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In order to obtain insights into the mechanism and kinetics of adsorption and reaction of NO2 on
aluminum and barium oxide surfaces, we have performed systematic adsorption experiments on single-
crystal-based model materials. As a model surface, we use BaO containing nanoparticles grown by
physical vapor deposition (PVD) of Ba under ultrahigh vacuum (UHV) conditions on an ordered Al2O3
film on NiAl(110) and subsequent oxidation and annealing. The growth behavior, the morphology and the
chemical composition of the three-dimensional mixed barium aluminum oxide particles (BaAl2xO1+3x)
formed via this procedure have previously been characterized by scanning tunneling microscopy (STM)
and high-resolution photoelectron spectroscopy (HR-PES). In order to monitor adsorption and reaction
processes on these systems, we perform time-resolved infrared reflection absorption spectroscopy (TR-
IRAS) during exposure to a molecular beam (MB) of NO2. In a first step, the interaction of NO2 with
the Al2O3/NiAl(110) model support is probed. At 100 K, only molecular adsorption occurs in form of the
D2h dimer (N2O4) in all coverage regions from the submonolayer up to multilayers. At 300 K, a slow
surface reaction occurs, initially leading to the formation of surface nitrites and, subsequently, of surface
nitrates in bridging adsorption geometry. On the BaAl2xO1+3x particles on Al2O3/NiAl(110), NO2 shows a
very different and strongly temperature-dependent behavior. At 100 K, molecular adsorption of the D2h
dimer (N2O4) is accompanied by a highly efficient reaction channel, leading to the formation of surface
nitrites and nitrates. With the surface temperature increasing to 300 K, however, the reaction probability
decreases by several orders of magnitude. In contrast to reaction at 100 K, surface nitrites in flat-lying
adsorption geometry are the only primary product, indicating a temperature-dependent change in the
reaction mechanism from a cooperative to a non-cooperative pathway. With increasing exposure, the
nitrite coverage increases and, finally, the surface nitrites are converted into bridging and monodentate
surface nitrates. The latter reaction shows a complex kinetics, including an initial induction period. For
temperatures of 400 K and above, nitrate formation becomes more efficient, eventually resulting in
the formation of ionic nitrates. The vibrational properties of these ionic species sensitively depend on
the reaction temperature, indicating the formation of well-defined structures in a narrow temperature
interval around 500 K. The mechanism of the NOx storage process and the vibrational assignments of the
related surface species are critically discussed on the basis of the present results.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Typical heterogeneous catalysts are highly complex materials,
which are optimized under static reaction conditions [1]. In con-
trast, the idea of storage catalysis is completely different. It is
based on the accumulation of a specific intermediate by a stor-
age material and subsequent release upon a change in reaction
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temperature or reactant partial pressures. The additional freedom
provided by this concept may open up new possibilities toward
tailoring the selectivity and activity of catalyst materials. From the
point of view of application, storage catalysts have proven to be
particularly successful in emission control. One example is pro-
vided by oxygen storage compounds (OSC) which have helped to
substantially improve the performance of the conventional three-
way catalysts (see e.g. [2,3]). Here, the ceria-based OSC mate-
rial stores and releases oxygen, thus making it easier to sustain
stoichiometric conditions during catalytic conversion under the
dynamically changing operation conditions of a combustion en-
gine.
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In this work, we focus on a second example from the field of
exhaust gas aftertreatment, which is the NOx storage and reduc-
tion (NSR) catalyst [4]. NSR catalysis represents one possible key
concept for the reduction of NOx exhaust streams produced un-
der lean-burn conditions [5]. Lean-burn engines, i.e. combustion
engines which are operated under air-rich condition, have substan-
tially better fuel and CO2 efficiency. However, they may generate
problems with respect to the emission of toxic gases, in partic-
ular NOx. From a chemical point of view, it is easy to conceive
that it is inherently difficult to catalytically reduce NOx in the
strongly oxidizing exhaust gas environment under lean conditions.
The NSR concept circumvents this problem by storing NOx in form
of Ba(NO3)2 during lean operation periods, which are followed by
release and reduction of NOx during short fuel-rich operation cy-
cles. Although NSR catalysts have recently been successfully com-
mercialized, a number of practical problems persist, such as for
example irreversible poisoning of the storage material, deactiva-
tion, sintering and difficulties in tuning the temperature windows
of storage and release (see e.g. [6]).

From the point of view of applied catalysis, the NSR concept has
attracted considerable attention after first being suggested by Toy-
ota Co. in 1996 [4]. However, introducing the storage component
adds another dimension of complexity to the catalyst material,
and, as a result, the underlying reaction mechanism and their mi-
crokinetics are only poorly understood at the molecular level [5].
Currently, the discussion involves various aspects including, for in-
stance, the role and reactivity of different Ba-related species, the
mechanism of nitrate formation, the role of surface transport and
spillover processes, the role of oxidation and reaction of the no-
ble metal component and the role and mechanism of restructuring
and poisoning processes (see e.g. [5–11] and references therein).

One strategy toward a molecular level understanding of the un-
derlying mechanisms and kinetics is based on the development of
single-crystal-based model catalysts [12–14]. These models allow
us to introduce certain aspects of real catalysts, without having to
deal with their full complexity. In addition, we can take advan-
tage of the full spectrum of surface science experimental methods.
For many supported catalysts, this strategy has been proven to be
rather successful [14–18].

The development of model systems for NSR catalysts, however,
is still in its very infancy, and little work has been published yet.
A first example stems from Stone, Ishii and Bowker, who have pre-
pared BaO particles and films on Pt(111) [19]. The approach may be
considered as an inverse model catalyst, with the oxide component
supported on an active metallic substrate. The authors were able
to follow the growth of Ba, its oxidation to BaO and, finally, the
reaction with NO2 by STM. Recently, Bowker, Nix and coworkers
presented a comprehensive study of BaO thin films layer growth
and reactivity on Cu(111). Ordered BaO layers were prepared [20]
and the reaction with CO2, H2O and NOx was followed using X-
ray photoelectron spectroscopy (XPS), IRAS and thermal desorption
spectroscopy (TPD) [21]. The authors were able to show that sev-
eral reaction steps, including the formation of BaO, hydroxides,
carbonates, nitrites and, to some extent, nitrates can indeed be ob-
served in the model approach.

In a second series of model studies, Ozensoy et al. stud-
ied the formation of BaO films on Al2O3/NiAl(100) [22,23] as
well as the interaction of NO2 with Al2O3/NiAl(100) [24,25] and
BaO/Al2O3/NiAl(100) [26] at room temperature. Again the forma-
tion of nitrates and nitrites were observed. The nitrate species
formed on Al2O3 were found to be less abundant and less stable
than the nitrate species formed on BaO. Upon annealing, a sub-
stantial loss of storage capacity was observed, indicating diffusion
of BaO into and intermixing with the Al2O3 support.

One of the most controversially discussed issues is the mecha-
nism of the initial stages of NOx storage. In several recent studies
on model catalysts, it was suggested that the initial product upon
interaction of NO2 with the BaO surface are surface nitrites [21,
27,28]. These observations appear to be in agreement with stud-
ies on powder catalysts ([7,29], compare also [5]). On the other
hand, theoretical calculations by Grönbeck et al. [30,31] and by
Schneider and coworkers [32,33] suggest a cooperative adsorption
mechanism, involving the formation of nitrite and nitrate pairs.

Addressing this point, Szanyi and coworkers recently performed
NO2 adsorption experiments on BaO films on differently prepared
Al2O3 films on NiAl(110) [34,35]. On the basis of IRAS spectra
of adsorbed NO2, they concluded that for a thick alumina film
(prepared by atomic oxygen treatment of NiAl(110)) there should
be strong intermixing of Ba2+ and Al3+ ions under formation of
a barium-aluminate-like phase. In a recent publication we have
provided direct evidence for this intermixing process using high-
resolution photoelectron spectroscopy (HR-PES) [36]. The forma-
tion of such mixed oxides (including aluminate phases) is known
from real powder catalysts (see e.g. [5,37]), and may be associated
with changes in the storage behavior. In a second set of experi-
ments, Szanyi and coworkers were recently able to provide direct
evidence for the simultaneous formation of nitrites and nitrates on
a pure BaO film on Al2O3 at low temperature [35]. Based on this
observation the authors suggested that on pure BaO a coopera-
tive adsorption mechanism involving nitrite–nitrate pair formation
dominates. The contradictory results in the literature were related
to the thin film nature of some model systems and to the forma-
tion of barium aluminate phases [35].

In the present paper we address the reaction mechanism on
such barium aluminate nanoparticles. The results of a system-
atic study of the interaction of NO2 with the Al2O3/NiAl(110)
model support and with BaO deposits on Al2O3/NiAl(110) are pre-
sented. The system was previously characterized with respect to
its growth behavior and morphology using scanning tunneling mi-
croscopy (STM) [38], and with respect to its surface composition
using HR-PES [36]. It was shown that upon annealing, thermally
stable three-dimensional mixed barium aluminum oxide particles
(BaAl2xO1+3x) are formed. Here, we probe systematically the re-
activity of the model support and the particles as a function of
NO2 exposure (10−1 to 104 L, 1 L corresponds to 10−6 Torr s) and
surface temperature (100–600 K). Toward this aim, we use time-
resolved IR reflection absorption spectroscopy (TR-IRAS) in com-
bination with molecular beam (MB) methods. A complex picture
evolves, showing the sequential formation of numerous nitrogen-
oxo species, including molecular adsorbates, surface and bulk ni-
trates and nitrites. In particular, we demonstrate that there is a
low-activation-energy cooperative adsorption channel leading to
nitrite–nitrate pair formation also on the aluminate particles. How-
ever, this reaction channel is restricted to the low temperature
regime, suggesting that efficient cooperative adsorption requires
molecular adsorption and subsequent N2O4 dimer formation. If
dimer formation is avoided by switching to higher reaction tem-
peratures, the reaction probability drastically decreases and the
product spectrum changes to nitrite only. This observation suggests
a temperature-dependent change in the reaction mechanism from
a cooperative to a non-cooperative pathway. The present findings
may help to resolve the contradictory mechanistic picture of the
NOx storage process.

2. Experimental

All MB/IRAS (molecular beam/time-resolved IR reflection ab-
sorption spectroscopy) experiments were performed in a newly
developed UHV (ultrahigh vacuum) apparatus at the University
Erlangen-Nuremberg. The setup allows up to four effusive molecu-
lar beams and one supersonic molecular beam to be superimposed
on the sample surface. Additionally, the system is equipped with a
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FTIR spectrometer (Bruker IFS66/v), a beam monitor which allows
alignment and intensity calibration of the beams, two quadrupole
mass spectrometers (QMS), a vacuum transfer system with high
pressure cell and all necessary preparation tools (evaporators, gas
doser, quartz microbalance, LEED/Auger, ion gun, etc.). The NO2
beam (Linde, 99.0%) was generated from an effusive beam doser
and modulated by a valve system. The backing pressure at the
effusive source is typically in the order of 0.1 mbar. At these con-
ditions and 298 K, the fraction of N2O4 in the gas phase is be-
low 0.1%. All measurements were performed by means of fully
remote controlled sequences (interfacing and programming: Na-
tional Instruments (NI), Lab View, NI). In order to systematically
cover a large exposure range, dosing is performed by pulsing
NO2 at variable beam intensities typically in the range between
1.6 × 1013 cm−2 s−1 (equivalent pressure: 0.7 × 10−7 mbar) and
3.2 × 1015 cm−2 s−1 (equivalent pressure: 1.4 × 10−5 mbar), fol-
lowed by acquisition of IR spectra (spectral resolution of 2 cm−1,
typical acquisition times of 38 s). The IR band intensities shown
in the following were obtained by integration between the minima
after background correction (note that no simple curve fitting pro-
cedure can be applied due to exposure-dependent changes in the
peak shape, position and width).

For preparation of the model surfaces, a NiAl(110) surface was
cleaned by numerous cycles of sputtering and vacuum annealing,
followed by two cycles of oxidation in 10−6 mbar O2 at 550 K and
UHV annealing at 1135 K in order to prepare the Al2O3 film on
NiAl(110). With respect to the details of the procedure, we refer to
the literature [39–41]. The quality of the film was checked by LEED,
and complete oxidation of the surface was proven by the absence
of CO adsorption at 100 K.

For the preparation of the BaO particles, we proceeded as fol-
lows: First, the Ba metal was manually cleaned under inert gas
atmosphere (glove box) and placed into a Mo crucible. In order
to prevent oxidation of barium by contact with air, the crucible
was filled with decane before being mounted in a commercial
electron beam assisted evaporator (Focus EFM3). The evaporator
was installed into the UHV chamber immediately before pump-
ing out. Under UHV conditions, the Ba source was calibrated using
a quartz microbalance. During deposition the sample was biased
to the same potential as the Ba source in order to avoid surface
defect generation by Ba ion bombardment. Ba was deposited at
300 K at typical rates of 1.0 × 1013 atoms cm−2 s−1 (an average
film thickness of 1 Å Ba corresponds to 1.6 × 1014 atoms cm−2)
and subsequently oxidized by exposure to 6 × 10−7 mbar O2, for
900 s. In this work we focus on single situation corresponding to a
nominal Ba layer thickness of 20 Å. This corresponds to a Ba atom
density of 3.2 × 1015 atoms cm−2.

3. Results and discussion

3.1. Structural and chemical characterization of the model NOx storage
material

In a first step we briefly summarize previous results on the
nucleation and growth behavior of the BaO nanoparticles on
NiAl(110) and on the chemical properties of the particle surface.
For more details, we refer to the literature [36,38].

Selected STM images are displayed in Fig. 1 (see also [38]). As a
model support, we utilize an ordered, atomically flat Al2O3 film,
prepared on NiAl(110) [40,42]. This film has been characterized
in detail with respect to its structure and adsorption properties.
Recently, its microscopic structure has been solved by STM in com-
bination with DFT (density function theory) calculations [41]. Also,
the film has been used as a model support for metal nanoparticles
in several cases (see e.g. [13,15,43]). Fig. 1a shows the typical de-
fect structure of the film (compare [44]). In addition to the steps,
(a)

(b)

Fig. 1. (a) STM images of the pristine Al2O3/NiAl(110): overview (800 nm × 800 nm,
CCT (constant current topography), I = 0.194 nA, U = 3.5 V) and close-up (100 nm
× 100 nm, CCT, I = 0.150 nA, U = 3.0 V). (b) STM image of the BaAl2xO1+3x

nanoparticles on Al2O3/NiAl(110), prepared by deposition of 20 Å Ba and subse-
quent oxidation and annealing, overview (500 nm × 500 nm, CCT, I = 0.183 nA,
U = 2.0 V) and close-up (100 nm × 100 nm, CCT, I = 0.183 nA, U = 2.6 V); see also
[38].

originating from the NiAl(110) support, we observe a character-
istic network of domain boundaries (primarily antiphase domain
boundaries, visible as line protrusions in Fig. 1a). Onto this film, Ba
metal is deposited at a surface temperature of 300 K, followed by
extended exposure to oxygen (1×10−6 mbar, 900 s). Subsequently,
the surface is annealed to 800 K in oxygen (1 × 10−6 mbar) in or-
der to stabilize the particles and to decompose BaO2 species, which
may be formed at room temperature (compare [23]).

Next, the supported BaO nanoparticles system can be charac-
terized by STM. Corresponding images are displayed in Fig. 1b.
In a previous study it was shown that starting from low cov-
erage, the formation of three-dimensional nanoparticles is ob-
served, which nucleate both at the Al2O3 domain boundaries and
on the domains [38]. From STM, we derive a particle density of
(5.6 ± 1.0) × 1012 cm−2 at a nominal Ba layer thickness of 20 Å
Ba (3.2 × 1015 Ba atoms cm−2). This corresponds to nanoparticles
containing (560 ± 100) Ba2+ ions in average. In comparison with
the growth of other metals on the same support, the nucleation
density for Ba at 300 K is rather high, indicating a strong interac-
tion of Ba with the support and a short diffusion length (see e.g.
[43]). This hypothesis is supported by the STM experiments which
suggest the formation of flat islands with aspect ratios around 1:5
(height:diameter). Here, it should be noted, however, that the ex-
act aspect ratio is difficult to extract from STM due to the different
electronic structure of the BaO and the support and due to convo-
lution with the tip shape.

In a second study, we have investigated the electronic struc-
ture and chemical composition of the model system by HR-PES
using synchrotron radiation [36]. The most important result from
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Fig. 2. Interaction of NO2 with the pristine Al2O3/NiAl(110) at 100 K: (Top right) Experimental setup and the experimental procedure (see text for details); (a) IR reflection
absorption spectra of the NO stretching frequency region as a function of NO2 exposure; (b) integral absorption of the most prominent spectral features and total absorption
in the NO stretching frequency region as a function of NO2 exposure. Note that the effective NO2 pressure during the NO2 pulses was varied between the experiments. The
corresponding values are given in the figure.
this study was that upon Ba deposition and O2 exposure, strong
intermixing of Ba2+ and Al3+ ions occurs, even at 300 K. Upon an-
nealing to 800 K in O2, the support oxide film grows in thickness
and complete intermixing of Ba2+ and Al3+ ions occurs, leading
to the formation of barium aluminate like particles (in the follow-
ing denoted as BaAl2xO1+3x). These particles represent a thermally
very stable model system and show typical NOx storage and re-
lease properties of Ba-based NOx storage materials [38].

In the following we investigate the reaction of NO2 with this
model surface. In a first step we focus on the reaction of NO2 with
the pure Al2O3 support (Section 3.2), before in the next section we
proceed to the interaction of NO2 with the supported BaAl2xO1+3x

nanoparticles (Sections 3.3 and 3.4).

3.2. Adsorption and reaction of NO2 on Al2O3/NiAl(110)

In order to systematically probe the interaction of NO2 with
the model surfaces, we acquire series of IRAS spectra taken in
a fully remote-controlled sequence in combination with MB dos-
ing. The schematic setup and procedure is shown in the inset of
Fig. 2a. Pulses of NO2 of different duration and intensity are ap-
plied, with each pulse followed by acquisition of an IR spectrum.
The NO2 dose is automatically varied between approximately 0.1
and 130 L per pulse (1 L corresponds to 10−6 Torr s), allowing us
to cover an exposure range between approximately 0.1 and 6000 L
in a single experiment. To start with, we probe the adsorption of
NO2 on the pristine Al2O3/NiAl(110) film at 100 K. The correspond-
ing IR spectra are displayed in Fig. 2a. Fig. 2b shows the integral
intensity of the different spectral features in the NO stretching fre-
quency region as well as the total integral intensity as a function
of exposure.
At low exposure (<1 L), we initially observe bands at 1262 and
1766 cm−1 together with weaker absorption features at 1737 and
1715 cm−1. With increasing exposure, all bands grow in intensity.
At exposures above 10 L, the band at 1715 cm−1 saturates whereas
the other features continue to grow. Simultaneously, a fifth band
appears at 1290 cm−1, which blue-shifts to 1297 cm−1 and, finally,
becomes the dominant feature in the high coverage region. The
bands at 1262 cm−1 blue-shifts to 1268 cm−1 and in the high cov-
erage region is only visible as a shoulder of the band at 1297 cm−1.

NO2 adsorption at low temperature has been studied by IR
spectroscopy on various substrates (see e.g. [45–48]) including a
recent study by Ozensoy et al. on an ordered alumina film on a
similar substrate (Al2O3/NiAl(100) [25]). In accordance with this
work, the regions around 1250 to 1300 cm−1 can be assigned
to the ONO symmetric stretching mode (νs(ONO)) and the re-
gion around 1750 cm−1 to the antisymmetric mode (νas(ONO))
of the N2O4 dimer with D2h symmetry. No indications for de-
tectable concentrations of other species, especially the asymmetric
isomer (ONO–NO2), nitrosonium nitrate (NO+NO−

3 ) or monomeric
NO2 derived species are observed [49]. The splitting of bands in
both the νas(ONO) and the νs(ONO) region has been observed in
previous studies as well, and has mainly been attributed to surface
and bulk layers of N2O4 [25,45,48]. Other potential origins of band
shifts, splitting or broadening effects are possible ordering pro-
cesses within the N2O4 layers and interaction with coadsorbates
such as e.g. H2O. Closely inspecting the data shown in Fig. 2a, it
is found that the coverage dependence of the features at 1268 and
1715 cm−1 indeed shows a saturation behavior, which would be
compatible with the assignment to a surface or monolayer species.
However, the peak at 1735 cm−1, which was previously attributed
to the monolayer, continues to grow while retaining a constant in-
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tensity ratio with respect to the bulk feature at 1765 cm−1. There-
fore, we propose to assign both bands, 1735 and 1765 cm−1, to
the N2O4 multilayer. The origin of the splitting is not clear, but
may be due to intermolecular vibrational coupling or interactions
in the bulk layer.

The two bands at 1268 and 1715 cm−1 are assigned to the
N2O4 monolayer. It is apparent that the intensity ratio I(νas)/I(νs)

is dissimilar for the monolayer and the bulk features. Taking into
account the polarization of modes (νas(ONO): polarized perpen-
dicular to N–N axis; νs(ONO): polarized parallel to N–N axis) and
the MSSR (metal surface selection rule) [50], this intensity ra-
tio provides information on the average orientation of the N2O4
molecules with respect to the surface normal (compare e.g. [48]).
For the monolayer peaks, the symmetric mode is dominant, in-
dicating preferential orientation of the N2O4 molecule with the
N–N axis perpendicular to the surface. In contrast, the multilayer
shows a different behavior. At lower coverage (exposure <100 L)
the asymmetric modes (1735 and 1765 cm−1) dominate, pointing
to an N–N axis preferentially oriented parallel to the surface. With
increasing coverage, the intensity of both regions becomes com-
parable (similar as in the gas phase) indicating that the preferen-
tial orientation is successively lost and a rather randomly oriented
layer is obtained.

It is important to note that adsorption of NO2 is purely molec-
ular on Al2O3/NiAl(110) at 100 K and there is no indication for the
formation of surface nitrites or nitrates. In order to test the re-
activity of the model support at higher temperatures, we perform
a similar experiment at a surface temperature of 300 K. The ex-
perimental procedure is equivalent to the one described above for
adsorption and reaction at 100 K. The corresponding spectra are
displayed in Fig. 3a. Fig. 3b shows the integral intensity of the fea-
tures in the NO stretching frequency region as well as the intensity
of some individual bands marked in the spectra.

The behavior is very different from the experiment at 100 K.
We observe very slow formation of weak bands at exposures
larger than approximately 100 L, initially in the regions from
1200 to 1250 cm−1 and around 1600 cm−1. At exposures larger
than 2000 L four distinct bands appear at 1255, 1297, 1595 and
1652 cm−1. Here, the two bands at high frequency dominate. Fo-
cusing on these two high frequency bands, it is observed that their
relative intensity undergoes drastic changes as a function of NO2
exposure. Whereas the band at 1595 cm−1 dominates at low expo-
sure, the feature at 1652 cm−1 rapidly grows in intensity at expo-
sures exceeding approximately 2000 L (see inset in Fig. 3b). At the
highest exposures applied in this study (approximately 6000 L),
the band at 1652 cm−1 represents the dominating one in this re-
gion.

The interaction of NO2 with Al2O3 at room temperature and
above has been studied both on Al2O3 powders (see e.g. [51,52],
also [53]) and, recently, on Al2O3 thin films [24]. The assignments
have been discussed and used by several authors in studies on
alumina-supported NSR catalysts [7,52–56]. With respect to a de-
tailed discussion on the identification of nitrogen-oxo species by
means of vibrational spectroscopy we refer to a recent review by
Hadjiivanov [49].

On the basis of the above mentioned studies, we derive the
following assignment. Goodman et al. [51] investigated the inter-
action of alumina powders with NO2 as a function of pressure. Ini-
tially, they observed absorption features around 1230 cm−1 (and a
weak band at 1312 cm−1), which they assigned to a nitrito species.
This interpretation would be compatible with a recent XPS study
by Ozensoy et al. [24], showing that at low temperature nitrites are
formed upon exposure of an ordered Al2O3 film to NO2. Thus we
attribute the initial appearance of weak absorption bands in the
region around 1200 to 1250 cm−1 to the formation of NO−

2 surface
species. This assignment is confirmed by a recent HR-PES study on
the same model system [36].

The four bands appearing at higher exposure can be attributed
to surface nitrates. The formation of nitrates on Al2O3 was exper-
imentally observed by numerous groups [51,54–56]. Upon adsorp-
tion on a surface, the two-fold degenerate asymmetric stretching
mode ν3 of ionic NO−

3 (1380 cm−1) splits into two bands (see
[51], compare also [49,57]). The exact position and splitting de-
pends on the adsorption site and geometry. Typically, the split-
ting is assumed to be larger for bridging nitrates and smaller
for chelating and monodentate nitrates [49,51,54–56]. Goodman
et al. [51] observed bands at 1622/1260 cm−1, 1587/1292 cm−1,
1555/1308 cm−1, which they attributed to bridging, chelating
and monodentate nitrate, respectively. A similar assignment was
given by Westerberg and Fridell [54] who observed the corre-
sponding features at 1630 and 1266 cm−1 (bridging nitrate), 1612
and 1293 cm−1 (chelating nitrate) and 1588 and 1297 cm−1

(monodentate nitrate) in the limit of high coverage. In a simi-
lar study on powder NSR catalysts, Sedlmair et al. [56] assigned
features at 1620 and 1260 cm−1 to the bridging nitrate and
1560 and 1290 cm−1 to the bidentate chelate. Slightly different
frequency ranges were suggested by Prinetto et al. [55] (mon-
odentate: 1420–1500 cm−1, 1300–1400 cm−1; bidentate chelate:
1570 cm−1, 1290 cm−1; bridging bidentate: 1240–1250 cm−1,
1590–1600 cm−1).

Based in these assignments, one could tentatively attribute the
bands at 1255 and 1652 cm−1 to a bridging nitrate, whereas the
bands at 1297 and 1595 cm−1 may be assigned to a monoden-
tate or chelating bidentate. It should be noted, however, that these
“traditional assignments” of the vibrational bands mainly rely on
comparisons with transition metal complexes (see e.g. [49,57] and
references therein), and such comparisons have failed for surface
species in several cases (compare e.g. [58]). As there are hardly
any independent experimental evidences for the adsorption geom-
etry and coordination of the respective species, the corresponding
assignments should, therefore, be treated with utmost care.

Toward an unambiguous identification of adsorption geome-
tries, we have recently shown that valuable information on the
coordination of nitrates on planar metal supported model surfaces
can not only be extracted from the band positions but also from
their relative intensities [59]. In contrast to the powder spectra ex-
hibiting similar band intensities in both frequency regions, for the
surface nitrates observed on Al2O3/NiAl(110) the high frequency
region strongly dominates (see Fig. 3b). This observation can be
straightforwardly explained on the basis of the MSSR, assuming
a bridging coordination and a binding geometry nearly perpen-
dicular to the surface plane. In case of the bridging nitrate, the
high-frequency component of ν3 is polarized perpendicular to the
surface plane, whereas the low-frequency mode shows nearly par-
allel polarization and, consequently, should be largely screened by
the metal surface. For a monodentate nitrate the situation would
be vice versa, with the high-frequency mode showing parallel and
the low-frequency mode showing perpendicular polarization (see
[59] for details). Following these arguments, monodentate coor-
dination can be excluded, and both features are assigned to a
bridging or chelating-bidentate. The frequency shift may be due to
different coordination geometry and/or due to different adsorption
sites. We will discuss the identification of differently coordinated
nitrate species in more detail in connection with the surface ni-
trates on BaO (see Section 3.3).

Finally, it should be noted that the coverage-dependent devel-
opment of the intensities of the individual bands (Fig. 3b) reveals
a sequential formation of both surface nitrate species. Initially the
species is formed, which gives rise to the two lower frequency
bands (1255 and 1595 cm−1). A possible assignment would be re-
lated to nitrate formation at oxide defects such as e.g. antiphase
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Fig. 3. Interaction of NO2 with the pristine Al2O3/NiAl(110) at 300 K: (a) IR reflection absorption spectra of the NO stretching frequency region as a function of NO2 exposure;
(b) integral absorption of the most prominent spectral features (gray symbols) and total absorption (black symbols) in the N–O stretching frequency region as a function of
NO2 exposure.
domain boundaries [40,44]. Exceeding exposures of approximately
1000 L, however, the intensity of the high frequency components
(1297 and 1652 cm−1) increases dramatically, finally dominating
the vibrational spectrum. Discussing the intensity of IRAS bands it
should be noted that these may show a strongly nonlinear cov-
erage dependence due to dipole coupling effects [50]. Still, the
observation suggests that the initial reaction of NO2 takes place
at defects of the Al2O3 film, finally followed by structural trans-
formations of the film, which facilitate bonding of nitrates on the
domain terrace sites themselves.

3.3. Reaction of NO2 with BaAl2xO1+3x nanoparticles between 100 and
300 K

After analysis of the reaction of NO2 with Al2O3, we now focus
on the interaction with the supported BaAl2xO1+3x nanoparticles.
In a first step, we probe the reaction at 300 K. The correspond-
ing IRAS data is displayed in Fig. 4. The experimental procedure
applied corresponds to the experiments performed on the pristine
Al2O3 film. Again, Fig. 4b shows the integral intensity in the region
of the NO stretching modes and the individual intensity of selected
bands as a function of NO2 exposure.

Close inspection of the spectra at low exposure reveals that
very weak features initially emerge between 10 and 1000 L in the
region around 1230–1250 cm−1. Later, bands at 1326 to 1334 cm−1

and around 1465 cm−1 appear. The band at 1465 cm−1 grows
more rapidly than the lower-frequency peaks and becomes dom-
inant for exposures larger than 3000 L. Considering the band in-
tensity as a function of NO2 exposure (Fig. 4b), a pronounced non-
linear behavior with NO2 exposure is observed. Whereas in the low
exposure regime the bands grow only slowly, their intensity starts
to increase rapidly at exposures exceeding approximately 1000 L,
before finally saturating above 4000 L.
The interaction of NO2 with BaO near room temperature has
been studied by several groups, with observations and spectral as-
signments differing to some extent [7,21,29,52–56,60–62]. Prinetto
et al. also assigned bands at 1220 and 1330 cm−1 to bidentate
and ionic nitrites [55]. On the basis of theoretical calculations,
Broqvist et al. came to a similar conclusion (for bands 1250 and
1330 cm−1) [62], however, they questioned previous assignments
of the peaks at 1420 and 1475 cm−1 to linear nitrites [62]. In con-
trast, Hess and Lunsford attributed bands at 1225 and 1327 cm−1

to N-coordinated nitrite (nitro species) and ionic nitrites [29,61].
Sedlmair et al. investigated the reaction of NO2 with a commercial
NSR catalyst (containing also Pt) at 323 K [56]. At low exposure
they observed bands at 1203, ∼1330 and 1419 cm−1, which they
attributed to bidentate nitrites (“bridging bidentate nitrito species,”
compare [49]) (νs(ONO) and νas(ONO)) and linear nitrites (“lin-
ear nitrito species,” compare [49]) respectively. The nitrite bands
around 1200 cm−1 were observed to decrease with increasing
exposure, while new bands at 1429 cm−1 and above appeared.
The bands at 1429 and 1332 cm−1 were attributed to monoden-
tate nitrates, whereas all bands above 1500 cm−1 were assigned
to nitrate species on Al2O3 [56]. Other reported frequencies for
the monodentate nitrate species are at 1291 and 1542 cm−1 (by
Westerberg and Fridell [54]). For bidentate nitrates on BaO/Al2O3,
frequencies of 1214 and 1573 cm−1 were reported by Westerberg
and Fridell [54] and frequencies of 1200–1320 cm−1 and 1540–
1650 cm−1 by Prinetto et al. [55]. These species, however, may at
least partially be located on or in the vicinity of alumina support
sites.

The interaction of BaO films with NO2 under UHV condition
was recently studied by Tsami et al. [21]. In this study, the au-
thors investigated the reaction of NO2 with an ordered BaO thin
film on Cu(111), applying XPS (X-ray photoelectron spectroscopy),
TPD (thermal desorption spectroscopy) and IRAS [21]. In agree-
ment with the above interpretation, the formation of nitrites was
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Fig. 4. Interaction of NO2 with the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 300 K: (a) IR reflection absorption spectra of the NO stretching frequency
region as a function of NO2 exposure; (b) integral absorption of the most prominent spectral features (gray symbols) and total absorption in the N–O stretching frequency
region (black symbols) as a function of NO2 exposure.
observed at the initial stage of the reaction, which, subsequently,
were transformed into nitrates at higher exposure. Szanyi and
coworkers argued that the initial formation of nitrites may be due
to the thin film nature of these model surfaces or due to the for-
mation of aluminate-like phases [35].

Motivated by this somewhat unclear situation, we have recently
carried out a correlated XPS/IRAS study, in order to quantify the
amount of nitrite and nitrate formation and identify the vibrational
spectra of the corresponding species [28]. The following conclusion
could be derived: For reaction at 300 K, XPS shows exclusively the
formation of barium nitrites during the initial stages of NO2 expo-
sure. The corresponding IRAS spectra are characterized by a weak
and broad band around 1230–1250 cm−1. In connection with den-
sity functional theory (DFT) calculations by Grönbeck et al. (see
[30,59]), the very low intensities of the nitrite bands were at-
tributed to a bonding geometry, with the NO−

2 ion lying nearly flat
on the surface (i.e. nitrito or nitro-nitrito coordination, see [59];
the low intensity is a consequence of the MSSR). The appearance
of the band at 1330 cm−1 was found to be not correlated to the
formation of any new nitrite species [28]. Therefore, the bands at
1330 and 1465 cm−1 can be assigned to the two components of
the split νas(NO−

3 ) mode of surface nitrates, exclusively.
The question arises, whether the coordination geometry of sur-

face nitrates on BaO (monodentate or bridging) can be identified
on the basis of vibrational spectroscopy. Based on a combined
DFT/IRAS study, we have recently argued that this may not be
possible solely on the basis of the position of the vibrational
bands [59]. As discussed in Section 3.2, however, valuable infor-
mation on the bonding geometry is available from the relative
band intensities of the two components of νas(NO−

3 ) [59]. Again,
the low frequency component of νas(NO−

3 ) should be polarized
perpendicular to the surface in case of the monodentate and, as
a consequence of the MSSR, the band around 1300 cm−1 is ex-
pected to dominate the spectrum. The situation is reversed for the
bidentate, for which the high frequency (∼1460 cm−1) component
shows perpendicular polarization. Following these arguments, the
behavior of the relative intensities would indeed suggest initial for-
mation of monodentate nitrates, whereas at high exposures the
bidentate species dominates. To some extent, the latter conclusion
contrasts the “traditional” assignment of bands in this frequency
region to predominately monodentates (see e.g. [7,21,29,52–56,60–
62], compare discussion in [59]). It should be pointed out, however,
that other aspects such as dipole coupling and intensity transfer ef-
fects [50,63] or the morphology of the BaO particles require more
thorough consideration at this point, and, accordingly, we restrict
ourselves to qualitative considerations and refer to the literature
for a detailed discussion ([59], see e.g. [28] for a comparison of
quantitative XPS data and IRAS).

It is noteworthy, that the intensity of the nitrate related bands
shows a strongly nonlinear behavior as a function of NO2 exposure.
Similar as in the case of the pristine Al2O3, we may assume that
the initial reaction gives rise to structural transformations of the
BaO particle surface, leading to enhanced reactivity after an initial
induction period. It is noteworthy that, in spite of the high sur-
face concentration of Al3+ ions on the BaAl2xO1+3x nanoparticles
(see [36]), there are no indications for the characteristic surface
nitrate bands on Al2O3 (see Section 3.2). This observation may
suggest that, upon reaction with the BaAl2xO1+3x particles, the sur-
face nitrates formed predominately interact with Ba2+ ions. This
hypothesis would be in line with an observation by Szanyi and
coworkers [34], who suggested that the reaction of a Ba-aluminate-
like layer with NO2 leads to removal of Ba2+ ions from the mixed
oxide phase and formation of Ba(NO3)2.

As outlined in the introduction, the present observation of
only nitrites being formed during the initial stage of the reaction
may appear to be in contrast with recent results by Szanyi and
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Fig. 5. Interaction of NO2 with the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 100 K: IR reflection absorption spectra of the NO stretching frequency region
as a function of NO2 exposure in the region of low NO2 exposures (a) and high NO2 exposures (b).
coworker [34]. By means of XPS and IRAS experiments on a BaO
film, they were able to provide direct evidence for the simultane-
ous formation of nitrates and nitrites. These results provide direct
evidence for the existence of a cooperative reaction mechanism.
It should be pointed out that these experiments were carried out
on BaO thin films, which were prepared via a special procedure
aiming at the formation of a pure BaO films with a minimum of
intermixing with the Al2O3 support. The authors concluded that
the contradictory results in the literature may be the result of the
specific properties of thin film model systems and, in particular,
the result of the formation of Ba-aluminate phases which can be
formed if the BaO is deposited on an Al2O3 support.

It is noteworthy that the experiments by Szanyi et al. were
performed at low temperatures in the presence of molecularly ad-
sorbed N2O4. In order to test, whether Ba aluminate formation
indeed gives rise to a change in reaction mechanism, we have
probed the reaction of NO2 with the BaAl2xO1+3x nanoparticles at
low temperatures as well. The corresponding spectra for an exper-
iment performed at a surface temperature of 100 K are displayed
in Fig. 5.

Starting from the lowest exposures (0.05 L), we observed a dis-
tinct band emerging at 1312 cm−1. In the exposure region between
0 and 1 L, this band slowly increases in intensity and shifts to
1320 cm−1. Simultaneously, two weak and broad features appear
around 1230 cm−1 and around 1440 cm−1. In addition, several
sharp bands appear around 1260, 1710, 1740 and 1770 cm−1. At
larger exposures, the latter bands develop into several intense and
sharp bands between 1250 and 1300 cm−1 and between 1720 and
1790 cm−1, which continuously grow in intensity with increasing
exposure.

Based on the discussion in Section 3.2, the sharp bands in the
region between 1250 and 1300 cm−1 can be attributed to the ONO
symmetric stretching mode (νs(ONO)) of the N2O4 dimer and the
bands in the region around 1750 cm−1 to the antisymmetric mode
(νas(ONO)) of N2O4. Thus, we conclude that at large exposures
there is mainly molecular adsorption of NO2 in the form of the
D2h dimer, similar as was observed on the pristine Al2O3 support.

Of particular interest is the region of low NO2 exposures. The
bands around 1230, 1320 and 1440 cm−1 are not observed on the
Ba-free model support (compare Fig. 2) and, therefore, cannot be
attributed to molecular N2O4. Based on the above discussion, we
attributed the band at 1230 cm−1 to surface nitrites and bands at
1320 and 1440 cm−1 to surface nitrates. This assignment is in full
agreement with the work by Szanyi and coworkers, who reported
bands at 1225, 1342 and 1429 cm−1 [34]. Taking into account
the intensity ratio between the two components of νas(NO−

3 ), we
identify the nitrate as a monodentate species (compare discussion
above and [59]).

The most important conclusion from the present experiment is
that at 100 K we observe simultaneous formation of both nitrites
and nitrates on the mixed BaAl2xO1+3x nanoparticles. This obser-
vation is in sharp contrast to the behavior at 300 K (see Fig. 4).
It confirms the existence of a cooperative adsorption mechanism,
leading to nitrite–nitrate pair formation also in the case of mixed
barium aluminum oxide particles.

In order to identify the origin of the temperature-dependent
changes in the reaction behavior, it is helpful to directly compare
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Fig. 6. Comparison of IR reflection absorption spectra obtained during reaction of the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 100 K (black lines) and at
300 K (gray lines); (b) integral absorption in the region of the nitrate related bands between 1300 and 1550 cm−1 as a function of NO2 exposure during reaction at 100 K
(black symbols) and at 300 K (gray symbols).
the IRAS spectra obtained for reaction at 100 and at 300 K. A corre-
sponding plot is displayed in Fig. 6a. It is apparent that for reaction
at 100 K the characteristic nitrate bands already appear at the very
lowest exposures (0.05 L). This behavior suggests a very high reac-
tion probability and a low activation barrier. It is noteworthy, that
the nitrate (and nitrite) bands appear even before there is any indi-
cation of molecularly adsorbed N2O4. Only after formation of some
initial amount of nitrates and nitrites, molecularly adsorbed N2O4
is accumulated. If we increase the reaction temperature to 300 K,
we find three major differences. First, there is no molecular ad-
sorption of N2O4 at this temperature. Secondly, the initial product
spectrum changes to the formation of nitrites only. The third point
is related to the reaction probability, which is decreasing signif-
icantly. A comparison of the integral intensities of the IR bands
in the nitrate region is displayed in Fig. 6b. It is apparent that at
300 K the formation of nitrates occurs at a rate, which is by a fac-
tor of 102 to 103 lower than compared to 100 K.

From the above discussion, we may draw the following con-
clusions. Apparently, it is not the formation of mixed barium alu-
minum oxides, which controls the reaction mechanism. Instead,
the most critical factor appears to be the reaction temperature.
At low reaction temperatures, a highly efficient reaction channel
with low activation energy leads to the formation of nitrite–nitrate
pairs. It is noteworthy, that the temperature region in which this
mechanism dominates coincides with the region of molecular ad-
sorption of NO2. As molecular adsorption occurs under dimer-
ization, we tentatively associate the low temperature cooperative
adsorption mechanism to the presence of N2O4 dimers on the
surface. Besides the traditional pathway in which the individual
NO2 fragments directly interact with the surface, followed by an
electron transfer process (compare [30–32,64]), the dimerization-
mediated pathway may involve disproportionation via isomeriza-
tion to asymmetric dimer (ONO–NO2), possibly followed by for-
mation of nitrosonium nitrate (NO+NO−

3 ). The resulting Lewis
acid/base pair may directly react with suitable Lewis base/acid
sites on the Ba aluminate particles:

(1)

Isomerization between the two N2O4 dimers is facile (see [65]
and references therein). It may occur easily, even at low tempera-
ture, via dissociation of the N–N bond and subsequent recombina-
tion (the dissociation energy for the N2O4 dimer is 57 kJ mol−1

in the gas phase and may be further reduced upon adsorption
on the surface [66]). Analogous isomerization-mediated pathways
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Fig. 7. Interaction of NO2 with the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 400 K: (a) IR reflection absorption spectra of the NO stretching frequency
region as a function of NO2 exposure; (b) integral absorption of the most prominent spectral features (gray symbols) and total absorption in the N–O stretching frequency
region (black symbols) as a function of NO2 exposure.
have been suggested for other surface reactions involving N2O4 at
low temperature (see e.g. [47]). Venkov et al. invoked a similar dis-
proportionation mechanism in the case of the reaction of NO and
O2 on Al2O3 and were able to spectroscopically detect the NO+
species formed [67].

The drastic decrease of the nitrate formation rate at higher tem-
peratures may be ascribed to a change in reaction mechanism,
which is associated to the absence of N2O4 dimers under these
conditions. The most straightforward assumption would imply a
switch in mechanism from a cooperative process involving two
NO2 entities to a non-cooperative mechanism involving a single
NO2 species only. This hypothesis is supported by the change in
the product spectrum yielding nitrites as the only initial prod-
uct at 300 K. Different cooperative and non-cooperative adsorption
and reaction mechanisms for NO2 on BaO and other alkaline earth
metals have theoretically investigated and discussed by Schneider
and coworkers [32,64] and by Grönbeck et al. [30,31]. In case of
the non-cooperative adsorption pathway, formation of the surface
nitrite may occur via Lewis acid/base interaction and subsequent
electron transfer. The process would initially lead to generation of
an electron hole, localized on a surface oxygen atom (see [64]):

(2)

For the present model system, we may invoke two reaction
channels via which this excess charge may be annihilated. The
first process would be the formation of peroxide species and/or
the generation of molecular oxygen. It is well known that such
peroxides are easily formed on BaO [23,29] and the correspond-
ing species have recently been observed direct by STM [68]. The
second pathway, which is restricted to thin film model systems,
involves further oxidation of the substrate. In the present case, Al
originating from the NiAl substrate may be oxidized, leading to
further growth of the Al2O3 support layer. The latter process has
been directly observed during reaction at 300 K by HR-PES [36].
It is expected that the contribution of the latter reaction channel
decreases with increasing thickness of the oxide layer.

3.4. Reaction of NO2 with BaAl2xO1+3x nanoparticles at elevated
temperatures (400–600 K)

In order to probe the reactivity of the BaAl2xO1+3x nanoparti-
cles as a function of surface temperature, a series of temperature-
dependent experiments was performed, applying the standard ex-
perimental procedure outlined in Section 3.2. The sample was
maintained at constant temperatures between 400 and 600 K,
while being exposed to pulses of NO2 of different duration and in-
tensity. Each pulse was followed by acquisition of an IR spectrum
at the respective temperature. In order to reduce data acquisition
times, the number of pulses was restricted to a minimum. The
corresponding IRAS spectra for the N–O stretching frequency re-
gion are displayed in Figs. 7, 8, and 9 for reaction temperatures
of 400, 500, and 600 K, respectively. The integral intensity of sev-
eral individual features as a function of exposure is displayed in
part b of the corresponding figures. A direct comparison between
the spectra in the limit of large exposures is provided in Fig. 10a.
In addition, the total integral absorption in the N–O stretching
frequency region as a function of reaction temperature and NO2
exposure is displayed in Fig. 10b.

In comparison to the experiments at 300 K, a drastically dif-
ferent behavior is observed. The most prominent dissimilarity is
related to the integral absorption, which increases by at least a fac-
tor of three in the temperature interval between 300 and 400 K. In
the temperature region between 400 and 600 K, on the other hand,
the intensity of the bands in the high exposure limit (∼6000 L
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Fig. 8. Interaction of NO2 with the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 500 K: (a) IR reflection absorption spectra of the NO stretching frequency
region as a function of NO2 exposure; (b) integral absorption of the most prominent spectral features (gray symbols) and total absorption in the N–O stretching frequency
region (black symbols) as a function of NO2 exposure.
NO2) remains similar (see Fig. 10b), whereas the spectral features
themselves undergo drastic changes (see Fig. 10a).

At 400 K (Fig. 7), the behavior in the low exposure limit is simi-
lar to reaction at 300 K. At 10 to 100 L NO2, a broad feature around
1250 cm−1 appears, followed by weak bands around 1330 and
1420 cm−1. With increasing exposure, the feature at 1250 cm−1

decreases again, whereas the bands at 1330 and 1420 cm−1 rapidly
gain intensity. In the exposure region between 1000 and 5000 L,
the relative intensity of the two latter bands changes and the high-
frequency component undergoes a blue shift to 1450 cm−1. Finally,
the peak at 1450 cm−1 becomes the dominating band in the IR
spectrum. At the highest exposure, shoulders on both sides of the
band at 1450 cm−1 develop, i.e. at around 1380 and at 1570 cm−1.
In addition, a weak feature appears in the high frequency region at
1770 cm−1.

According to the discussion in Section 3.3, we assign the band
at 1250 cm−1 to surface nitrites on BaO. Similarly as for reaction
at 300 K, the low intensity of the nitrite band indicates an orienta-
tion parallel to the surface. In addition, the nitrite coverage may be
somewhat lower as compared to 300 K because of more efficient
conversion to the nitrate. Still, it should be pointed out that both at
300 K and at elevated temperatures, nitrites are the primary prod-
uct, as we have recently shown in a combined IRAS/XPS study [28].
The bands in the region between 1300 and 1500 cm−1 are again
attributed to Ba nitrates. According to the literature (see discus-
sion in Section 3.3), the most straightforward assignment of the
features around 1320 and 1420 cm−1 would be to monodentate
nitrates. However, taking into account the intensity arguments out-
lined above (see also [59]) a somewhat different picture evolves. At
low coverage, the intensities of both components of νas(NO−

3 ) are
similar, pointing toward a mixture of different coordination geome-
tries. At high exposure, the high frequency component dominates,
rather suggesting to preferential formation of bridging nitrates. In
addition, the very high intensity of the nitrate peak in the high
exposure limit suggests that nitrate formation proceeds beyond
the surface, and aggregates of (multilayer) ionic nitrates may be
formed as well. Such ionic Ba nitrates are typically identified by a
characteristic band around 1380 cm−1 [49,57]. In the present case,
the large width of the bands points to a rather poorly defined local
structure, impeding clear identification of corresponding spectral
features. Also, the origin of the emerging band at 1570 cm−1 is
unclear. Bands in this region have been observed on powder NSR
catalysts as well and may involve coordination of nitrates not only
to Ba2+ but also to Al3+ sites [54]; a hypothesis which appears
not unlikely in view of the high surface concentration of Al3+
ions within the BaAl2xO1+3x particles. Finally, different assignments
have been invoked with respect to the weak high frequency feature
at 1770 cm−1 [30]. In principle, one may expect metal nitrosyls to
show bands in this range, and the formation of nitrosyls has in-
deed been observed on related model surfaces [69]. However, the
present peak at 1770 cm−1 clearly follows the intensity behavior
of the nitrate bands and is most probably directly related to this
species. Therefore, we assign this feature to a combination band
of the symmetric NO stretching mode (ν1 or νs(NO−

3 )) and the in-
plane deformation (ν4), which is also observed for the Ba(NO3)2
single crystal [70].

If we now proceed to the reaction at 500 K (see Fig. 8), we
find that even at lowest exposure the bands between 1300 and
1500 cm−1 dominate over the low frequency features around
1240 cm−1. Initially, peaks around 1420 to 1460 cm−1 appear, to-
gether with weaker bands around 1330 and 1250 cm−1. Above
2000 L, two very intense and narrow peaks start to grow at 1422
and 1385 cm−1. In the high coverage limit, these two bands domi-
nate the spectrum together with shoulders at 1330 and 1460 cm−1

and the weak high frequency band at 1770 cm−1.
In accordance with the above discussion we attribute the fea-

ture at 1250 cm−1 to surface nitrites and the bands at 1300 and
1450 cm−1 to the split νas(NO−

3 ) of surface nitrates. In spite of
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Fig. 9. Interaction of NO2 with the BaAl2xO1+3x nanoparticles supported on Al2O3/NiAl(110) at 600 K: (a) IR reflection absorption spectra of the NO stretching frequency
region as a function of NO2 exposure; (b) integral absorption of the most prominent spectral features (gray symbols) and total absorption in the N–O stretching frequency
region (black symbols) as a function of NO2 exposure.
the dominance of the nitrate features, recent combined IRAS/XPS
studies have clearly shown that even at 500 K, surface nitrites
are the initial products of the reaction [28]. However, these ni-
trites are more efficiently converted into nitrates at elevated tem-
perature [28], and the surface nitrates dominate the vibrational
spectrum due to the low sensitivity of the nitrite in the IRAS exper-
iment. It is noteworthy that the nitrite band vanishes completely
at large exposure, indicating facile conversion of nitrites into ni-
trates (compare [28]). The intensity ratio between the two ni-
trate bands suggests the preferential formation of bridging nitrates
(see Section 3.3). The two bands which appear simultaneously at
1422 and 1385 cm−1 are assigned to ionic nitrates. As confirmed
by theory, the reduced splitting between the two components of
νas(NO−

3 ) is a characteristic spectroscopy feature of the ionic ni-
trate species [59]. In general, the splitting is the consequence of
the lifted degeneracy between the two components of νas(NO−

3 ),
which could be caused either by distortion of the C3v symmetry of
the ion or by interaction with the surrounding electrostatic poten-
tial. In the case of a Ba(NO3)2 single crystal, the crystal field leads
to a splitting of νas(NO−

3 ) yielding two IR active components sepa-
rated by 70 cm−1 [70,71]. DFT calculations for adsorption of single
NO−

3 species on BaO clusters yield splittings around 100 cm−1 [59].
The smaller splitting observed in the present study and the fact
that the splitting is independent of the amount of ionic nitrate
formed suggests a relatively weak interaction with the surface and
may indicate that this interaction is of a more local type, e.g. oc-
curs with a single or well defined ensemble of ions. Moreover, the
sharpness of the two ionic nitrate bands suggests the formation of
a phase with an at least locally well-defined structure.

Proceeding to reaction at 600 K (Fig. 9), no features in the range
around 1250 cm−1 are observed anymore. Broad bands around
1320 and 1400 cm−1 appear in the low exposure region, with
the high frequency band becoming very strong and shifting to
1440 cm−1 for large exposures. In addition, very weak features
around 1760 cm−1 are detected.
Considering the reaction behavior of 600 K, we have to keep
in mind that under these conditions we are approaching the de-
composition temperature of Ba nitrates (compare [38,54,56]). The
shoulder at 1320 cm−1 is assigned to the low frequency compo-
nent of the split nitrate mode (see Sections 3.3 and 3.3), whereas
the huge intensity around 1400 cm−1 in the high coverage limit
points toward multilayer formation of ionic nitrates (overlapping
with the νas(NO−

3 ) high frequency component of surface nitrates).
However, the features in the range between 1400 and 1500 cm−1

are very broad and no individual spectral components can be dif-
ferentiated, in sharp contrast to the situation at 500 K. This obser-
vation points to the formation of a less well-defined local structure
of the ionic nitrate layer, in comparison to the reaction at 500 K. It
is noteworthy that the initial formation of nitrites is not observed
anymore. This finding indicates that nitrite species are efficiently
converted to nitrates, either via decomposition under release of NO
and oxidation of surface nitrite to nitrate or via rapid reaction with
NO2 from the gas phase.

4. Conclusion

In summary, we have studied the interaction of NO2 with
Al2O3/NiAl(110) in the temperature region between 100 and 300 K
as well as the interaction of NO2 with BaAl2xO1+3x nanoparticles
supported on Al2O3/NiAl(110) between 100 and 600 K. Morphol-
ogy, growth and chemical composition of the nanoparticles were
previously characterized by STM and HR-PES. In the present study
we focus on larger nanoparticles containing in average approxi-
mately 600 Ba2+ ions per particle.

We have performed systematic measurements of the adsorp-
tion and reaction behavior applying TR-IRAS in combination with
MB dosing. In fully remote-controlled sequences, a broad cover-
age range between approximately 10−1 and 104 L was probed. We
summarize the main observations and conclusions as follows:
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(a) (b)

Fig. 10. Temperature dependence of the reaction of NO2 with the BaAl2xO1+3x nanoparticles on Al2O3/NiAl(110): (a) IR reflection absorption spectra after the maximum
exposure to NO2 applied in this study (approximately 6000 L, see Figs. 6–9); (b) comparison of the total intensity of the bands in the N–O stretching frequency region as a
function of reaction temperature and NO2 exposure.
(1) On Al2O3/NiAl(110) at 100 K, NO2 adsorbs under formation
of the D2h dimer (N2O4), without any indication for other
byproducts. The bands observed can be attributed to the
νs(ONO) and νas(ONO) modes of the dimer with a character-
istic splitting in both regions. It is shown that monolayer and
thin multilayer structures show a characteristic molecular ori-
entation with respect to the surface, whereas this orientation
is lost upon formation of thick multilayer structures.

(2) Upon interaction of NO2 with Al2O3/NiAl(110) at 300 K, there
are no indications for molecularly adsorbed species. The alu-
mina film, however, is not inert with respect to reaction with
NO2. Initially, we observe a slow reaction leading to the for-
mation of surface nitrites, which is followed by formation of
bridging nitrates. At higher exposure, a second bridging nitrate
species is formed at a substantially higher rate. It is suggested
that the increasing rate of nitrate formation is related to a
structural transformation of the surface, induced by the sur-
face reaction itself.

(3) For reaction of NO2 with the BaAl2xO1+3x nanoparticles at
300 K, initial formation of surface nitrites is observed. These
species are preferentially oriented parallel to the surface (ni-
trito or nitro-nitrito). At higher exposure, surface nitrates are
formed at substantially lower rate. There are indications for
the presence of both monodentate and bridging nitrates, with
their relative abundance sensitively depending on coverage.
The rate of nitrate formation accelerates during reaction, sug-
gesting a reaction-induced surface restructuring process. At
300 K, the reaction is restricted to the surface of the BaO par-
ticles and no ionic nitrites or nitrates are detected.

(4) For the reaction of NO2 with the BaAl2xO1+3x nanoparticles at
100 K, a high reaction probability is observed and the initial
product spectrum changes to the simultaneous formation of
both nitrites and nitrates. It is concluded that at low tempera-
ture the reaction proceeds via a cooperative mechanism lead-
ing to the formation of nitrite–nitrate pairs. We suggest that
the highly efficient cooperative mechanism involves molecular
adsorption of NO2, dimerization and disproportionation of the
dimer. At higher temperature, there is no formation of sur-
face dimers and the reaction switches to a non-cooperative
mechanism with the surface nitrite representing the only ini-
tial product. The non-cooperative channel is characterized by
a substantially lower reaction probability.

(5) The interaction of NO2 with the BaAl2xO1+3x nanoparticles
shows very strong temperature dependence in the temper-
ature range between 400 and 600 K. At 400 K and above,
the reaction is not restricted to the particle surface but may
also involve multilayer formation of nitrates. Although the ni-
trite remains the initial product at low exposure, conversion
to the nitrate becomes increasingly more efficient until no
nitrites can be detected anymore for reaction temperatures
around 600 K. The vibrational signature of the nitrates charac-
teristically depends on the reaction temperature. In a narrow
temperature interval around 500 K the reaction leads to the
formation of ionic nitrates in a well defined local arrange-
ment. Structurally less well-defined aggregates are generated
at lower or higher temperature.

The experiments show that several elementary steps involved
in the NOx storage process can be successively probed via model
experiments in an UHV environment. This includes both the initial
stages of nitrite and nitrate formation and the formation of mul-
tilayer nitrates. In particular, the present study provides insights
into the detailed mechanism of nitrate and nitrite formation and
may help to resolve some of the contradictory results which are
presently found in the literature. Due to the large variations in
reaction probability for the different steps, however, the model ex-
periments require a systematic approach and large NO2 exposures.
The current experiments on nanostructured storage materials pro-
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vide a basis for future investigations on the elementary mechanism
and kinetics of reactions on complete NOx model storage catalysts,
containing both Ba-based storage materials and noble metal com-
ponents.
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