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Interaction of NO2 with an orderedθ-Al 2O3/NiAl(100) model catalyst surface was investigated using
temperature programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). The origin of the
NOx uptake of the catalytic support (i.e., Al2O3) in a NOx storage catalyst is identified. Adsorbed NO2 is
converted to strongly bound nitrites and nitrates that are stable on the model catalyst surface at temperatures
as high as 300 and 650 K, respectively. The results show that alumina is not completely inert and may
stabilize some form of NOx under certain catalytic conditions. The stability of the NOx formed by exposing
the θ-Al 2O3 model catalyst to NO2 adsorption increases in the order NO2 (physisorbed or N2O4) < NO2

(chemisorbed)< NO2
- < NO3

-.

1. Introduction

Metal oxide surfaces play a key role in numerous materials
engineering processes, in semiconductor and sensor applications,
as well as in heterogeneous catalytic systems.1 Due to its high
operational versatility and durability, Al2O3 has been widely
used as catalyst support material for various important hetero-
geneous catalytic processes such as the selective catalytic
reduction (SCR) of NOx species originating from the combustion
of fossil fuels.2-4 Recently, Al2O3 surfaces have also been
proposed to be an effective catalyst support for the after-
treatment of lean-burn-engine emissions.5-7 In this technology,
the environmentally hazardous NOx species, emitted by the lean-
burn engines operated in alternating lean (abundant in O2) and
rich (abundant in hydrocarbons, CO, and H2) conditions, are
trapped and successively reduced to less hazardous N-containing
compounds by a BaO and transition metal based NOx storage
system. In these NOx storage traps, NO(g), which constitutes
the major portion of the untreated NOx emissions, is believed
to be first oxidized catalytically to NO2 on the transition metal
sites (e.g., Pt or Rh) and then stored by the BaO sites as nitrates
during the lean cycle. Subsequently, these trapped nitrate species
are reduced on the transition metal sites during the rich cycle,
regenerating the fresh BaO sites for the next catalytic cycle.
Although BaO is the crucial component in these NOx traps with
a NOx uptake that is significantly higher than that of the Al2O3

support, recent studies revealed that Al2O3 was not completely
inert during NOx adsorption.8

NO2 is a radical that exhibits a rich chemistry on oxide
surfaces, where it can act as a Lewis acid (electron acceptor)
and/or a Lewis base (electron donor).9 Depending on the
morphology and the electronic nature of the oxide surface, NO2

is known to either adsorb molecularly or react to form N, NO,
N2O, or NO3 species.10-19 It has also been reported that the
relative NOx uptakes of strongly ionic alkaline earth metal oxides
are closely related to the strength of the Madelung potential of
the corresponding crystals,17 the extent of reducibility/oxidiz-
ability of the metal oxide surface,9 and the surface defect
density.11-13

Prior reports focusing on the fundamental aspects of the
interaction between NO2 and metal oxide surfaces includes
studies using MgO,9,12-14,18ZnO,15 BaO,8,9,16-18,20-25 CaO,9,18,26

SrO,9,18 Al2O3,8,10 CeO2,14 TiO2,11 Cr2O3,12 FexNyOz,14,19 and
CuO.14

Since, a molecular understanding of the interaction of NO2

molecules and metal oxides, in particular Al2O3, is important
for the design and improvement of NOx storage systems, we
investigated a model system: NO2 on orderedθ-Al2O3 ultrathin
films, the latter grown epitaxially on a NiAl(100) bimetallic
substrate. Using temperature programmed desorption (TPD) and
X-ray photoelectron spectroscopy (XPS) data, the formation and
stability of different NOx species are discussed.

2. Experimental Section

Experiments were performed in an ultrahigh vacuum (UHV)
surface analysis chamber (Pbase∼ 3 × 10-10 Torr) equipped
with conventional surface spectroscopic probes, a high-pressure
cell for IR experiments, and a Tectra ECR plasma source. The
NiAl(100) single crystal used in the experiments (Princeton
Scientific Corp., 10 mm diameter, 2 mm thick) was polished
on both sides and spot-welded onto a U-shaped Ta wire. A
C-type thermocouple was spot-welded to the top edge of the
crystal for temperature measurements. Cleaning of the NiAl-
(100) crystal was performed by alternating cycles of Ar+ ion
sputtering (Vbeam ) 1.5 kV, Ibeam ) 1.5 µA) and high-
temperature UHV anneals at 1200 K. The cleanliness of the
surface was checked with Auger electron spectroscopy (AES)
and low energy electron diffraction (LEED). TPD experiments
were performed using a differentially pumped UTI quadrupole
mass spectrometer (QMS) by applying-70 V bias voltage on
the spectrometer shield to constrain the ionizing electrons to
the interior of the QMS shield, to prevent 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
crystal at a constant rate of 2 K/s. A tubular pinhole doser,
positioned in close proximity of the sample (∼2 mm away),
was used in the adsorption experiments, which allowed the
background pressure in the chamber to stay in the∼10-10 Torr* Corresponding author. E-mail: janos.szanyi@pnl.gov.
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range during the dosing processes, to minimize background
desorption artifacts in the TPD data.

Before the introduction of NO2 gas to the vacuum chamber,
the gas dosing line and the pinhole doser were passivated by
flushing NO2 gas through the dosing lines for an extended period
of time. Passivation of the dosing line was also monitored with
the 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
amu/30 amu ratio indicated the deactivation of the surfaces used
in the dosing lines. This procedure was found to be helpful to
minimize the decomposition of NO2 prior to the admittance to
the vacuum chamber. XPS data were acquired with a dual anode,
multichannel electrostatic hemispherical analyzer (Omicron, EA-
125), using an Al KR 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. XPS data were analyzed by fitting
the minimum number of Gaussian peaks possible to the
experimental spectra. Typical full width at half-maximum values
of 2.45-2.50 eV for N 1s features and 2.50-2.55 eV for O 1s
features were used, and the resulting residual curves had a total
integrated intensity ofe3% of the corresponding experimental
counterparts. Experimental XPS data were calibrated so that
the Al 2p0 metallic feature of the NiAl(100) substrate was
centered at 72.6 eV. NO2 gas used in the experiments was further
purified by several freeze-pump-thaw cycles.

Ultrathin θ-Al2O3 films on NiAl(100) were grown by
adopting a procedure that was originally suggested by Ibach
and co-workers27,28which included saturation of the clean NiAl-
(100) surface with O2 at 300 K (total O2 exposure) 9000 L;
1 L ) 1 × 10-6 Torr‚s-1) and successive oxidation of the
O-saturated surface at 1200 K in UHV for 30-60 min to
improve the crystallanity of the oxide film.29-32 The quality of
the θ-Al2O3 films was checked with AES, XPS, and LEED.29

The typical film thickness was 6( 2 Å.29

3. Results and Discussion

3.1. TPD Studies on NO2/θ-Al2O3/NiAl(100). TPD tech-
nique was employed to investigate the desorption products that
are observed for NO2 adsorption on a cleanθ-Al2O3/NiAl(100)
surface at 80 K with varying amounts of initial NO2 exposures.
Figure 1 presents such a series of TPD curves corresponding to
increasing coverages of NO2 on the orderedθ-Al2O3 film. The
most striking characteristic of the TPD spectra given in Figure
1 is that all of the desorption maxima appear at temperatures
less than 180 K. This can be more readily seen by examining
the inset of Figure 1 emphasizing the TPD data corresponding
to T > 180 K. For the lowest dose there is a single desorption
maximum at 156 K. The peak value shifts to lower temperatures
(from 156 to 133 K) with increasing NO2 coverage. With further
NO2 coverage increase, a second desorption maximum is seen
which becomes the dominant desorption feature at higher
coverages with a peak value of 127 K. It is worth mentioning
that the line shapes of the TPD data given in Figure 1 for NO2

adsorption on theθ-Al2O3/NiAl(100) surface forT < 200 K
closely resemble those of H2O adsorption on the same surface;
the latter was used as a probe molecule to investigate the defect
density of theθ-Al2O3/NiAl(100) system in our previous study.29

For the H2O/θ-Al2O3/NiAl(100) system we found that the
concentration of surface defects on theθ-Al2O3 film lies between
0.05 and 0.10 ML (ML) monolayer).33 A more detailed
analysis regarding the consequences of the similarity between
the NO2 and H2O TPD line shapes will be given in section 3.3.

Besides NO2 (i.e., 46 amu) other possible desorption products
were also simultaneously monitored, e.g., O2 (32 amu), N2 (28

amu), N2O (44 amu), NO (30 amu), and fragments of N2O and
NO2. Among these signals, only 30 amu yielded desorption
features with intensities higher than the background levels
(Figure 2). ForT < 180 K, the locations of the 30 amu
desorption maxima and line shapes are identical to those for
46 amu (Figure 1) and the absolute 30 amu intensities are higher.
It is well-known that NO2 fragments into lower mass compo-
nents during its ionization in the QMS, and 30 amu (NO) is
dominant. Therefore, the relative intensities of the 46 and 30
amu signals as well as the similarity between the line shapes
clearly indicate that the desorption features observed forT <
180 K in Figure 2 are predominantly due to the fragmentation
of NO2 in the QMS (a fraction of the NO desorption signal at
T < 180 K can be associated with some disproportionation
events that will be discussed in detail in section 3.3).

An important aspect of the 30 amu TPD results is shown in
the inset of Figure 2. Unlike the 46 amu signal given in Figure
1, there is a significant 30 amu signal forT > 180 K and the

Figure 1. TPD spectra showing the 46 amu (NO2) desorption signal
obtained after adsorption of various doses of NO2 on cleanθ-Al 2O3/
NiAl(100) model catalyst surface. All NO2 exposures were performed
at a surface temperature of 80 K. The inset highlights the elevated
temperature region of the TPD curves.

Figure 2. TPD spectra showing the 30 amu desorption signal obtained
after adsorption of various doses of NO2 on cleanθ-Al 2O3/NiAl(100)
model catalyst surface. All NO2 exposures were performed at a surface
temperature of 80 K. Note that these series of spectra were obtained
simultaneously with the 46 amu signal presented in Figure 1. The inset
highlights the elevated temperature region of the TPD curves.
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intensity increases with the NO2 exposure. As neither the 46
amu nor the 44 amu signal is detected atT > 180 K, the
desorption above 180 K is assigned to NO(g). Having assigned
desorption products, a more quantitative discussion of the data
shown in Figures 1 and 2 is possible. In these spectra, the
desorption maximum between 133 and 156 K is attributed to
the formation and subsequent saturation of the first NO2

adsorption layer. The second desorption maximum at 127 K
for higher NO2 exposures is assigned to NO2 multilayers. Based
on this reasoning, the total integrated peak area below the TPD
features for the 30 amu signal can be converted to the coverage
values shown in Figure 2. The shift of the desorption maxima
to lower temperatures with increasing NO2 coverage in the first
monolayer can be ascribed to a perturbed first-order desorption
behavior suggesting a repulsive interaction between the NO2

molecules in the first monolayer. This phenomenon is similar
to that observed for H2O overlayers on theθ-Al2O3/NiAl(100)
system, where H2O molecules were suggested to occupy cationic
(Al3+) sites that are aligned parallel to the (010) direction on
the θ-Al2O3 film.29 The behavior of the desorption maxima at
127 K, corresponding to the multilayer NO2 adsorption states,
is consistent with zero-order desorption also observed for H2O
multilayer desorption. Excluding the strongly bound NOx species
observed as a high-temperature tail in Figure 2 and by only
focusing on the global maxima in the TPD curves, it can be
argued that the majority of the NOx, formed upon NO2
adsorption onθ-Al2O3/NiAl(100), binds less strongly than H2O.
The desorption maxima for the monolayer and multilayer
adsorption states of H2O are located at higher temperatures than
that for NO2 (TH2O,monolayer) 165 K, TH2O,multilayer ) 147 K vs
TNO2,monolayer) 134 K, TNO2,multilayer ) 127 K).

Figure 3 provides quantitative information about the relative
concentration of the strongly bound NOx species observed as a
high-temperature tail in the TPD spectra given in Figure 2 in
comparison with the total NOx concentration on theθ-Al2O3/
NiAl(100) surface. Figure 3 shows that, during the initial stages
of NO2 adsorption, strongly bound NOx states are the major
contributors to the total NOx coverage, whereas with increasing
NO2 exposure their relative contribution settles to about 20%
of the total NOx coverage. It should be noted that the strongly
bound NOx states can reach coverage values of as high as 0.4
ML for a total NOx coverage of 1.9 ML. Considering the results
of previous studies,29 suggesting a defect concentration of 0.05-
0.10 ML for theθ-Al2O3/NiAl(100) surface, formation of the

strongly bound NOx species seen in Figure 2 cannot be solely
due to the presence of oxygen vacancies or point defect sites.

For comparison, after NO exposure at 80 K no detectable
amounts of NO desorption were observed, under the exposure
regime that was studied (e50 L), indicating that NO is not stable
on theθ-Al2O3/NiAl(100) surface at 80 K. We conclude that
30 amu desorption above 180 K in Figure 2 originates from
NO species that are formed from NO2.

3.2. XPS Studies on NO2/θ-Al2O3/NiAl(100). To obtain
detailed understanding of the nature of the NOx species that
are formed upon NO2 adsorption on theθ-Al2O3/NiAl(100)
model catalyst surface, XPS experiments were performed and
changes in the N 1s, O 1s, and Al 2p regions of the X-ray
photoelectron spectra were followed to monitor the core level
binding energy shifts of the adsorbates as well as theθ-Al2O3/
NiAl(100) substrate. Figure 4 summarizes the XPS results of
the N 1s region corresponding to NO2 adsorption on the clean
and orderedθ-Al2O3 film at 80 K with increasing exposures of
NO2. The bottommost spectrum, (0), is for the cleanθ-Al2O3/
NiAl(100) surface, where only a small background feature at
∼396 eV is visible. Spectra labeled (1)-(8) are obtained after
increasing the total NO2 exposure in eight steps to reach a total
NOx coverage ofθNOx g 2 ML as shown in the uppermost
spectrum, (8). Figure 4 reveals that at low NO2 exposures, e.g.,
in spectrum (1), there is a low binding energy (BE) feature
centered at 403.2 eV and a smaller intensity feature at 405.9
eV. As the NO2 exposure is increased, the intensity of the 403.2
eV feature quickly saturates, while the intensity of the 405.9
eV feature continues to grow. Relative intensities of these two
features after each dosing step are plotted in the inset of Figure
4. The low BE feature (403.2 eV) in Figure 4 can be assigned
to an ionic NOx species, namely surface nitrites (NO2

-), based
on previously reported results of NOx adsorption on various
oxide surfaces.11-16 Concurrently, the higher BE feature centered
at 405.9 eV in Figure 4 can be attributed to NO2 that is
chemisorbed on the surface in a molecular fashion.11-15 At 80
K, some ionic nitrite species are formed at low NO2 exposures,
but molecularly chemisorbed NO2 dominates as the coverage
increases. The multilayer states are probably in the form of NO2

dimers or N2O4.11-15 The formation of ionic nitrite species
(NO2

-) on oxide surfaces was investigated in recent computa-
tional studies.9,17 These results suggested that on alkaline earth

Figure 3. Total NOx coverage onθ-Al 2O3/NiAl(100) surface and
coverage of NOx species associated with the high-temperature tail of
TPD curves given in Figure 2, as a function of NO2 dosing steps. Note
that dosing steps do not correspond to equal increments in total NO2

exposures.

Figure 4. XPS data corresponding to evolution of the N 1s region as
a function of NO2 exposure on cleanθ-Al 2O3/NiAl(100) surface at 80
K. Spectrum (0) represents the clean surface, whereas spectrum (8)
corresponds to a NO2 multilayer (θNO2 g 2 ML). Note that dosing steps
do not correspond to equal increments in total NO2 exposures.
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metal oxides NO2- is stable but is located 2.8-3.1 Å away from
the surface17). Adsorbed NO2- is stabilized by a strong
electrostatic interaction with the oxide. It was proposed that the
large separation of the nitrite states interacting electrostatically
with the surface yields a loss of the directionality of the nitrite-
surface bond as the covalent character of the bond disappears.
This, in turn, may bring about a high mobility and an enhanced
diffusion capacity for NO2- on the oxide surface.17 This finding
is particularly important as the enhanced mobility of the nitrite
species on oxide surfaces can improve the reactivity of these
species where they can act as precursors for further surface
reactions. Furthermore, coexistence of molecular and ionic
species at 80 K also deserves attention because it has been
proposed that cooperative adsorption of ionic (nitrate or nitrite)
species with chemisorbed molecular NO2 states on the neigh-
boring adsorption sites leads to an additional stabilization of
the adsorbate overlayer with respect to adsorption of the same
species on isolated surface sites.9 XPS results presented in Figure
4 also clearly show the lack of a 400-402 eV feature that can
be attributed to a NO species, consistent with the instability of
these species on theθ-Al 2O3/NiAl(100) surface within
80-750 K.

Besides the two features mentioned above, an additional
artifact with a relatively high BE (ca. 411 eV) is also observed
in Figure 4 which becomes more visible particularly in spectra
(7) and (8). This feature seems to be closely related to the
multilayer states of NO2 on θ-Al2O3/NiAl(100) and disappears
at lower NO2 surface coverages, indicating the possibility that
it might be a satellite associated with the molecular/multilayer
NO2. Such a high BE NOx feature was also observed in a
previous work where NO2 adsorption on ZnO(0001)-Zn and
polycrystalline ZnO films was investigated;15 however, no
assignment was given. It can be argued that the high BE feature
in Figure 4 is associated with a thick multilayer state consisting
of a nitrosonium-nitrate ionic pair (NO+NO3

-)34 where the
N 1s feature originating from the nitrate ion of the ionic pair is
further blue shifted in BE due to its close interaction with the
countercation (NO+). Unfortunately, a NO+-like feature in the
398-402 eV BE region cannot be seen in the spectra given in
Figure 4, suggesting that a nitrosonium-nitrate ionic pair may
not be responsible for the observed high BE feature. Another
alternative assignment for this feature can be a N2O4 isomer
which differs in its intramolecular bonding from that of the N2O4

state observed at 405.9 eV because N2O4 can exist in either
OON-NOO or OON-ONO configurations. Therefore, ad-
ditional vibrational spectroscopic and computational efforts are
required for a complete account of this high BE N 1s feature
originating from NO2 adsorption on various metal oxide
surfaces.

An important observation that can be deduced by a closer
investigation of the XPS data presented in Figure 4 is that the
formation of surface NO3- species, whose characteristic BE is
known to be within 407-408.5 eV, is not observed upon NO2

adsorption onθ-Al2O3/NiAl(100) model catalyst surface at 80
K regardless of the NO2 exposure. This is an interesting
observation as the nitrates (NO3

-) have been proposed to be
highly stable NOx species that are formed upon NO2 adsorption
on a number of metal oxide surfaces including MgO(001), CaO-
(001), SrO(001), and BaO(001),9 TiO2(110),11 polycrystalline
CeO2 films,14 Fe2O3 powders,14 CuO powders,14 ZnO powders,14

andγ-Al2O3 powders.8,10Lack of the formation of nitrate species
at 80 K implies a thermal activation barrier for the formation
of NO3

- on θ-Al2O3/NiAl(100).

Figure 5 shows the evolution of the O 1s region of the X-ray
photoelectron spectra which is obtained simultaneously with the
series of spectra given in Figure 4. Changes in the BE of the
substrate and adsorbate O 1s levels as well as the changes in
the integrated XPS intensities as a function of dosing steps are
also plotted in the upper and lower insets, respectively. The
bottommost spectrum, (0), in Figure 5 represents an asymmetric
O 1s signal resulting from the cleanθ-Al2O3/NiAl(100) substrate
whose peak position is located at 532.6 eV.32,35 Spectrum (1)
in Figure 4 indicates that, immediately after the introduction of
a small dose of NO2 on the θ-Al2O3/NiAl(100) surface,
formation of ionic NOx species (i.e., NO2-) is observed.
Spectrum (1) in Figure 5 suggests that formation of these ionic
species has an observable influence on the O 1s levels of the
θ-Al2O3 substrate resulting in a red shift of-0.8 eV in the major
substrate O 1s feature, implying a strong electrostatic interaction
between the nitrite species and the oxide surface. It can be
readily seen in Figure 5 that further increase in the NO2 exposure
does not have a significant effect on the substrate O 1s levels
except for a slight attenuation of their intensities. This is
consistent with the observation that at higher NO2 exposures
molecularly chemisorbed NO2 states dominate the NOx popula-
tion on the surface which interacts covalently with the surface
and not electrostatically. The additional O 1s feature that starts
to develop with increasing NO2 exposure can be readily
attributed to the nitrite and chemisorbed molecular NO2 states.
These O 1s signals in the XPS yield a broad feature located at
a BE of 534.6 eV.

The effect of the surface temperature on the NO2 adsorption
on θ-Al2O3/NiAl(100) was examined using XPS. The results,
given in Figure 6, correspond to an NO2 multilayer (θNO2 g 2
ML) that is adsorbed on a cleanθ-Al2O3/NiAl(100) surface at
80 K. After the initial deposition of a NO2 multilayer, the surface
was flashed up to the given temperatures, and cooled back to
80 K before the XPS data were acquired. Changes in the relative
BE values as well as the integrated XPS areas were also plotted
in the insets in Figure 6. The uppermost spectrum of Figure 6
corresponding to 80 K yields a typical XPS spectrum for a NO2

multilayer onθ-Al2O3/NiAl(100). Increasing the surface tem-

Figure 5. XPS data of the O 1s region as a function of NO2 exposure
on cleanθ-Al 2O3/NiAl(100) surface at 80 K. Spectrum (0) represents
the clean surface, whereas spectrum (8) corresponds to a NO2 multilayer
(θNO2 g 2 ML). Relative changes in the BE values and the integrated
XPS peak areas for different species are also given in the insets. Note
that dosing steps do not correspond to equal increments in total NO2

exposures.
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perature to 100 K results in some NO2 desorption from the oxide
surface as anticipated from the TPD data given in Figures 1
and 2. This is also evident from the significant decrease in the
intensity of the molecular (NO2 + N2O4) signal in the XPS data
obtained at 100 K. Furthermore, a slight increase in the intensity
of the nitrite signal is visible. At 115 K, a further increase in
the nitrite concentration is accompanied by a decrease in the
surface population of molecular NO2 states where the concentra-
tion of the nitrites reaches its maximum value. The most
important aspect of the X-ray photoelectron spectrum at 115 K
is the appearance of an additional NOx feature located at 407.0
eV. Based on the BE position of this feature, it can be assigned
to a nitrate (NO3

-) species.11-15 At higher temperatures such
as 125 K, conversion of molecular NO2 states into ionic NOx
species continues and the intensity of the nitrate signal continues
to increase. At 145 K little of the molecular NO2 species
remains; surface nitrites and nitrates dominate. Furthermore, by
comparing the relative intensities of different ionic species, it
can be seen that the surface concentration of the nitrates starts
to exceed that of the nitrites. With a further increase in the
surface temperature to 300 K, the total NOx coverage drops and
only NO3

- species remain. At 400 K, nitrate coverage attenuates,
and at 750 K all of the NOx species are removed, consistent
with the TPD data given in Figures 1 and 2.

As expected, changes in the core level shifts of the O 1s
region upon annealing (Figure 7) are reversed compared to
adsorption (Figure 5). A broad and an intense O 1s feature
originating from the molecular NO2 and N2O4 and ionic NO2

-

states is located at 534.5 eV (80 K). The peak shifts to 533.3
eV at low coverages, where the surface is dominated by ionic
nitrate species (T g 300 K). After complete desorption of NOx
(750 K), the O 1s signal returns to 532.2 eV.

High-pressure ex situ NO2 adsorption experiments were also
performed on theθ-Al2O3/NiAl(100) model catalyst surface to
mimic a more realistic catalytic environment and investigate
the stability of the NOx species formed on the model catalyst
surface under elevated temperature and pressure conditions.
Figure 8 compares N 1s XPS results before and after exposing
aθ-Al2O3 film to 1.5 Torr of NO2 at 300 K (total NO2 exposure
of 4.5× 108 L and subsequent evacuation at 300 K). Consistent
with the above UHV results, nitrates (NO3

-) are the only stable

NOx species observed upon high-pressure NO2 exposure and
evacuation at 300 K.

Figure 9 focuses on the effect of the NOx adsorption states
on the Al 2p levels of theθ-Al2O3/NiAl(100) system at various
temperatures. The series of spectra given in Figure 9 corresponds
to a multilayer of NO2 adsorbed on the alumina film as in the
case of Figures 4-7. The uppermost spectrum in Figure 9
represents the cleanθ-Al2O3 film obtained after desorbing all
the NOx species from the surface. The spectrum acquired at
400 K shows that even the presence of a small concentration
of ionic NOx species on the surface (in this case NO3

-) strongly
influences the Al3+ and Al(3-x)+ 2p core levels of the oxide
which is reflected in the-0.6 eV red shift of the Al3+ and
Al (3-x)+ 2p peak maximum. The strong influence of the ionic
NOx species on the cationic core levels continues to be visible
until 145 K. The effect of the increasing surface NOx coverage
(mostly due to molecularly chemisorbed NO2 states) only
attenuates the intensity of the Al3+ and Al(3-x)+ 2p signal without
a further significant chemical shift. Molecular NO2 does not
alter the Al 2p0 metallic core levels of the NiAl(100) substrate.
The behavior of the Al 2p region of the X-ray photoelectron
spectra for various doses of NO2 at 80 K (not shown) exhibited

Figure 6. XPS data of the N 1s region after adsorption of a NO2

multilayer (θNO2 g 2 ML) at 80 K onθ-Al2O3/NiAl(100) and subsequent
annealing. Relative changes in the BE values and the integrated XPS
peak areas for different species are also given in the insets.

Figure 7. XPS data of the O 1s region after adsorption of a NO2

multilayer (θNO2 g 2 ML) at 80 K onθ-Al2O3/NiAl(100) and subsequent
annealing. Relative changes in the BE values and the integrated XPS
peak areas for different species are also given in the insets.

Figure 8. Ex situ XPS results obtained after exposing cleanθ-Al 2O3/
NiAl(100) model catalyst surface to NO2 pressure of 1.5 Torr at 300
K and subsequent evacuation at the same temperature.
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general trends similar to those of Figure 9 except nitrites rather
than nitrates were observed in N 1s XPS.

For comparison, Figure 10 presents XPS results of analogous
experiments using H2O, which is known to adsorb exclusively
in a molecular fashion.29,33 Due to the lack of a strong
electrostatic interaction between the H2O overlayer and the
alumina surface, Al3+ and Al(3-x)+ 2p signal of the oxide film
is barely affected upon H2O adsorption, although molecular
adsorption modes of H2O have stronger binding on theθ-Al2O3/
NiAl(100) surface in the mono- and multilayer states with
respect to that of NO2.

3.3. Chemistry of NO2 on θ-Al2O3/NiAl(100). The interac-
tion of NO2 with theθ-Al2O3/NiAl(100) model catalyst surface
can be analyzed in more detail in the light of the TPD and XPS
results presented in the previous sections.

TPD and XPS results confirm that adsorption of NO2 in the
monolayer and the subsequent multilayers atT < 115 K is
mostly molecular without a significant contribution from either
dissociative adsorption or disproportionation. XPS data reveal
the presence of molecular NO2 states and nitrites at 80 K (Figure
3), while the formation of NO(ads) or NO3-(ads) states was
not observed. In addition, considering the similarity of the TPD
line shapes corresponding to NO2 adsorption with respect to
that of H2O adsorption on the alumina film, where H2O was
suggested to occupy Al3+ cation sites,29 it can be argued that

in the first monolayer NO2 occupies cationic (Al3+) sites.
Considering theθ-Al2O3 film structure,27,28 NO2 probably
adsorbs in a bridging geometry such that the O atoms of NO2

are directed toward two neighboring cation sites. Such an
orientation in which NO2 binds to two cation sites through its
O atoms, rather than sitting on an anion site in a monodentate
fashion, was proposed to be energetically more favorable for
NO2 adsorption on TiO2(110) surface.11 This proposed orienta-
tion is consistent with a repulsive interaction, that leads to a
perturbed first order desorption kinetics in the monolayer regime
(TPD data of Figures 1 and 2). The repulsion arises between
NO2 molecules aligned along the cation rows29 of the oxide
surface.

The relative stability of the NOx species that are formed upon
NO2 adsorption on theθ-Al2O3/NiAl(100) model catalyst surface
can also be discussed using the data given in Figures 1-8. XPS
and TPD data reveal that multilayer NO2 (i.e., molecular NO2
and probably N2O4) is stable up to ca. 125 K. Chemisorbed
NO2 in the monolayer is still stable up to 145 K, while ionic
species, i.e., nitrites and nitrates, are significantly more stable.
They are readily detectable by XPS (Figure 6) at temperatures
as high as 300 and 400 K, respectively. TPD data (Figure 2)
also suggest that complete desorption of the stable ionic species
requires a surface temperature of 650 K. Therefore, under the
conditions where NO3- formation is not limited by kinetics,
relative stabilities of the NOx species existing on theθ-Al2O3/
NiAl(100) surface can be ranked in the order of increasing
stability as follows: NO2(physisorbed or N2O4) < NO2

(chemisorbed)< NO2
- < NO3

-.
Figures 4 and 6 imply that nitrites can easily form on the

θ-Al2O3/NiAl(100) surface even at 80 K and are stable up to
300 K. A recent computational study17 suggests that electron-
transfer events from an alkaline earth metal oxide to NO2

molecules are significantly facilitated on the steps and corners
of the oxide surface. It is known from scanning tunneling
microscopy (STM) studies30-32 that θ-Al2O3/NiAl(100) films
exhibit a stepped morphology. These steps and corners likely
facilitate electron transfer from the oxide to NO2 and are
responsible for nitrite formation at temperatures as low as 80
K.

The formation of nitrates is also an interesting point to discuss
in detail. Although nitrates as noted above are the most stable
NOx species on theθ-Al2O3/NiAl(100) surface, they are not
observed atT < 115 K. It should be noted that, forT < 115 K,
a covalent interaction between the N atom of the adsorbed NO2

molecules with the anionic (O2-) sites of the surface leading to
a NO3

--like species as shown in the following reaction

is not evident in the XPS results (Figures 4 and 6). Evidently,
NO3

- formation requires thermal activation.
Various mechanistic pathways for the nitrate formation that

include a thermally activated bond scission process can be
considered. One possible mechanism for the formation of nitrates
is dissociation of NO2(g) to yield NO(g) and surface O(ads)
followed by the reaction between O(ads) and NO2(g) as given
in reactions 2 and 3:

Because reaction 2 in this mechanistic pathway is an endother-
mic process (NO2(g) f NO(g) + O(g), ∆H ) 73 kcal/mol14),

Figure 9. XPS data of the Al 2p region after multilayer (θNO2 g 2
ML) adsorption of a NO2 at 80 K onθ-Al2O3/NiAl(100) and subsequent
annealing.

Figure 10. XPS data of the Al 2p region after adsorption of a H2O
multilayer (θH2O ∼ 1.5 ML) at 80 K on θ-Al 2O3/NiAl(100) and
subsequent annealing.

NO2(g) + O(lattice)f NO3(ads) (1)

NO2(g) f NO(g) + O(ads) (2)

NO2(g) + O(ads)f NO3(ads) (3)
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NO2 dissociation followed by the reaction of resulting atomic
O and surface NO2 is consistent with the formation of nitrates
at T > 115 K but not at 80 K.

Similar observations regarding the temperature dependence
of nitrate formation was recently reported for NO2 adsorption
on a TiO2(110) surface11 where, despite their high stability,
nitrates were not observed at low temperatures. The experimental
data and computational results11 suggested that nitrate formation
involved a disproportionation mechanism:

This mechanism is also consistent with the current XPS results
shown in Figure 6 which indicate that chemisorbed NO2 and
ionic nitrite states precede the formation of surface nitrates.

It should also be noted that both of these thermally activated
mechanistic pathways for nitrate formation may not be solely
limited to the cationic sites on the terraces of the oxide surface,
but are likely to occur on the oxygen vacancies as well. The
concentration of these point defects is within 0.05-0.10 ML,29,33

well below the maximum coverage of ionic NOx species (0.4
ML in Figure 3). Thus, the total concentration of point defects
is not high enough to account for all of the nitrate formation,
and the nitrate formation events should be occurring on point
defects as well as on regular terrace cationic sites (Al3+), and/
or extended defects.33

TPD results shown in Figures 1 and 2 illustrate that the
strongly bound ionic nitrate and nitrite species desorb to yield
NO(g) between 180 and 650 K. In addition, as was mentioned
earlier, the 32 amu signal (monitored simultaneously with the
30 and 46 amu signals in the TPD) was completely absent. This
suggests that during desorption/decomposition of nitrate and
nitrite species, O2 was not formed as would be expected from
reactions 2, 5, and 6:

Several mechanisms may determine the fate of the O atoms
formed via reactions 2 and 5. Some O atoms are likely to diffuse
on the surface to fill O vacancies (point defects). In a similar
way, some O atoms may also decorate extended defect sites
such as steps38 and atomic oxygen can also diffuse into the
subsurface region or into theθ-Al2O3/NiAl(100) interface. An
alternative possibility based on a recent computational study11

suggested that NO2 adsorption on TiO2(110) can result in the
diffusion of oxygen vacancies from the bulk/subsurface region
to the oxide surface. In the current study, we also performed
LEED experiments to investigate the degree of surface order
after NO2 adsorption and subsequent desorption from the
θ-Al2O3/NiAl(100) surface. The results of these experiments
indicated that, although the primary and half-order spots
corresponding to aθ-Al2O3 structure were still clearly visible
after the adsorption/desorption experiments, LEED images of
the alumina films obtained after the adsorption/desorption
experiments consisted of relatively diffuse diffraction spots,
suggesting some loss of long-range ordering. These postreaction
LEED experiments are consistent with a surface roughening and/
or partial reconstruction of the alumina surface structure.39,32

Taken together, the results suggest that O atoms produced upon
decomposition of ionic NOx species on theθ-Al2O3/NiAl(100)
surface do not desorb from the surface via a recombinative
coupling process (reaction 6); rather they lead to structural
transformations in the film morphology (decoration of point

defects and extended defects of the oxide surface by the O atoms
and O diffusion to the subsurface).

The adsorption and reaction of NO2 on theθ-Al2O3/NiAl-
(100) model catalyst surface (Figures 5, 7, and 9) clearly
influences the core levels of theθ-Al2O3 film but not the Al 2p
features associated with the NiAl(100) bimetallic substrate. The
most interesting aspect of the adsorbate induced core level shifts
of the oxide film given in Figure 9 (as well as the Al 2p region
of the XPS results obtained for NO2 adsorption experiments at
various coverages at 80 K that are not shown here) appears at
low total NOx coverages (750-180 K). It is apparent that under
these coverage conditions (θNOx < 0.5 ML), NOx states are
dominated by strongly bound ionic species, and Al3+ and
Al (3-x)+ 2p features of the oxide film exhibit a red shift in BE
whose magnitude increases with increasing coverage. Upon
saturation of the ionic NOx species the surface starts to be
populated by less strongly bound molecular NO2 states, and the
red shift in the Al3+ and Al(3-x)+ 2p oxide features also
stabilizes. The BE shifts associated with the Al3+ sites of the
oxide film are accompanied by similar BE shifts in the O 1s
levels of the anion sites of the oxide film as seen in Figures 5
and 7. These BE shifts induced by ionic NOx species in the Al
2p and O 1s regions are similar in direction (i.e., a red shift) as
well as magnitude (∆EBE e 0.8 eV). Adsorbate induced BE
shifts that are consistent with the observations presented in the
current work have also been reported in NO2 adsorption on a
TiO2(110) surface,11 where a BE shift of-0.5 eV was observed
for the O 1s levels of the oxide surface and were attributed to
adsorbate induced band bending.11,40,41Our results indicate that
the magnitude of the induced BE shifts is related to the nature
and/or the strength of the bonding between the adsorbate and
the oxide surface. This is demonstrated in Figure 10, where the
interaction of weakly bound probe molecule (H2O) and the
θ-Al2O3/NiAl(100) surface does not significantly alter the Al3+

and Al(3-x)+ 2p binding energy of the oxide features.

4. Conclusions

In this paper, TPD and XPS techniques were employed to
investigate the fundamental aspects of the interaction between
NO2 and a θ-Al2O3/NiAl(100) model catalyst surface. Our
findings can be summarized as follows:

(a) The main conclusion of the current report is that alumina
support is not completely inert in NOx storage systems and may
stabilize some NOx species under certain catalytic conditions.
The origin of the NOx uptake of the catalyst support (i.e., Al2O3)
in NOx storage materials should be associated with the conver-
sion of adsorbed NO2 to nitrates and nitrites that are stable on
alumina at temperatures as high as 650 K.

(b) At 80 K the formation of only molecularly chemisorbed
NO2 states and nitrite species was observed.

(c) Temperature-dependent experiments reveal that, atT >
180 K, nitrate formation can also occur on theθ-Al2O3 surface
in addition to NO2

- and chemisorbed NO2. Relative stability
of the NOx species observed on theθ-Al2O3 model catalyst upon
NO2 adsorption can be ranked with increasing stability as NO2

(physisorbed or N2O4) < NO2 (chemisorbed)< NO2
- < NO3

-.
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