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NO, Adsorption on Ultrathin 6-Al,O3 Films: Formation of Nitrite and Nitrate Species
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Interaction of NQ with an orderedf-Al,Os/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., 28) in a NO, storage catalyst is identified. Adsorbed NS
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 NQunder certain catalytic conditions. The stability of the ;N@med by exposing

the 6-Al,0; model catalyst to N@adsorption increases in the order N@hysisorbed or pD;) < NO,
(chemisorbed)< NO,~ < NOs™.

1. Introduction Prior reports focusing on the fundamental aspects of the

Metal oxide surfaces plav a kev role in numerous materials interaction between N and metal oxide surfaces includes
play y studies using MgG,12-14.18Zn0 15 BaO 8.9:16-18.20-25 C09.18,26

engineering processes, in semiconductor and sensor application 9.18 8,10 14 i 11 12 14.19

as well as in heterogeneous catalytic systémse to its high %L% 1 Al20> Ce0,, TiOz ™ Cra0s ™ FaN,0, 1 and
operational versatility and durability, AD; has been widely o . . )

used as catalyst support material for various important hetero- SINC€, & molecular understanding of the interaction 0, NO
geneous catalytic processes such as the selective catalytidNolecules and metal oxides, in particular,®4, is important
reduction (SCR) of N@species originating from the combustion  for the design and improvement of N@torage systems, we

of fossil fuels24 Recently, AbO; surfaces have also been Investigated a model system: NGn ordered-Al,Os ultrathin
proposed to be an effective catalyst support for the after- films, the Iatt_er grown epitaxially on a N|AI(100)_b|metaII|c
treatment of lean-burn-engine emissién&In this technology, ~ Substrate. Using temperature programmed desorption (TPD) and
the environmentally hazardous NEpecies, emitted by the lean- ~ X-ray photoelectron spectroscopy (XPS) data, the formation and
burn engines operated in alternating lean (abundantjrad stability of different NQ species are discussed.

rich (abundant in hydrocarbons, CO, ang) ldonditions, are

trapped and successively reduced to less hazardous N-containin@. Experimental Section

compounds by a BaO and transition metal based BtGrage

system. In these NQstorage traps, NO(g), which constitutes ~ Experiments were performed in an ultrahigh vacuum (UHV)
the major portion of the untreated N@missions, is believed ~ Surface analysis chambePygse~ 3 x 107'° Torr) equipped

to be first oxidized catalytically to Non the transition metal ~ With conventional surface spectroscopic probes, a high-pressure
sites (e.g., Pt or Rh) and then stored by the BaO sites as nitrate$ell for IR experiments, and a Tectra ECR plasma source. The
during the lean cycle. Subsequently, these trapped nitrate specie§liAl(100) single crystal used in the experiments (Princeton
are reduced on the transition metal sites during the rich cycle, Scientific Corp., 10 mm diameter, 2 mm thick) was polished
regenerating the fresh BaO sites for the next catalytic cycle. on both sides and spot-welded onto a U-shaped Ta wire. A

Although BaO is the crucial component in these,N@ps with C-type thermocouple was spot-welded to the top edge of the
a NQ, uptake that is significantly higher than that of the®@{ crystal for temperature measurements. Cleaning of the NiAl-
support, recent studies revealed thai@was not completely ~ (100) crystal was performed by alternating cycles of Aon
inert during NQ adsorptior? sputtering Voeam = 1.5 KV, lpeam = 1.5 ©#A) and high-

NO; is a radical that exhibits a rich chemistry on oxide temperature UHV anneals at 1200 K. The cleanliness of the
surfaces, where it can act as a Lewis acid (electron acceptor)surface was checked with Auger electron spectroscopy (AES)
and/or a Lewis base (electron dondrPepending on the  and low energy electron diffraction (LEED). TPD experiments
morphology and the electronic nature of the oxide surface; NO were performed using a differentially pumped UTI quadrupole
is known to either adsorb molecularly or react to form N, NO, mass spectrometer (QMS) by applyirg0 V bias voltage on
N,O, or NO; specied? 19 It has also been reported that the the spectrometer shield to constrain the ionizing electrons to
relative NQ uptakes of strongly ionic alkaline earth metal oxides the interior of the QMS shield, to prevent any possible electron
are closely related to the strength of the Madelung potential of beam damage on the sample. All of the TPD data presented in
the corresponding crystal$the extent of reducibility/oxidiz- this study were obtained by ramping the temperature of the
ability of the metal oxide surfackand the surface defect crystal at a constant rate of 2 K/s. A tubular pinhole doser,

density1-13 positioned in close proximity of the sample-Z mm away),
was used in the adsorption experiments, which allowed the
* Corresponding author. E-mail: janos.szanyi@pnl.gov. background pressure in the chamber to stay imth6-1° Torr
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range during the dosing processes, to minimize background

NO, TPD from 6-Al,O_/NiAl(100)
desorption artifacts in the TPD data.

Before the introduction of N@gas to the vacuum chamber, ] 127K
the gas dosing line and the pinhole doser were passivated by  0.404
flushing NG, gas through the dosing lines for an extended period __ l ~ 0.015
of time. Passivation of the dosing line was also monitored with § 0'35'_ ﬁ
the QMS by following the 46 amu signal with respect to the 30 & o.30- £
amu signal for a constant flux of NOThe saturation of the 46 € 1 200
amu/30 amu ratio indicated the deactivation of the surfaces usedz °*°] s
in the dosing lines. This procedure was found to be helpful to '@ ] 5 0-005-J l
minimize the decomposition of N(prior to the admittance to & 1 e e
the vacuum chamber. XPS data were acquired with a dual anode= ©-15 kO™ et Y
multichannel electrostatic hemispherical analyzer (Omicron, EA- g 010, AN
125), using an Al Kx X-ray source v = 1486.6 eV) and 50 ¢] ]
eV pass energy. The X-ray source was oriemtesD® with 0.05 - AN
respect to the sample normal. XPS.data were analyz_ed by fitting 0.00.
the minimum number of Gaussian peaks possible to the 100 150 200 250 300

experimental spectra. Typical full width at half-maximum values
of 2.45-2.50 eV for N 1s features and 2.5@.55 eV for O 1s Temperature (K)

features were used, and the resulting residual curves had a totaFLgtUre t- LPD SapeCtr? Sh0¥Ving_the ‘56 amu ]Ebad%esfrpt?r;figgal
integrated intensity of 3% of the corresponding experimental &iA?ITSO "’:n g(rj :‘l s;g: ';’tnsﬁr f\éec‘goﬁ NOS?(S gsares ‘\3,\/2";‘2 e
counterparts. Experlmental XPS dat‘f" were calibrated so thatat a(surf)ace tempera%/ure of 80 K. Th?inZet highlights F;he elevated
the Al 2P metallic feature of the NiAI(100) substrate was temperature region of the TPD curves.

centered at 72.6 eV. N@as used in the experiments was further

purified by several freezepump—-thaw cycles.

Ultrathin 6-Al,O3 films on NiAI(100) were grown by
adopting a procedure that was originally suggested by Ibach
and co-worker&-28which included saturation of the clean NiAl-
(100) surface with @at 300 K (total Q@ exposure= 9000 L;
1L =1x 10° Torr-s™!) and successive oxidation of the
O-saturated surface at 1200 K in UHV for -360 min to
improve the crystallanity of the oxide fil#.-32 The quality of
the 6-Al,03 films was checked with AES, XPS, and LEED.
The typical film thickness was & 2 A.2°

NO, TPD from 6-Al,O_,/NiAl(100)
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3. Results and Discussion

3.1. TPD Studies on NG/#-Al,03/NiAl(100). TPD tech-
nigue was employed to investigate the desorption products that
are observed for N@adsorption on a cleafirAl ,O3/NiAl(100)
surface at 80 K with varying amounts of initial N@xposures.
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Figure 1 presents such a series of TPD curves corresponding tcrigure 2. TPD spectra showing the 30 amu desorption signal obtained

100

increasing coverages of N@n the ordered-Al,Os3 film. The after adsorption of various doses of N@n cleanf-Al,O4/NiAl(100)

most striking characteristic of the TPD spectra given in Figure model catalyst surface. All N&exposures were performed at a surface

1 is that all of the desorption maxima appear at temperaturest‘?mperat“re of 80 K. Note that these series of spectra were obtgined
less than 180 K. This can be more readily seen by examining f]'.mm!t"’meciﬁsw }"”th tthof t46 amu t5|gnal pfese”ftet’ﬁ w;_l;ngure 1. The inset
the inset of Figure 1 emphasizing the TPD data corresponding IgNIIghts the elevated temperature region of the curves.

to T > 180 K. For the lowest dose there is a single desorption amu), NO (44 amu), NO (30 amu), and fragments gf0Nand
maximum at 156 K. The peak value shifts to lower temperatures NO,. Among these signals, only 30 amu yielded desorption
(from 156 to 133 K) with increasing Nfzoverage. With further  features with intensities higher than the background levels
NO; coverage increase, a second desorption maximum is seer(Figure 2). ForT < 180 K, the locations of the 30 amu
which becomes the dominant desorption feature at higher desorption maxima and line shapes are identical to those for
coverages with a peak value of 127 K. It is worth mentioning 46 amu (Figure 1) and the absolute 30 amu intensities are higher.

that the line shapes of the TPD data given in Figure 1 fop NO
adsorption on th&-Al,O3/NiAI(100) surface forT < 200 K
closely resemble those of,® adsorption on the same surface;

density of thed-Al ,O5/NiAl(100) system in our previous stud§.
For the HO/0-Al,O43/NiAI(100) system we found that the
concentration of surface defects on thAl,Os film lies between
0.05 and 0.10 ML (ML= monolayer)?®* A more detailed

It is well-known that NQ 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
the latter was used as a probe molecule to investigate the defecamu signals as well as the similarity between the line shapes
clearly indicate that the desorption features observed fer

180 K in Figure 2 are predominantly due to the fragmentation
of NO, in the QMS (a fraction of the NO desorption signal at
T < 180 K can be associated with some disproportionation
analysis regarding the consequences of the similarity betweenevents that will be discussed in detail in section 3.3).

the NG and HO TPD line shapes will be given in section 3.3.  An important aspect of the 30 amu TPD results is shown in
Besides NQ(i.e., 46 amu) other possible desorption products the inset of Figure 2. Unlike the 46 amu signal given in Figure
were also simultaneously monitored, e.gz,(B2 amu), N (28 1, there is a significant 30 amu signal for> 180 K and the
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Figure 3. Total NO, coverage ond-Al,O4/NiAl(100) surface and
coverage of N@species associated with the high-temperature tail of
TPD curves given in Figure 2, as a function of Ndbsing steps. Note
that dosing steps do not correspond to equal increments in total NO
exposures.

intensity increases with the NQxposure. As neither the 46
amu nor the 44 amu signal is detectedTat- 180 K, the
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Figure 4. XPS data corresponding to evolution of the N 1s region as
a function of NQ exposure on cleaf-Al,0s/NiAl(100) surface at 80

K. Spectrum (0) represents the clean surface, whereas spectrum (8)
corresponds to a NOnultilayer @no, = 2 ML). Note that dosing steps

do not correspond to equal increments in total,N@posures.

desorption above 180 K is assigned to NO(g). Having assignedstrongly bound NQspecies seen in Figure 2 cannot be solely
desorption products, a more quantitative discussion of the datadue to the presence of oxygen vacancies or point defect sites.
shown in Figures 1 and 2 is possible. In these spectra, the For comparison, after NO exposure at 80 K no detectable
desorption maximum between 133 and 156 K is attributed to amounts of NO desorption were observed, under the exposure
the formation and subsequent saturation of the first,NO regime that was studied60 L), indicating that NO is not stable
adsorption layer. The second desorption maximum at 127 K on the 6-Al;Os/NiAl(100) surface at 80 K. We conclude that
for higher NQ exposures is assigned to B@ultilayers. Based 30 amu desorption above 180 K in Figure 2 originates from
on this reasoning, the total integrated peak area below the TPDNO species that are formed from NO

features for the 30 amu signal can be converted to the coverage 3.2. XPS Studies on N@@-Al,O3/NiAl(100). To obtain
values shown in Figure 2. The shift of the desorption maxima detailed understanding of the nature of the ,\#pecies that

to lower temperatures with increasing h€verage in the first are formed upon N@adsorption on thed-Al,0s/NiAl(100)
monolayer can be ascribed to a perturbed first-order desorptionmodel catalyst surface, XPS experiments were performed and
behavior suggesting a repulsive interaction between the NO changes in the N 1s, O 1s, and Al 2p regions of the X-ray
molecules in the first monolayer. This phenomenon is similar photoelectron spectra were followed to monitor the core level

to that observed for $O overlayers on th@-Al,O3/NiAl(100)
system, where O molecules were suggested to occupy cationic
(AI®T) sites that are aligned parallel to the (010) direction on
the 6-Al,O;3 film.2° The behavior of the desorption maxima at
127 K, corresponding to the multilayer N@dsorption states,

is consistent with zero-order desorption also observed @ H
multilayer desorption. Excluding the strongly bound Npecies
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 NQOformed upon NG
adsorption org-Al,03/NiAl(100), binds less strongly than9.
The desorption maxima for the monolayer and multilayer
adsorption states of @ are located at higher temperatures than
that for NG (Th,0,monolayer= 165 K, Tr,0,multilayer = 147 K vs
TNOz,monoIayer: 134 K, TNOZ,muItiIayer = 127 K).

Figure 3 provides quantitative information about the relative
concentration of the strongly bound N€pecies observed as a
high-temperature tail in the TPD spectra given in Figure 2 in
comparison with the total NOconcentration on thé-Al O3/
NiAl(100) surface. Figure 3 shows that, during the initial stages
of NO, adsorption, strongly bound NGstates are the major
contributors to the total N(xoverage, whereas with increasing
NO. exposure their relative contribution settles to about 20%
of the total NQ coverage. It should be noted that the strongly

binding energy shifts of the adsorbates as well agitiié¢,O5/
NiAI(100) substrate. Figure 4 summarizes the XPS results of
the N 1s region corresponding to M@dsorption on the clean
and ordered-Al ;O3 film at 80 K with increasing exposures of
NO,. The bottommost spectrum, (0), is for the clg&al O3/
NiAI(100) surface, where only a small background feature at
~396 eV is visible. Spectra labeled (1(8) are obtained after
increasing the total N@exposure in eight steps to reach a total
NOy coverage offno, = 2 ML as shown in the uppermost
spectrum, (8). Figure 4 reveals that at low N&posures, 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 NQ 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 NQ species, namely surface nitrites (NQ) based

on previously reported results of N@dsorption on various
oxide surface'~16 Concurrently, the higher BE feature centered
at 405.9 eV in Figure 4 can be attributed to N@at is
chemisorbed on the surface in a molecular fashiot? At 80

K, some ionic nitrite species are formed at low N&xposures,
but molecularly chemisorbed NQlominates as the coverage

bound NQ states can reach coverage values of as high as 0.4increases. The multilayer states are probably in the form of NO

ML for a total NO, coverage of 1.9 ML. Considering the results
of previous studie® suggesting a defect concentration of G-05
0.10 ML for the 6-Al,O3/NiAl(100) surface, formation of the

dimers or NO4.1715 The formation of ionic nitrite species
(NO2") on oxide surfaces was investigated in recent computa-
tional studie$:1” These results suggested that on alkaline earth



15980 J. Phys. Chem. B, Vol. 109, No. 33, 2005 Ozensoy et al.

metal oxides N@ is stable but is located 2-8.1 A away from O1s Region for
the surfac¥). Adsorbed NG is stabilized by a strong 1 NO,/6-ALO,/NIAI(100) ﬁ
electrostatic interaction with the oxide. It was proposed that the T= 80K )

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 N@~ on the oxide surfac¥.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 N&ates on the neigh-
boring adsorption sites leads to an additional stabilization of ———e e ————
the adsorbate overlayer with respect to adsorption of the same ~ 548 546 544 542 540 538 536 534 532 530 528
species on isolated surface sité¢PS results presented in Figure Binding Energy (eV)

4 also clearly show the lack of a 46@02 eV feature that can  Figure 5. XPS data of the O 1s region as a function of N@posure
be attributed to a NO species, consistent with the instability of on cleand-Al,O4/NiAl(100) surface at 80 K. Spectrum (0) represents

these species on th@-Al,O4/NiAl(100) surface within the clean surface, whereas spectrum (8) corresponds te anhiBlayer
80—750 K (6no, = 2 ML). Relative changes in the BE values and the integrated

] ) N XPS peak areas for different species are also given in the insets. Note
Besides the two features mentioned above, an additional that dosing steps do not correspond to equal increments in total NO

artifact with a relatively high BE (ca. 411 eV) is also observed exposures.

in Figure 4 which becomes more visible particularly in spectra

(7) and (8). This feature seems to be closely related to the Figure 5 shows the evolution of the O 1s region of the X-ray
multilayer states of N@on 0-Al,03/NiAl(100) and disappears  photoelectron spectra which is obtained simultaneously with the
at lower NQ surface coverages, indicating the possibility that Series of spectra given in Figure 4. Changes in the BE of the
it might be a satellite associated with the molecular/multilayer substrate and adsorbate O 1s levels as well as the changes in
NO,. Such a high BE NQfeature was also observed in a the integrated XPS intensities as a function of dosing steps are
previous work where N@adsorption on ZnO(000HZn and also plotted in the upper and lower insets, respectively. The
polycrystalline ZnO films was investigatédl;however, no ~ bottommost spectrum, (0), in Figure 5 represents an asymmetric
assignment was given. It can be argued that the high BE feature© 1S signal resulting from the cle@rAl O4/NiAl(100) substrate

in Figure 4 is associated with a thick multilayer state consisting Whose peak position is located at 532.6 ¥V Spectrum (1)

of a nitrosonium-nitrate ionic pair (NONOs~)3* where the in Figure 4 indicates that, immediately after the introduction of
N 1s feature originating from the nitrate ion of the ionic pairis & Small dose of N& on the 6-Al,O4/NiAl(100) surface,
further blue shifted in BE due to its close interaction with the formation of ionic NQ species (i.e., N&) is observed.
countercation (NO). Unfortunately, a NO-like feature in the ~ SPECtrum (1) in Figure 5 suggests that formation of these ionic
398-402 eV BE region cannot be seen in the spectra given in species has an observable influence on the O 1s levels of the
Figure 4, suggesting that a nitrosonitimitrate ionic pair may 0-Al20; substrate resultl_ng Ina red shifte0.8 eVin the_major .
not be responsible for the observed high BE feature. Another D fegture, |m_ply|ng astrong (_electrostatlc Interaction
alternative assignment for this feature can be @Nsomer between the nitrite species and the oxide surface. It can be
which differs in its intramolecular bonding from that of theQy readily seen in Figure 5 that further increase in the, Biposure
state observed at 405.9 eV becaus©Ncan exist in either does not have a significant effect on the substrate O 1s levels
OON-NOO or OON—bNO configurations. Therefore, ad- except for a slight attenuation of their intensities. This is

ditional vibrational " . q tational effort consistent with the observation that at higher N&posures
iuonal vibrational Spectroscopic and computational eforts are molecularly chemisorbed NGstates dominate the N@opula-

re_ql_Jlre(;I for a complete accou_nt of this h'_gh BE N 1s fegture tion on the surface which interacts covalently with the surface
originating from NQ adsorption on various metal oxide 5§ not electrostatically. The additional O 1s feature that starts
surfaces. to develop with increasing NOexposure can be readily
An important observation that can be deduced by a closer attributed to the nitrite and chemisorbed molecular;¥@tes.
investigation of the XPS data presented in Figure 4 is that the These O 1s signals in the XPS yield a broad feature located at
formation of surface N@ species, whose characteristic BE is a BE of 534.6 eV.
known to be within 407-408.5 eV, is not observed upon NO The effect of the surface temperature on the,N@sorption
adsorption org-Al;04/NiAl(100) model catalyst surface at 80  on 9-Al,04/NiAI(100) was examined using XPS. The results,
K regardless of the N@exposure. This is an interesting gjven in Figure 6, correspond to an M@wltilayer Ono, = 2
observation as the nitrates (NQ have been proposed to be ML) that is adsorbed on a cleahAl ,Os/NiAl(100) surface at
highly stable NQ species that are formed upon hl@dsorption 80 K. After the initial deposition of a NEmultilayer, the surface
on a number of metal oxide surfaces including MgO(001), CaO- was flashed up to the given temperatures, and cooled back to
(001), SrO(001), and BaO(001)TiO2(110)1! polycrystalline 80 K before the XPS data were acquired. Changes in the relative
CeQ films,* Fe,03 powderst* CuO powders? ZnO powders? BE values as well as the integrated XPS areas were also plotted
andy-Al 03 powders®!Lack of the formation of nitrate species  in the insets in Figure 6. The uppermost spectrum of Figure 6
at 80 K implies a thermal activation barrier for the formation corresponding to 80 K yields a typical XPS spectrum for NO
of NOs~ on 6-Al,03/NiAI(100). multilayer on#-Al,03/NiAl(100). Increasing the surface tem-
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Figure 7. XPS data of the O 1s region after adsorption of a;,NO

Figure 6. XPS data of the N 1s region after adsorption of a,NO multilayer @no, = 2 ML) at 80 K on6-Al,05/NiAl(100) and subsequent

multilayer @no, = 2 ML) at 80 K on6-Al,O4/NiAl(100) and subsequent  annealing. Relative changes in the BE values and the integrated XPS
annealing. Relative changes in the BE values and the integrated XPSpeak areas for different species are also given in the insets.

peak areas for different species are also given in the insets.

perature to 100 K results in some Bl@esorption from the oxide | 407.7
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 (N©+ N»O,) 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 NGtates 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 N@ature located at 407.0 | ec'ialno Ni
" ; : : - ALLO,-NiAI(100)
eV. Based on the BE position of this feature, it can be assigned T=300K WV“W/‘VMN‘\NV“’\\/W
to a nitrate (N@") species! 15 At higher temperatures such .
as 125 K, conversion of molecular N@tates into ionic N@Q 420 418 416 414 412 410 408 406 404 402 400
species continues and the intensity of the nitrate signal continues Binding Energy (eV)
to increase. At 145 K little of the molecular NGspecies  Figure 8. Ex situ XPS results obtained after exposing cléahl .05/
remains; surface nitrites and nitrates dominate. Furthermore, byNiAl(100) model catalyst surface to N@ressure of 1.5 Torr at 300
comparing the relative intensities of different ionic species, it K and subsequent evacuation at the same temperature.
can be seen that the surface concentration of the nitrates starts
to exceed that of the nitrites. With a further increase in the NOy species observed upon high-pressure; d®posure and
surface temperature to 300 K, the total Nf@verage drops and  evacuation at 300 K.
only NO;~ species remain. At 400 K, nitrate coverage attenuates, Figure 9 focuses on the effect of the N@dsorption states
and at 750 K all of the NQspecies are removed, consistent on the Al 2p levels of thé@-Al,O3/NiAl(100) system at various
with the TPD data given in Figures 1 and 2. temperatures. The series of spectra given in Figure 9 corresponds
As expected, changes in the core level shifts of the O 1s to a multilayer of NQ adsorbed on the alumina film as in the
region upon annealing (Figure 7) are reversed compared tocase of Figures 47. The uppermost spectrum in Figure 9
adsorption (Figure 5). A broad and an intense O 1s feature represents the cleaAl,Os film obtained after desorbing all
originating from the molecular N£and NO4 and ionic NG~ the NQ species from the surface. The spectrum acquired at
states is located at 534.5 eV (80 K). The peak shifts to 533.3 400 K shows that even the presence of a small concentration
eV at low coverages, where the surface is dominated by ionic of ionic NO, species on the surface (in this casedNGstrongly
nitrate speciesl{= 300 K). After complete desorption of NO influences the AY* and AR+ 2p core levels of the oxide
(750 K), the O 1s signal returns to 532.2 eV. which is reflected in the-0.6 eV red shift of the A" and
High-pressure ex situ N£Cadsorption experiments were also  AIGX* 2p peak maximum. The strong influence of the ionic
performed on th@-Al,0O3/NiAl(100) model catalyst surface to  NOx species on the cationic core levels continues to be visible
mimic a more realistic catalytic environment and investigate until 145 K. The effect of the increasing surface Nverage
the stability of the NQ species formed on the model catalyst (mostly due to molecularly chemisorbed BGtates) only
surface under elevated temperature and pressure conditionsattenuates the intensity of the3Aland AR+ 2p signal without
Figure 8 compares N 1s XPS results before and after exposinga further significant chemical shift. Molecular N@oes not
a6-Al,0Osfilm to 1.5 Torr of NO, at 300 K (total NQ exposure alter the Al 28 metallic core levels of the NiAI(100) substrate.
of 4.5 x 10° L and subsequent evacuation at 300 K). Consistent The behavior of the Al 2p region of the X-ray photoelectron
with the above UHV results, nitrates (NQ are the only stable  spectra for various doses of N@t 80 K (not shown) exhibited

4.5x10°LNO, on
06— AI203-NiAI(100)
and evacuation at
T=300K

XPS Intensity (a.u.)
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Figure 9. XPS data of the Al 2p region after multilayefiNo, = 2

ML) adsorption of a N@at 80 K onf-Al,Oz/NiAl(100) and subsequent

annealing.
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Figure 10. XPS data of the Al 2p region after adsorption of aCH
multilayer @u,o ~ 1.5 ML) at 80 K on 6-Al,O4/NiAlI(100) and
subsequent annealing.

- . . K
general trends similar to those of Figure 9 except nitrites rather

than nitrates were observed in N 1s XPS.

Ozensoy et al.

in the first monolayer N@ occupies cationic (Al sites.
Considering thef-Al,03 film structure?’-28 NO, probably
adsorbs in a bridging geometry such that the O atoms of NO
are directed toward two neighboring cation sites. Such an
orientation in which NQ@ 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
NO, adsorption on Tig(110) surfacé! 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
NO; molecules aligned along the cation réWwsf the oxide
surface.

The relative stability of the NQspecies that are formed upon
NO, adsorption on thé@-Al,03/NiAl(100) model catalyst surface
can also be discussed using the data given in Figurés XPS
and TPD data reveal that multilayer MQ.e., molecular N@
and probably MO,) is stable up to ca. 125 K. Chemisorbed
NO; 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 Ng@ formation is not limited by kinetics,
relative stabilities of the NQspecies existing on th@-Al O3/
NiAI(100) surface can be ranked in the order of increasing
stability as follows: NQ(physisorbed or BD;) < NO,
(chemisorbed)x NO,~ < NOs™.

Figures 4 and 6 imply that nitrites can easily form on the
0-Al,03/NiAI(100) surface even at 80 K and are stable up to
300 K. A recent computational stulfysuggests that electron-
transfer events from an alkaline earth metal oxide to,NO
molecules are significantly facilitated on the steps and corners
of the oxide surface. It is known from scanning tunneling
microscopy (STM) studié8-32 that -Al,03/NiAl(100) films
exhibit a stepped morphology. These steps and corners likely
facilitate electron transfer from the oxide to N@nd are
responsible for nitrite formation at temperatures as low as 80

The formation of nitrates is also an interesting point to discuss
in detail. Although nitrates as noted above are the most stable

For comparison, Figure 10 presents XPS results of analogousNoX species on th@-Al,Oy/NiAI(100) surface, they are not

experiments using D, which is known to adsorb exclusively
in a molecular fashioA®3® Due to the lack of a strong
electrostatic interaction between the@ overlayer and the
alumina surface, At and AR+ 2p signal of the oxide film
is barely affected upon # adsorption, although molecular
adsorption modes of ¥ have stronger binding on ttteAl O3/
NiAI(100) surface in the mono- and multilayer states with
respect to that of N®

3.3. Chemistry of NG, on 6-Al,03/NiAl(100). The interac-
tion of NO, with the 6-Al,03/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 N@®the
monolayer and the subsequent multilayersTat 115 K is
mostly molecular without a significant contribution from either

dissociative adsorption or disproportionation. XPS data reveal

the presence of molecular NGtates and nitrites at 80 K (Figure
3), while the formation of NO(ads) or NO(ads) states was
not observed. In addition, considering the similarity of the TPD
line shapes corresponding to M@dsorption with respect to
that of HO adsorption on the alumina film, where®l was
suggested to occupy Al cation sites? it can be argued that

observed af < 115 K. It should be noted that, far< 115 K,

a covalent interaction between the N atom of the adsorbegd NO
molecules with the anionic (D) sites of the surface leading to
a NG;~-like species as shown in the following reaction

NO,(g) + O(lattice)— NO,(ads) ()
is not evident in the XPS results (Figures 4 and 6). Evidently,
NOs~ 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 N@Qg) to yield NO(g) and surface O(ads)
followed by the reaction between O(ads) and X as given
in reactions 2 and 3:

NO,(9) — NO(g) + O(ads) )
®)

Because reaction 2 in this mechanistic pathway is an endother-
mic process (N@g) — NO(g) + O(g), AH = 73 kcal/mot4),

NO,(g) + O(ads)— NO,(ads)
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NO; dissociation followed by the reaction of resulting atomic defects and extended defects of the oxide surface by the O atoms
O and surface N@is consistent with the formation of nitrates and O diffusion to the subsurface).

atT > 115 K but not at 80 K. The adsorption and reaction of N@n the 6-Al,04/NiAl-
Similar observations regarding the temperature dependence(100) model catalyst surface (Figures 5, 7, and 9) clearly
of nitrate formation was recently reported for pl@dsorption influences the core levels of tifeAl ,O3 film but not the Al 2p

on a TiG(110) surfac& where, despite their high stability, features associated with the NiAl(100) bimetallic substrate. The
nitrates were not observed at low temperatures. The experimentamost interesting aspect of the adsorbate induced core level shifts
data and computational resdfisuggested that nitrate formation  of the oxide film given in Figure 9 (as well as the Al 2p region

involved a disproportionation mechanism: of the XPS results obtained for N@dsorption experiments at
various coverages at 80 K that are not shown here) appears at
2NO,(ads)— NOy(ads)+ NO(9) (4) low total NO, coverages (750180 K). It is apparent that under

these coverage conditiongnp, < 0.5 ML), NO states are
This mechanism is also consistent with the current XPS results dominated by strongly bound ionic species, and+Aand
shown in Figure 6 which indicate that chemisorbedN@d AlB@+ 2p features of the oxide film exhibit a red shift in BE
ionic nitrite states precede the formation of surface nitrates. whose magnitude increases with increasing coverage. Upon
It should also be noted that both of these thermally activated saturation of the ionic NQspecies the surface starts to be
mechanistic pathways for nitrate formation may not be solely populated by less strongly bound molecular Nates, and the
limited to the cationic sites on the terraces of the oxide surface, red shift in the A¥ and A%+ 2p oxide features also
but are likely to occur on the oxygen vacancies as well. The stabilizes. The BE shifts associated with thé*Asites of the
concentration of these point defects is within 6-0510 ML 233 oxide film are accompanied by similar BE shifts in the O 1s
well below the maximum coverage of ionic NGpecies (0.4  |evels of the anion sites of the oxide film as seen in Figures 5
ML in Figure 3). Thus, the total concentration of point defects and 7. These BE shifts induced by ionic N€pecies in the Al
is not high enough to account for all of the nitrate formation, 2p and O 1s regions are similar in direction (i.e., a red shift) as
and the nitrate formation events should be occurring on point well as magnitude AEge < 0.8 eV). Adsorbate induced BE
defects as well as on regular terrace cationic site$*jAanad/ shifts that are consistent with the observations presented in the
or extended defecfs. current work have also been reported in Nedlsorption on a
TPD results shown in Figures 1 and 2 illustrate that the TiO(110) surfacé! where a BE shift of-0.5 eV was observed
strongly bound ionic nitrate and nitrite species desorb to yield for the O 1s levels of the oxide surface and were attributed to
NO(g) between 180 and 650 K. In addition, as was mentioned adsorbate induced band benditg®41Our results indicate that
earlier, the 32 amu signal (monitored simultaneously with the the magnitude of the induced BE shifts is related to the nature
30 and 46 amu signals in the TPD) was completely absent. Thisand/or the strength of the bonding between the adsorbate and
suggests that during desorption/decomposition of nitrate andthe oxide surface. This is demonstrated in Figure 10, where the
nitrite species, @was not formed as would be expected from interaction of weakly bound probe molecule,(®) and the
reactions 2, 5, and 6: 6-Al,05/NiAI(100) surface does not significantly alter the3Al
and A+ 2p binding energy of the oxide features.
NO,(ads)— NO,(ads)+ O(ads) (5)
4. Conclusions
O(ads)+ O(ads)— O,(Q) (6)
In this paper, TPD and XPS techniques were employed to
Several mechanisms may determine the fate of the O atomsinvestigate the fundamental aspects of the interaction between
formed via reactions 2 and 5. Some O atoms are likely to diffuse NO2 and a 6-Al03/NiAl(100) model catalyst surface. Our
on the surface to fill O vacancies (point defects). In a similar findings can be summarized as follows:
way, some O atoms may also decorate extended defect sites (@) The main conclusion of the current report is that alumina
such as step& and atomic oxygen can also diffuse into the supportis not completely inertin N@torage systems and may
subsurface region or into tiAl,05/NiAl(100) interface. An stabilize some NQspecies under certain catalytic conditions.
alternative possibility based on a recent computational dtudy The origin of the NQuptake of the catalyst support (i.e. .8%)
suggested that NQadsorption on Ti@110) can result in the  in NOx storage materials should be associated with the conver-
diffusion of oxygen vacancies from the bulk/subsurface region sion of adsorbed N©o nitrates and nitrites that are stable on
to the oxide surface. In the current study, we also performed alumina at temperatures as high as 650 K.
LEED experiments to investigate the degree of surface order (b) At 80 K the formation of only molecularly chemisorbed
after NG adsorption and subsequent desorption from the NO; states and nitrite species was observed.
0-Al,03/NiAI(100) surface. The results of these experiments  (c) Temperature-dependent experiments reveal thak, -at
indicated that, although the primary and half-order spots 180 K, nitrate formation can also occur on #hé\l ;05 surface
corresponding to &-Al,O3 structure were still clearly visible  in addition to NQ~ and chemisorbed NO Relative stability
after the adsorption/desorption experiments, LEED images of of the NQ, species observed on theAl ,O; model catalyst upon
the alumina films obtained after the adsorption/desorption NO, adsorption can be ranked with increasing stability ag NO
experiments consisted of relatively diffuse diffraction spots, (physisorbed or BDs) < NO, (chemisorbedx NO,~ < NOs3™.
suggesting some loss of long-range ordering. These postreaction
LEED experiments are consistent with a surface roughening and/ Acknowledgment. We gratefully acknowledge the US
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