2, first nitrites form, and then these
nitrites are converted to nitrates. In situ vibrational spectro-
scopic studies are currently underway to further examine the
NOx species on this model system at both cryogenic and el-
evated temperatures. The most significant implication of the
XPS results given in Fig. 2 is that, in accordance with previ-
ous reports on high-surface area BaO/γ -Al2O3 and γ -Al2O3
catalysts [2,19,20], nitrate species are formed on NO2 adsorp-
tion on θ -Al2O3/NiAl(100) and BaO/θ -Al2O3/NiAl(100) sur-
faces at room temperature. In addition, comparing the inten-
sities of the nitrate signals in the XPS data shown in Fig. 2
emphasizes the significantly higher NOx uptake by the BaO/θ -
Al2O3/NiAl(100) model storage system with respect to that of
the θ -Al2O3/NiAl(100) support.

Fig. 3 presents TPD results for the NO2/θ -Al2O3/NiAl(100)
adsorption system for various adsorbate coverages. A compre-
hensive discussion of these results and the complimentary XPS
data can be found elsewhere [9]. TPD (Fig. 3) and XPS [9]
experiments reveal that NO2 [21] adsorbs predominantly in a
molecular fashion on the θ -Al2O3/NiAl(100) surface at low
temperatures by first occupying surface cationic sites in the
monolayer, resulting in a perturbed first-order desorption be-
havior with a temperature desorption maximum at 144 K for
θNO2 = 1 monolayer (ML). After completion of the ML, for-
mation of physisorbed NO2 multilayers is evident, which leads
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Fig. 3. 30-amu desorption signal in the TPD data for NO2 adsorption at 80 K
on a clean θ -Al2O3/NiAl(100) surface. The inset presents a detailed view of
the high-temperature region of the TPD curves.

to desorption maxima at 137 K with typical zero-order des-
orption characteristics, as is frequently observed for weakly
bound multilayer adsorption states. The results of our previ-
ous infrared reflection absorption spectroscopy (IRAS) [10] and
XPS [9] studies revealed that physisorbed NO2 multilayers on
θ -Al2O3/NiAl(100) existed in the form of NO2 dimers (i.e.,
N2O4). Along with these molecular NO2 states, a smaller quan-
tity (<0.4 ML) of strongly bound ionic NOx surface species
yielding 30-amu TPD maxima between 350 and 450 K was ob-
served, as shown in the inset of Fig. 3. Although these strongly
bound ionic species existed in the form of surface nitrates
(NO−

3 ) and nitrites (NO−
2 ) at 180–300 K, at T > 300 K only

nitrate species were present on the θ -Al2O3/NiAl(100) sur-
face [9]. Previous TPD studies [9] revealed that during the de-
composition and desorption of these ionic NOx species at T >

180 K, O2 or NO2 desorption was not observed, and only the
30-amu (NO) channel yielded a detectable desorption signal.

NOx uptake of the BaO/θ -Al2O3/NiAl(100) surface was
studied in the TPD experiments by varying the NO2 exposures
at 80 K (Fig. 4). The low-temperature region (T < 250 K) of
the TPD spectra given in Fig. 4 qualitatively resembles that
in Fig. 3, where for lower NO2 exposures, a single desorp-
tion feature grew in intensity with a perturbed first-order des-
orption behavior. The intensity of this feature eventually sat-
urated with increasing NO2 exposure, resulting in a desorp-
tion maximum at 154 K. After the saturation of the 154 K
feature, an additional desorption feature developed with inten-
sity monotonically increasing with increasing NO2 coverage,
without saturation. This second desorption feature showed a
zero-order behavior, with a desorption maximum at 134 K for
the highest NO2 coverage given in Fig. 4 [22]. Based on the
discussion given above and the consistency between the TPD
line shapes and the relative intensities of the 30 and 46-amu
signals, as well as the N1s signal in the XPS measurements ob-
tained under similar experimental conditions (not shown), we
attribute the NOx desorption from the BaO/θ -Al2O3/NiAl(100)
surface at T < 250 K predominantly to molecular NOx species,
namely an NO2 monolayer desorbing at 154 K and physisorbed
NO2/N2O4 multilayers with desorption maxima around 134 K.
Fig. 4. 30-amu desorption signal in the TPD data for NO2 adsorption at 80 K
on a clean BaO/θ -Al2O3/NiAl(100) surface. The inset presents a detailed view
of the high-temperature region of the TPD curves.

As a quantitative comparison, it should be noted that in Fig. 4,
the total integrated NOx desorption signal at 80–850 K for the
highest NO2 exposure used was about five times that of the sat-
uration of the first chemisorbed NO2 layer on this surface.

Besides these noticeable resemblances between the low-
temperature molecular NOx desorption signals given in Figs. 3
and 4, significant dissimilarities also exist that should be ad-
dressed. Comparing the integrated TPD intensity for the mole-
cular NO2 species just after saturation of the 144 K desorption
feature in Fig. 3 and the 154 K feature in Fig. 4 shows that
the integrated TPD intensity of the 154 K feature in Fig. 4 is
about a factor of 2.5 greater than the 144 K feature in Fig. 3.
This observation suggests that a significantly larger quantity
of chemisorbed NO2, which desorbs reversibly in a molecular
fashion during the TPD experiments, can be accommodated in
the first adsorption layer on the BaO/θ -Al2O3/NiAl(100) sur-
face with respect to that on the Ba-free θ -Al2O3/NiAl(100) sur-
face. Multiple factors can be associated with this observation.
First, the total surface area of the BaO/θ -Al2O3/NiAl(100) sur-
face is presumably greater than the Ba-free θ -Al2O3/NiAl(100)
surface due to the presence of 3D BaO clusters, as well as to
the disordering of the alumina substrate during the BaO growth.
Second, the higher affinity of BaO sites toward the NOx species
might allow a more densely packed chemisorbed NO2 layer on
the BaO/θ -Al2O3/NiAl(100) surface. This is also in line with
the fact that the 154 K feature in Fig. 4 shows a significantly
broader FWHM compared with the 144 K feature in Fig. 3,
implying a greater variety of adsorption sites for chemisorbed
NO2 on the BaO/θ -Al2O3/NiAl(100) system. Due to the large
surface coverage of BaO on the alumina thin film, a relatively
small portion of the alumina support surface is expected to
be exposed to the adsorbate gas. This assumption is also con-
sistent with the relatively lower concentration of the strongly
bound ionic NOx species on the alumina sites of the BaO/θ -
Al2O3/NiAl(100) surface, as discussed below.

NOx desorption features that appear at T > 250 K in Fig. 4
provide valuable insights regarding the NOx storage behavior of
the BaO/θ -Al2O3/NiAl(100) model system. The inset in Fig. 4
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presents a detailed view of the high-temperature region of the
TPD data. An asymmetric desorption signal is apparent at 250–
550 K, coinciding with the desorption temperature of the NOx

species that are desorbing from the θ -Al2O3/NiAl(100) surface
as a result of the decomposition of nitrate species on the alu-
mina sites (Fig. 3). Thus, we attribute the tailing desorption
signal in the inset of Fig. 4 at 250–550 K to the desorption
of nitrate species residing on the alumina sites of the BaO/θ -
Al2O3/NiAl(100) model system. For the highest NO2 exposure
given in Fig. 4, the coverage of these alumina-bound nitrate
species reaches about 35% of the molecular NO2 species that
are desorbing at 154 K in Fig. 4 [i.e., the saturation of the first
NO2 chemisorption layer on BaO/θ -Al2O3/NiAl(100)]. The
lack of any O2 desorption signal (Fig. 5) at 250–550 K also sup-
ports this assignment, because our previous TPD study [9] re-
ported that nitrate desorption from the θ -Al2O3/NiAl(100) sur-
face results in only NO(g) evolution, where remaining oxygen
atoms either decorate surface defects or diffuse into subsurface
region of the θ -Al2O3/NiAl(100) system. Apparently, diffusion
of oxygen into subsurface creates complications in comparing
the model system with a realistic counterpart that lacks such a
bimetallic substrate. On the other hand, as we will discuss it
in the latter part of this paper, the types of NOx species stored
by the model system have a significant resemblance to the real
NOx storage material. Therefore, despite the additional sur-
face phenomena that can occur on the model system, there is
a very good correlation between these two cases, which pro-
vides valuable detailed information regarding the NOx storage
process in real NSR systems. The thermal window between
550 and 850 K in Fig. 4 also includes an NO desorption sig-
nal originating from the decomposition of nitrate species from
the BaO/θ -Al2O3/NiAl(100) surface. The inset of Fig. 4 clearly
shows that a new desorption feature, due to strongly bound
nitrate species, starts to appear with desorption maxima that
are shifting to higher temperatures (704–794 K) with increas-
ing NO2 exposures. Comparing Figs. 3 and 4 readily reveals
that such a desorption feature is not associated with the ni-
trate species adsorbed on the alumina sites, because the TPD
data presented in Fig. 3 lacks a similar strong desorption sig-
nal at T > 600 K. Thus, we attribute the desorption features
between 550 and 850 K to strongly bound nitrate species on
the BaO domains of the BaO/θ -Al2O3/NiAl(100) surface. The
TPD spectrum corresponding to the lowest NO2 exposure used
in the series of experiments given in the inset of Fig. 4 suggests
that at low NO2 surface coverage, chemisorbed NO2 species
are almost completely converted to strongly bound nitrates (ei-
ther on the BaO or Al2O3 domains) and diffuse onto the BaO
domains, presumably forming Ba(NO3)2, during the TPD ex-
periment. Lack of a NOx desorption signal between 250 and
500 K for the lowest NO2 exposure used in Fig. 4 also indi-
cates that, due to the availability of a large number of strongly
binding (and also thermodynamically favorable) BaO sites, ni-
trates formed on the BaO/θ -Al2O3/NiAl(100) surface do not
populate alumina domains, but rather diffuse onto the BaO do-
mains during the temperature ramp. However, with increasing
NO2 exposure, BaO domains start to be more densely popu-
lated with nitrate species, and the nitrate diffusion on the BaO
domains and/or Ba(NO3)2 formation becomes kinetically hin-
dered during the rapid temperature ramp of the TPD experi-
ment. Therefore, some of the nitrate species start to populate
less strongly binding adsorption sites on the alumina surface
(250–550 K). Furthermore, due to the increasing nitrate concen-
tration on the BaO/θ -Al2O3/NiAl(100) surface, at higher NO2
exposures, not all of the adsorbed NO2 species can be converted
into nitrates, and some of the adsorbed NO2 molecules begin to
desorb reversibly in a molecular fashion at T < 250 K. There-
fore, it can be argued that during the TPD experiments for very
low NO2 exposures, formation and surface diffusion of nitrate
species are not kinetically limited, and the nature of the NOx

species on the BaO/θ -Al2O3/NiAl(100) model system is dic-
tated predominantly by thermodynamics. The opposite is true
for higher NO2 exposures; where, due to blocking of the ac-
tive catalyst sites by chemisorbed NO2 or nitrate species, not
all of the adsorbed NO2 molecules can be converted into the
thermodynamically stable nitrate species, and a large portion
of the adsorbed NO2 molecules desorb reversibly in a molecu-
lar fashion before being converted into nitrates during the rapid
temperature ramp in TPD. It also should be mentioned that the
relatively lower concentration of nitrates on the alumina sites of
the BaO/θ -Al2O3/NiAl(100) system (i.e., 250–550 K signal in
Fig. 4) is consistent with the high BaO surface coverage, pre-
venting direct exposure of most of the alumina surface sites to
the gas-phase adsorbate.

The comparison between Figs. 3 and 4 clearly illustrates the
drastic improvement in the NOx storage capacity of the model
catalyst system due to the presence of a BaO-containing cata-
lyst component. The integrated TPD intensity (between 550 and
850 K) corresponding to the strongly bound nitrate species on
the BaO/θ -Al2O3/NiAl(100) surface, for the highest NO2 expo-
sure used in Fig. 4, is about 5 times greater than the nitrate des-
orption signal from the θ -Al2O3/NiAl(100) surface (between
250 and 650 K) given in Fig. 3. This is in very good agreement
with previous studies on high-surface area catalysts in which
the BaO (20 wt%)/γ -Al2O3 system was reported to have an
order of magnitude higher NOx storage capacity with respect
to the γ -Al2O3 support material [2]. From a thermodynamic
standpoint, the stability of the stored nitrate species are signifi-
cantly increased as a result of the presence of baria sites in the
model catalyst composition. It is also apparent in Fig. 4 that,
due to the kinetically limited nitrate formation on the BaO/θ -
Al2O3/NiAl(100) surface at high NO2 exposures, the integrated
TPD intensity of the NOx desorption feature within 704–794 K
saturates with increasing NO2 exposures and eventually set-
tles at a value about 75% of the saturation coverage of the first
chemisorbed NO2 layer (154 K in Fig. 4) on this surface. How-
ever, as we show below, the saturation of the nitrate desorption
signal at 704–794 K in the inset of Fig. 4 does not imply that the
maximum nitrate uptake by the BaO/θ -Al2O3/NiAl(100) model
catalyst is reached.

This is illustrated in a series of TPD experiments presented
in Fig. 5. To use the full NOx storage potential of the BaO/θ -
Al2O3/NiAl(100) model system, a given exposure of NO2 (cor-
responding to the maximum exposure used for the TPD series
in Fig. 4) was dosed on the catalyst surface at 80 K, and the
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Fig. 5. TPD data obtained after multiple NO2 dosing/annealing sequences on
a clean BaO/θ -Al2O3/NiAl(100) surface (see text for details). Spectra c, f, i
were obtained after a single NO2 adsorption at 80 K (without further annealing
or additional NO2 dosing) while spectra b, e, h and a, d, g were obtained after
three and six NO2 dosing (80 K) and annealing (475 K) sequences, respectively.
(a–c) 30-amu signal, (d–f) 32-amu signal, (g–i) 46-amu signal.

sample was subsequently annealed at 475 K in UHV for 5 min
to convert chemisorbed NO2 species into nitrates. These low-
temperature NO2 dosing and subsequent annealing steps were
repeated various times before the TPD data in Fig. 5 were ac-
quired. The spectra labeled c, f, and i in Fig. 5 correspond to
a single NO2 exposure (i.e., without annealing at 475 K and
subsequent NO2 dosing), whereas spectra b, e,h and a,d,g
were obtained by performing NO2 dosing (80 K) and anneal-
ing (475 K) sequences for three and six times before the TPD
experiments, respectively. Spectra a,b, and c present the NO
desorption (30-amu) signal during these TPD experiments. As
discussed above, spectrum c, obtained after a single NO2 ex-
posure without annealing and subsequent dosing steps, consists
of a weak tail at T < 500 K, associated with the nitrate species
on the alumina sites and a significantly stronger desorption sig-
nal at 550–800 K originating from nitrates associated with baria
sites of the BaO/θ -Al2O3/NiAl(100) surface. The asymmetry of
the baria-related nitrate desorption signal in spectrum c (i.e., the
presence of multiple desorption features at 620 and 798 K), sug-
gests differences in the adsorption sites, adsorption strengths,
and surface coordinations for these nitrate species. Spectrum b,
which represents the NO desorption signal in TPD after three
dosing and annealing sequences, indicates an increase in the
intensities of the shoulder (600–700 K) as well as the high tem-
perature feature at ca. 800 K. Note that spectrum b does not
reveal any NO desorption originating from nitrates on the alu-
mina sites (250–500 K), as the model catalyst was annealed at
475 K before the TPD experiment. Spectrum a was obtained
after performing six NO2 dosing (80 K) and annealing (475 K)
steps. Comparing spectra a and b suggests that although the in-
tensities of the low-temperature shoulder at 620 K were practi-
cally the same, the desorption signal located at 798 K continued
to increase with an increasing number of dosing/annealing se-
quences before the TPD experiment. Quantitative analysis of
the TPD desorption signals between 500 and 850 K for spec-
tra a,b, and c reveals that, compared with spectrum c, the NOx
desorption signal increased by 30% in spectrum b and by 50%
in spectrum a. These results clearly illustrate that the NOx up-
take of the BaO/θ -Al2O3/NiAl(100) model system in the TPD
series given in Fig. 4 was kinetically limited at high NO2 ex-
posures, and an increased NOx uptake (as high as an additional
NOx storage of 50%) can be achieved by multiple NO2 load-
ings and annealing sequences before the TPD experiments.

Further mechanistic details regarding the decomposition of
nitrate species on the BaO/θ -Al2O3/NiAl(100) model storage
system and NOx release can be extracted from the 32-amu
(spectra d, e, and f) and 46-amu (spectra g,h, and i) desorp-
tion channels acquired simultaneously with the 30-amu channel
given in Fig. 5. The O2 desorption signal in Fig. 5 suggests
that oxygen release by the BaO/θ -Al2O3/NiAl(100) surface oc-
curred around 768 K, at a temperature close to the high tem-
perature NO desorption signal at 798 K; although the exact
temperature maxima and the TPD line shapes for these two
features are somewhat different. Fig. 5 shows that the O2 des-
orption signal also exhibited a zero-order desorption behavior,
as did the NO desorption signal at 798 K. Furthermore, spec-
tra g,h, and i in Fig. 5 show that that NO2 desorption signal
was essentially zero at 300–850 K (besides an extremely weak
feature at ∼780 K in spectrum g).

Based on the foregoing observations, it is apparent that
the nitrate decomposition on the baria domains of the BaO/θ -
Al2O3/NiAl(100) model system can follow different pathways.
The O2 and NO desorption signals at 768 and 798 K suggest
that the nitrate species that decomposed at high temperatures
(798 K) desorbed via the following pathway:

(1)Ba(NO3)2 → 2NO(g) + 3
2 O2(g) + BaO.

It should be noted that the concentration of these nitrate species
does not saturate readily with multiple NO2 loadings, in con-
trast to other baria-related nitrate species that desorb at lower
temperatures (620 K), with concentration quickly reaching a
constant level after the third NO2 loading/annealing sequence.
The desorption mechanism for the low-temperature (620 K)
baria-related nitrate species seems to follow a different path-
way, because neither O2 nor NO2 desorption was observed at
T < 700 K. One possible decomposition mechanism for these
nitrate species could be

Ba(NO3)2 → BaO + 2NO*
2(ads) + O(ads), (2)

NO*
2(ads) → NO(g) + O(ads), (3)

O(ads) → O(subsurface), (4)

where the nitrate species could dissociate to produce atomic
oxygen and a metastable NO*

2 (molecular NO2 and/or a nitrite)
species, which further decompose to yield NO(g) and adsorbed
atomic oxygen. Subsequently, adsorbed oxygen atoms can dif-
fuse into the subsurface region and oxidize the Al0 sites of the
NiAl(100) bimetallic substrate (resulting in thickening of the
alumina film [9]) or decorate the surface defects of the alumina
or BaO domains.

Comparing the NOx uptake results for the BaO/θ -Al2O3/
NiAl(100) model system with a realistic high-surface area cat-
alyst reveals very important similarities between these two sys-
tems. Fig. 6 presents such a comparison, where the 30-amu
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Fig. 6. (a) 30-amu desorption signal in TPD for NO2 adsorption on a BaO
(20 wt%)/γ -Al2O3 high surface area material. The 30-amu signal is deconvo-
luted into two desorption features (see text for details): low temperature (660 K)
desorption: NO2, and high temperature (780 K) desorption: NO. (b) 30-amu
desorption signal in TPD that is given in Fig. 5a for a BaO/θ -Al2O3/NiAl(100)
model system after multiple NO2 adsorption/annealing sequences. Note that
the intensities of the TPD spectra given in (a) are not directly comparable to
that in (b) because of the differences in their scales.

signal was monitored in TPD after NO2 adsorption on a BaO
(20 wt%)/γ -Al2O3 high-surface area material (Fig. 6a) [19]
and the BaO/θ -Al2O3/NiAl(100) model system studied here
(Fig. 6b). The most important aspect of Fig. 6 is the qualitative
agreement between these two systems regarding the thermal
window of NOx release (i.e., 500 K < T < 800 K). There-
fore, the BaO/θ -Al2O3/NiAl(100) model system seems to be
a promising platform for studying molecular-level phenomena
that occur on the complex industrial counterpart. The broad des-
orption feature in Fig. 6a at T < 500 K was attributed to weakly
bound molecular NOx species on the BaO (20 wt%)/γ -Al2O3
high-surface area system [19], whereas the asymmetric desorp-
tion feature at T > 550 K was assigned to the nitrate species
associated with the baria domains. As described in detail in a
previous report [19], the NO desorption signal in Fig. 6a can be
deconvoluted into two components (low and high temperature
ones). The feature with a desorption maximum at 660 K was
assigned to the nitrate decomposition originating from surface
nitrates on the baria domains of BaO (20 wt%)/γ -Al2O3, which
decompose to yield NO2(g) and O2(g) as follows:

Ba(NO3)2 → BaO + 2NO2(g) + O(ads), (5)

O(ads) + O(ads) → O2(g). (6)

The other component (high temperature feature in Fig. 6) ob-
tained after the deconvolution of the total 30-amu signal (black
curve) was suggested to be [19] due to the decomposition of
bulk nitrates, or Ba(NO3)2, formed in the subsurface region of
the BaO domains. These species were found to desorb as in
reaction (1) by yielding NO(g) and O2(g). This previously pro-
posed model [19] regarding the presence of surface and bulk
nitrates on the BaO (20 wt%)/γ -Al2O3 high-surface area mate-
rial is in good agreement with our current results on the BaO/θ -
Al2O3/NiAl(100) model system, where at least two different
types of baria-related nitrate decomposition signals were de-
tected in TPD (Figs. 5 and 6) with desorption maxima in good
correlation with that of the high-surface area counterpart. Fur-
thermore, the decomposition products appearing at T > 768 K
are in the form of NO(g) + O2(g), in line with the decompo-
sition products of bulk nitrates of the BaO (20 wt%)/γ -Al2O3
high-surface area material. Similarly, the 620 K desorption fea-
ture for the model system given in Figs. 5 and 6, whose total
intensity readily saturates after a certain NO2 exposure, is con-
sistent with a surface nitrate assignment. It can be argued that
although decomposition of surface nitrates can produce NO2
on both model and high-surface area systems, the fate of the
produced NO2 species differs in these two cases—molecular
desorption as in reaction (5) and decomposition as in reactions
(2) and (3). Furthermore, a previous study [12] found that per-
oxide species can also exist on the BaO/θ -Al2O3/NiAl(100)
model system in the presence of an oxidizing agent such as O2.
Thus, there might be alternative sources of oxygen desorption
in addition to that shown in reaction (6), which may include
decomposition of BaO2 species into BaO by releasing oxygen.

The influence of thermal aging on the NOx uptake of a
model NSR catalyst was studied by preparing a BaO/θ -Al2O3/
NiAl(100) surface as described in Section 2 and then anneal-
ing at 1100 K in UHV for 15 min. Our previous results [12] on
the thermal behavior of the BaO/θ -Al2O3/NiAl(100) surface in
UHV suggest that the baria component of the model system
is not stable above ∼1000 K. The primary effect of a high-
temperature (T > 1000 K) treatment is the decomposition of
BaO domains to yield metallic Ba, which desorbs from the sur-
face, leading to a loss of surface barium coverage. In addition to
these processes, some other thermally induced surface phenom-
ena, such as interdiffusion of BaO and alumina components of
the model catalyst surface to yield BaAl2O4-like (barium alu-
minate) domains, are also possible.

Fig. 7 presents the results of TPD experiments performed
by exposing a BaO/θ -Al2O3/NiAl(100) surface preannealed at
1100 K to various NO2 exposures. The highest NO2 exposure
used in Fig. 7 was about two times greater than that used in
Fig. 4. Comparing the low-temperature region (T < 250 K) of
the TPD spectra in Fig. 7 to that in Fig. 4 demonstrates sig-
nificantly broadened desorption signals corresponding to the
molecular NO2 states in Fig. 7, indicating the presence of ad-
ditional adsorption sites. Besides the physisorbed NO2/N2O4
multilayer desorption feature at ∼133 K, two extra features at
156 and 180 K, corresponding to additional NO2 chemisorp-
tion states, are visible. At 250–600 K, NO desorption associ-
ated with the nitrates on alumina sites of the model system is
observed. This is followed by an NOx desorption signal asso-
ciated with nitrates on the baria domains, leading to an NO
desorption maxima at 730–808 K. Fig. 7 clearly shows that
the relative NOx uptake by the alumina and baria domains of
the BaO/θ -Al2O3/NiAl(100) surface preannealed at 1100 K
was significantly different than a freshly prepared model sys-
tem (Fig. 4). The integrated TPD intensity corresponding to
nitrates on the baria component of the model catalyst surface
for the highest NO2 exposure used in Fig. 7 was only about
30% of the baria-related NOx signal in Fig. 4. This observa-
tion clearly shows that although a significantly higher NO2
exposure was used in Fig. 7, due to the reduced NOx storage
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Fig. 7. 30-amu desorption signal in the TPD data for NO2 adsorption at 80 K on
a thermally aged BaO/θ -Al2O3/NiAl(100) model system at 1100 K. The inset
presents a detailed view of the high-temperature region of the TPD curves.

capacity of the thermally aged model system, a smaller quantity
of NOx was stored by the baria component. In contrast, com-
paring the integrated TPD intensities associated with nitrate
species on the alumina sites of the model surfaces in Figs. 3
[θ -Al2O3/NiAl(100)], 4 [fresh BaO/θ -Al2O3/NiAl(100)], and
7 [BaO/θ -Al2O3/NiAl(100) preannealed at 1100 K] clearly
shows that the surface coverage of the nitrates on alumina sites
in Fig. 7 was about three times greater than in Fig. 4 and six
times greater than in Fig. 3. This observation is consistent with
a decrease in the surface coverage of BaO domains after anneal-
ing at 1100 K, resulting in uncovering of the alumina sites. Fur-
thermore, an increase in the overall surface area of the model
storage system may be responsible for the larger nitrate popula-
tion associated with the alumina sites in Fig. 7. It is also worth
mentioning that in TPD experiments conducted after multiple
NOx loading and release cycles at T � 850 K, very similar
NOx desorption profiles were seen. However, the NOx uptake
of the model system per given dose of NO2 seemed to decrease
very slowly after multiple cycles, similar to the catalytic aging
features on extended operation in real systems. In these model
systems, the slow storage capacity decrease may originate from
the loss of active BaO storage phase (by either desorption or
interdiffusion with the thin alumina film).

4. Summary and conclusions

In this work we have investigated the NOx uptake of various
model NOx storage materials [i.e., θ -Al2O3/NiAl(100), BaO/θ -
Al2O3/NiAl(100) and thermally-aged BaO/θ -Al2O3/NiAl(100)
at 1100 K] via NO2 adsorption using XPS and TPD techniques.
The primary goal of this contribution was to demonstrate the
validity of the proposed model system discussed here in study-
ing the NOx chemistry on these model NOx storage materials.
In our ongoing efforts, we are concentrating on the details of
NOx uptake and release processes on these model storage sys-
tems using a wide array of analytical tools (RAIRS, XPS, ISS,
TPD, and scanning probe techniques).

The experimental results of this work can be summarized as
follows:
(a) For all of the surfaces listed above, NO2 adsorption at T <

∼200 K led to predominantly molecular NOx species (NO2
and N2O4) on the catalyst surfaces, whereas by 300 K,
these molecular NOx species either reversibly desorbed or
were converted into nitrates.

(b) Nitrate species on the alumina domains of the BaO/θ -
Al2O3/NiAl(100) model catalyst desorbed at 250–600 K,
whereas nitrates residing on the baria domains desorbed at
T > 600 K, indicating the greater adsorption energy and
the improved stability of nitrates in the latter case.

(c) BaO/θ -Al2O3/NiAl(100) model catalysts showed signifi-
cantly enhanced NO2 adsorption and NOx storage (nitrate
formation) capacity with respect to the θ -Al2O3/NiAl(100)
support material.

(b) At least two different types of nitrate species were found to
exist on the baria domains of the BaO/θ -Al2O3/NiAl(100)
model NOx storage material, which decomposed at 620
and 795 K with dissimilar desorption products [NO(g) vs
NO(g) + O2(g)]. Although the intensity of the nitrate sig-
nal at 620 K readily saturated with multiple NO2 loadings
before the TPD experiments, the intensity of the 795 K fea-
ture continued to grow. These observations are consistent
with a previously proposed model in the literature in which
NOx desorption signals at 660 and 780 K were attributed
to the presence of surface and bulk nitrates on the baria
domains of the BaO (20 wt%)/γ -Al2O3 high-surface area
catalyst.

(e) Thermal aging of BaO/θ -Al2O3/NiAl(100) at 1100 K re-
sulted in a significant reduction of the NOx uptake by the
baria domains of the model catalyst due to Ba evaporation
and a corresponding decrease in surface Ba coverage or Ba
interdiffusion into the alumina matrix to form BaAl2O4. In
contrast, the weakly bound nitrate population was signifi-
cantly larger on the alumina-like sites of the thermally aged
catalyst than on a fresh BaO/θ -Al2O3/NiAl(100) model
catalyst or θ -Al2O3/NiAl(100) support material. This can
be explained by an increased surface area of the alumina
sites due to morphological changes.
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