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The coadsorption of 0 and NGQ molecules on a well-ordered, ultrathfhAl,Os/NiAI(100) film surface

was studied using temperature programmed desorption (TPD), infrared reflection absorption spectroscopy

(IRAS), and X-ray photoelectron spectroscopy (XPS). Fgdlnd NQ monolayers adsorbed separately on
the 6-Al,04/NiAl(100) surface, adsorption energies were estimated to be 44.8 and 36.6 kJ/mol, respectively.
Coadsorption systems prepared by sequential deposition gBNDHO revealed the existence of coverage
and temperature-dependent adsorption regimes whegterhblecules and the surface NGpecies (N@
N2O4/NO,,NO;~) form segregated and/or mixed domains. Influence of the changes in the crystallinity of
solid water (amorphous vs crystalline) on the coadsorption properties of thAHIO-Al,O5/NiAl(100)
system is also discussed.

1. Introduction phenomena, some of the adsorbed,N&Xxonverted to strongly
) ) bound nitrites and nitrates that are stable on the model catalyst

Interaction between condensed®and NQ layers on solid  gyrface at temperatures as high as 300 and 650 K, respeéfvely.
surfaces has a number of significant implications for various e stability of the NQformed by exposing thé-Al,0; model
technological and environmental applications. Treatment of NO catalyst to NQ increases in the order: NQiphysisorbed or
emissions in automotive emissions using Pt{RAl>0s- or I_Dd/ N,O.) < NO, (chemisorbedx NO,~ < NO3~.28 In metal-oxide
y-Al20s-based three-way catalysts’ NOy abatement of diesel o zeolite based catalytic systems, it is known that adsorbed
engine emissions via PUBapAl Os-based NQistorage reduc- 1,0 can compete with various NGspecies on the catalyst
tion (NSR) catalysts and photochemically induced atmospheric g rface by occupying/transforming available adsorption sites
NOy reactions occurring on solid # surfaces in the strato- and, hence, result in the modification of the catalytic NO
sphere leading to the formation of acid rain and the depletion chemistry33233 Therefore, in this work, we examine the NO
of the ozone layércan be considered as some of the important H.O interactions on a9-Al,Oy/NiAI(100) ultrathin film
examples where interaction of N@nd HO layers plays akey  gyrface at low temperatures using TPD, infrared reflection
role. absorption spectroscopy (IRAS), and X-ray photoelectron

For this purpose, well-defined model catalyst systems serve spectroscopy (XPS) techniques. First we will discuss the basic
as a convenient platform to study N(H,O, and NQ+H>0 aspects of N@and HO adsorptions on thé—Al,Os/NiAl-
layers at low temperatures. A majority of the previous surface (100) model catalyst surface in a comparative fashion based on
science studies on model catalysts were performed on metallicthe results of TPD experiments. Next, the nature of the
surfaces such as Au(11%)? polycrystalline Aut® polycrystal- physisorbed N@multilayers and their surface configuration on
line Cu? polycrystalline Nit2 W(110) 3 Pt(111)!* Pt(100)*° 6-Al,04/NiAI(100) is elucidated in the presence and absence
Sn/Pt(111)}% Rh(111)}-Rh/Pd(111)}7" Ag(111)!¥2® and of H,0 via the IRAS technique. Finally NO+ H,O coadsorp-
Ag(110)2*In contrast to the metallic systems, there exists only tion by sequential deposition of,® and NQ on 6-Al ,04/NiAl-
a limited number of surface science studies focusing on the (100) is studied using TPD and XPS in order to investigate
interaction of adsorbed NO+ HyO layers on metal oxide changes in the adsorption energies, adsorption sites, and
surfaces in the literatu®2® Due to its relevance to NSR  oxidation states of the probe molecules, respectively.
catalysts, we have previously investigategOHand NQ
adsorptions on6-Al,O4/NiAl(100) model catalyst support 2. Experimental Section
surfaced’?® as well as on BaQtAl,0; and Pt/BaO/-Al0s Experiments presented in this work were conducted in an
high surface area catalysts.3! Our previous results indicate  yitrahigh vacuum (UHV) surface analysis chamb@gage= 3
that HO adsorption on thed-Al,0s/NiAl(100) surface is  » 10710 Torr) equipped with XPS, Auger electron spectroscopy
predominantly molecular rather than dissociative. Faio < (AES), a quadruple mass spectrometer (QMS) for TPD, and a
1 ML (ML = monolayer), HO molecules were found t0  rear-view low-energy electron diffraction (LEED) techniques.
populate AF* cation sites to form isolated® species aligned  The main UHV chamber is coupled to a high-pressure IR cell
in a row along the cation sites on the oxide surface with a (Ppase™~ 2 x 107° Torr) through a set of doubly differentially
repulsive interaction between them. Féo > 1 ML, ice pumped sliding seals, which is equipped with ¢afndows.
multilayers were observed to form, which then desorb during The NiAl(100) single crystal used in the experiments (Princeton
temperature programmed desorption (TPD) with zero-order Scientific Corp., 10 mm diameter, 2 mm thick) was polished
kinetics?’ For the NQ/6-Al05/NiAl(100) adsorption system,  on both sides and spot-welded onto a U-shaped Ta wire. A
in addition to reversible molecular N@dsorption/desorption  C-type thermocouple was spot welded to the top edge of the
crystal for temperature measurements. The NiAl(100) crystal
* Corresponding author e-mail: janos.szanyi@pnl.gov. was cleaned by alternating cycles offAion sputtering Voeam
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= 1.5 kV, Ipeam= 1.54A) and high-temperature UHV anneals
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ments reveal that N&° adsorbs predominantly in a molecular

at 1200 K. Cleanliness of the NiAI(100) sample was checked fashion at low temperatures by first occupying surface cationic

with Auger electron spectroscopy (AES) and low energy
electron diffraction (LEED).
Ultrathin 6-Al,0s films on clean NiAI(100) were grown by

sites in the monolayer, resulting in a perturbed first-order
desorption behavior with a temperature desorption maximum
at 144 KO for Ono2 = 1ML (ML monolayer). After the

adopting a procedure that was originally suggested by Ibach completion of the monolayer, formation of physisorbed NO

and co-worker®3>which included saturation of the NiAl(100)
surface with @ at 300 K (total Q exposure= 9000 L; 1L =
1 x 107 Torr.s'1) and annealing of the O-saturated surface at
1200 K in UHV for 30-60 min in order to improve the
crystallanity of the oxide filn$6-38 The quality of thed-Al,O3
films were checked with AES, XPS, and LEED, and typical
film thicknesses were 6 A 2 A.27

TPD experiments were carried out using a differentially
pumped QMS (UTI) by applying-70 V bias voltage on the

multilayers is evident which leads to desorption maxima at 137
K with a typical zero-order desorption characteristics, as
frequently observed for weakly bound multilayer adsorption
states. The results of previous XPS stutfiegvealed that
physisorbed N@multilayers ong-Al,04/NiAl(100) existed in

the form of NQ-dimers (i.e., NO4). Vibrational spectroscopic
evidence for this assignment will be provided in the later section
of the current text. Besides these molecular/sttes, a smaller
quantity (<0.4 ML) of strongly bound NQ surface species

spectrometer shield to constrain the ionizing electrons to the Yielding TPD features within 186650 K is visible as shown
interior of the QMS shield to prevent any possible electron beam in the inset of Figure 1a. Based on the results of our XPS
damage of the sample. All of the TPD data presented in this studies?® these features were assigned to ionic N¥pecies,
study were obtained by ramping the temperature of the crystal namely surface nitrites (N©) and nitrates (N@").

at a constant rate of 2 K/s. To minimize background desorption

TPD data corresponding to,B adsorption on thé-Al 04/

artifacts in the TPD data, a tubular pinhole doser, positioned in NiAl(100) surface, illustrated in Figure 1b, demonstrate that,

close proximity of the sample~2 mm away), was used in the

similar to NG, adsorption, HO adsorbs primarily in a molecular

adsorption experiments, which allowed the background pressurefashion to form, initially, a monolayer (175 K) and, subse-

in the chamber to stay in the 1071 Torr range during the
dosing processes.
Before the introduction of N@©gas to the vacuum chamber,

quently, multilayers (156 K37 Desorption kinetics of KD on
the 6-Al,0O3/NiAI(100) surface shows, also very similarly to
NO,, perturbed first-order kinetics until the completion of the

the gas dosing line and the pinhole doser were passivated byfirst monolayer, whereas the multilayer®l desorption takes
flushing NG, gas through the dosing lines for an extended period Place via zero-order kinetics as commonly observed on various

of time. Passivation of the dosing line was also monitored with
QMS by following the 46 amu signal with respect to the 30
amu signal for a constant flux of NOThe saturation of the 46

solid surface$>*? H,O desorption features appearingTat-
250 K on oxide surfaces are commonly attributed to recombi-
native HO desorption, originating from hydroxyl groups that

amu/30 amu ratio indicated the deactivation of the surfaces usedare formed due to the dissociation of® molecules on oxide
in the dosing lines. This procedure was found to be helpful to Surfaces’? Therefore, the high temperature (250<KT < 600

minimize the decomposition of Nprior to the admittance to
the vacuum chamber.

K) region of the TPD spectra given in the inset of Figure 1b
implies that only about 0.10 ML of ¥ molecules dissociatively

IRAS experiments were performed using a Mattson Research@dsorb orf-Al;04/NiAl(100). Results of our vibrational spec-

Series-1 FTIR spectrometer. For all of the IRAS data given here,

the 1006-4000 cn1? region was scanned for 16 min/spectrum
(3420 scans/spec) with a resolution of 4@mA background

troscopic studies also support the lack of extensiv&O H
dissociation or formation of isolated hydroxyl groups on the
0-Al,03/NiAI(100) surface.

spectrum prior to each experimental series was collected from  The energetics of }0 and NQ adsorption can be discussed

the cleanfd-Al,0s/ NiAl(100) surface at 80 K.

in a comparative manner in the light of the data given in Figure

XPS data were acquired with a dual anode X-ray source and la and b. It is readily seen that considering the nondissociative
multichannel electrostatic hemispherical electron energy analyzer(Or molecular) adsorption states;® adsorption orf-Al.04/

(Omicron, EA-125), using All§ X-rays (hv = 1486.6 eV) and

NiAI(100) is stronger for both monolayer and multilayer states

a 50 eV analyzer pass energy. The X-ray source was orientedthan that of N@. Since both HO and NQ molecules follow

~50° with respect to the sample normal. XPS data were

analyzed by fitting the minimum number of Gaussian peaks aPProximatiorf:*

possible to the experimental spectra. Typical fwhm of 2.45
2.50 eV for N1s features and 2.5@.55 eV for O1s features

were used, and the resulting residual curves had a total integrated

intensity of <3% of the corresponding experimental counter-

parts. Experimental XPS data were calibrated so that the Al2p
metallic feature of the NiAl(100) substrate was centered at 72.6

eV. NGO, and HO used in the experiments were purified by
several freezepump—thaw cycles.

3. Results and Discussion

3.1. TPD Studies on NGQ/#-Al,03/NiAl(100) and H,0/6-
Al,03/NiAI(100). Figure 1a and b present TPD results for O
0-Al,03/NiAI(100) and HO/ 6-Al,04/NiAl(100) adsorption

first-order desorption kinetics f@l20, no2< 1 ML, the Redhead
VT hax

3 —3.64

where AE4eds the desorption energyR is the universal gas
constant,v is the preexponential coefficienflnax is the
desorption maxima fofu20 no2= 1 ML, f is the heating rate

(B = 2 K-s™1), can be employed to estimateEqes values. If

the values for the pre-exponential coefficienty &re assumed

to be on the order of 0 s71 for both HO and NQ, AEges
(H20)g=1mL and AE4edNO2)p=1m1 Can be calculated as 44.8 kJ/
mol 36.6 kJ/mol, respectively. The desorption energy values
clearly show the difference in binding strength betwee®H
and NQ. It indicates that water adsorbs stronger onto the

AEdes: RTmax [In (1)

systems for varying adsorbate surface coverages, respectivelyf-Al,Oz surface than N@ Implications of this difference
A detailed interpretation of these results and the complimentary between the adsorption strengths will be further elaborated in

XPS data are given elsewher@é For the NGQ/6-Al,03/NiAl-
(100) adsorption system (Figure 1a), XBnd TPD experi-

Section 3.3 during the discussion of the (NOH,0)/ 6-Al ,04/
NiAI(100) coadsorption system, where Ménd HO competes
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Figure 1. (a) 30 amu signal of the TPD data for various coverages of N®6O-Al,Os/NiAl(100). Inset gives a detailed view of the high-
temperature region of the 30 amu signal. (b) 18 amu signal of the TPD data for diffef@ntdverages od-Al,Os/NiAl(100). Inset gives a
detailed view of the high-temperature region of the 18 amu signal. (c) TPD data for 12 MkbhRI6—AI,O3/NiAl(100). For each spectrum,
adsorbates are introduced on a cléaAl ,O3/NiAl(100) surface at 80 K.

for the same adsorption sites on the oxide surface. It will be elaborated in Section 3.3 during the discussion of the TPD data
shown that despite the seemingly small difference in desorption for the NG, + H,O coadsorption system @ghAl,03/NiAl(100).
energies AAEges= 8 k/mol), HO dominates by occupying the 3.2. IRAS Studies on NQ/@-Al,03/NiAI(100) and NO,/
majority of the adsorption sites of the alumina surface leading H,0/6-Al,04/NiAl(100). Figure 2 illustrates IRAS results
to segregated three-dimensional N@dmains. obtained for the low-temperature (8246 K) NO, adsorption
TPD data presented in Figure 1c highlights an important on 6-Al,O3/NiAl(100). The series of spectra given in Figure 2
aspect of the thermally induced changes in the crystal structureis obtained by dosing multilayers of N©n the6-Al ,Os/NiAl-
of the HO multilayers on solid surfaces. The TPD spectrum (100) surface at 80 K and, subsequently, annealing the sample
given in Figure 1c corresponds to a®coverage of~12 ML to the given temperatures for a few seconds. After each anneal-
on thed-Al,03/NiAl(100) surface. A readily visible break point  ing step, the sample was cooled back to 80 K for data acqui-
and asymmetry in the low-temperature side of the multilayer sition. The major vibrational features observed upon €po-
H,O desorption feature is evident. This “pre-edge”, appearing sition appear as a very strong band at 1300tand two addi-
around 156 K, has also been observed during the desorption oftional strong bands at 1731 and 1760 énBesides these pro-
thick (=5 ML) H,O multilayers from a variety of solid  minent features, a low frequency shoulder at 1266 tand a
surface$#244 and has been associated with a phase transition less intense feature at 1715 thean be seen in Figure 2. Based
from amorphous solid water (ASW) to crystalline ice (CI). Since on the results of previous Ndsorption studie%,81819222426
ASW — Cl phase transition is an endothermic process, the waterwe assign the 1266 and 1300 cthbands to thevs(NO,) or
desorption rate in this temperature range decreases which ifNO, symmetric stretch of pD, monolayer and multilayers,
visible as a break point in the TPD profile. In other words, the respectively. Likewise, the bands at 1715, 1731, and 17606 cm
difference between the desorption rates of ASW and ClI results are assigned to the N@symmetric stretch;y(NO,), of N,O4
in the observation of a break in the TPD spectra at well-defined monolayer and multilayers. It should be noted that the weak
temperatures for given adsorbate coverages. Previous studfeature at 1266 cri could also be attributed to the presence
ies’424546 gyggested that for certain adsorption systems, the of N,Oz(a) species which may form in the reaction of back-
reactivity and the interaction of 4@ layers with other adsorbed  ground NO with the N@gas. NO3 adsorbed on solid surfaces
molecules may differ depending on the crystallinity of the solid results in IRAS active vibrational bands at 1265 ¢r(v(NOy))
H,O phase (i.e., ASW or Cl). This point will be further and 1900 cm! (¥(NO)).822 However, no bands at1900 cnt?
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Figure 2. IRAS spectra for N@ multilayers on6-Al,Os/NiAl(100)
surface at different temperatures. Initial N€xposure was made at 80

K. After the adsorbate exposure, the sample surface was annealed t
the given temperatures and cooled back to 80 K for data acquisition.

were visible in our experiments, suggesting that the surface

coverage of MOz is below our detection limit.

Further information regarding the orientation of theQy
multilayers on the9—Al,04/NiAl(100) surface can be deduced
by comparing the relative intensities 2§(NO,) (1266-1300
cm 1) andvy(NO,) (1715-1760 cntl) bands, taking advantage
of the fact that, according to the surface selection rules for
infrared radiation reflecting from a conducting solid, only the
vibrational modes having a dynamic dipole moment oriented
perpendicular to the surface are excited by the incident IR
radiation?” The observed intensity ratios for the symmetric to
asymmetric NQ stretches, I{s)/ (I,a), thus reveal that pO,
possessed,, symmetry~’ where the N-N bond is perpen-
dicular to thef-Al,0O3/NiAl(100) surface. This is based on the
fact that the dynamic dipole moment of thgNO,) mode of
Dan-N2O4 is directed parallel to the NN bond while that of
va(NOy) is oriented perpendicular to the-NN bond.

It should also be mentioned that the current vibrational
spectroscopic results indicating the dimerization of,N®©form
multilayer NbO4 layers on thé-Al,04/NiAl(100) surface at low

Ozensoy et al.
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Figure 3. v{(NOy) region of the IRAS spectra for NOmultilayers
deposited on &—Al,O3/NiAl(100) surface which is initially predosed
with multilayers of HO. Insets provide detailed views of thrgNO,)

%ndv(OH) regions. After the adsorbate exposures, the sample surface

was annealed to the given temperatures and cooled back to 80 K for
data acquisition.

modes (30084000 cnt?) of H,O are given as insets. Similar
to the NQ multilayers on the cleaf-Al ,O3/NiAl(100) surface,
vibrational bands at 1267, 1300 chassociated withys(NO,)
modes of NO, and bands at 1717, 1733, and 1763 ém
associated with the,(NOz) modes of NO, multilayers are also
visible for NO,/H,0/6-Al ,03/NiAlI(100) system. In addition to
these features, a readily visible shoulder at 1310w also
observed in the's(NO,) region. As this feature emerges in the
presence of bD layers, it is most likely linked to the XD,
layers that are interacting with the underlyingQH layer
resulting in a slightly different BD,4 orientation with respect to
the isolated MO, layers. Support for a different orientation for
the NO, layers interacting with the underlying.B layers
comes from the differences in the relative intensities ofithe
(NO,) features at 1730 and 1760 chin the presence and
absence of BD. It is apparent that the presence gfHleads
to an increase in the intensity of the 1763 ¢rband with respect
to the intensity of 1733 cmi feature. IRAS data in Figure 3
also imply that, although some part of the;Qy layer is

temperatures are consistent with the results of our previous XPSinteracting and, therefore, being affected by the presence of an

experiment2? suggesting the presence of a nonionigOl
isomer structure. It is known from the literat@f& 5! that N.O,4
can also exist in the form of D-isomers=N—0—NO,, which
can transform into N® NOs™ (nitrosonium nitrate) at higher

underlying BO layer, isolated RO, islands still exist, whose
v4(NO,) bands are located at 1300 thn These observations
are also consistent with the changes in the fwhm oft{idO,)
band in the presence and absence gD K1 cnttin Figure 2

temperatures. The characteristic vibrational bands for D-isomersvs 17 cnt?! in Figure 3), suggesting that the presence g®H

arevg(NO,) at ~1300 cntl, v4(NO,) at ~ 1640 cnt?, andv-
(NO) at~1820 cn1l. Since the bands at 1640 and 1820ém

layers introduces additional adsorption sites/orientations for the
N2O, species resulting in a broadening of theifNO,) bands.

are not observed in our IRAS results, existence of D-isomers The spectrum corresponding to 139 K in Figure 3 suggests that

or nitrosonium nitrate can be excluded.

In line with the TPD data presented in Figure la, Figure 2
shows that N@ multilayers in the form of MO, are weakly
adsorbed on thed-Al,O3/NiAI(100) surface. IRAS signal
originating from the multilayers decreases with increasing

as the NO4 multilayer thickness decreasegNO,) band which
was initially observed at 1300 crh for thicker NbO, layers
shifts to 1288 cm! and approaches the position of the weak
v(NO2) mode at 1266 cmt, indicating that the 1266 cm
feature can be attributed to NtI,O4 molecules with a coverage

surface temperatures and almost completely disappears at caclose to 1 ML.

146 K, during which the strongsNO,) band at 1300 crm*
progressively redshifts to lower frequenchés.

Figure 3 illustrates IRAS results for N@nultilayers deposited
on a thick 10 ML) H,O layer dosed on a cleaft+Al 04/

The lower inset of Figure 3 presents the section of the IRAS
data wherev(OH) modes are detected. A broad and highly
convolutedv(OH) stretching band appears after the deposition
of a thick H,O layer at 80 K lies within 33063400 cn1! and

NiAI(100) substrate. Sections of the vibrational spectra relevant corresponds to fully coordinated.8 molecules via hydrogen

to v4(NO,) modes (16561850 cnt?) of NO,/N,O,4 andv(OH)

bonding in the bulk ASW networ# Influence of the ASW—
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Figure 4. TPD data for NQ adsorption on #-Al,Os/NiAl(100) surface which is initially exposed to submonolayer (0.3 ML) coverages,6f H
(a) 30 amu signal, (b) detailed view of the high-temperature tail of the 30 amu signal, (c) 18 amu signal. All of the adsorbate exposures were
performed at a substrate temperature of 80 K.

Cl phase transition on the(OH) modes of water layers can technique by sequential deposition of these probe molecules on
also be monitored in the IRA spectrum obtained at 156 K, the sample surface using various preparation protocols. In these
revealing a significant ordering in th§ OH) bands at 3300 TPD experiments, relative coverages of each adsorbate, deposi-
3400 cnt! and a red shift of~20 cnT!. An important aspect  tion order, and deposition temperatures were varied. A selection
of the vibrational spectroscopic data given in the lower inset is of the TPD results that are representative of the overall

the minor feature visible at 3672 crh In the literaturé>** such characteristics of the NO+ H,O adsorption system on the
features have been attributed@®H) modes originating from 6-Al,03/NiAI(100) surface is discussed below. During the TPD
uncoordinated OH bonds on the upper surface ot@ kyer, experiments, various possible M@ H,O reaction/desorption

H,O molecules at the periphery or interior of two-dimensional products such as 18 amu £B)), 28 amu (N), 30 amu (NO,
water structures on solid substrates, or dangling OH bonds onNO,, HyNyO,), 31 amu (HNO, KEN,O,), 32 amu (Q), 44 amu
the surface of 2D or 3D D clusters. Data presented in the (N2O), 45 amu (HNO), 46 amu (NQ), 47 amu (HONO), and
current work does not allow us to deduce a conclusive model 63 amu (HNQ) were monitored. In the TPD experiments, the
for the exact surface morphology of the®llayer that is in major desorption products were;®, NO,, and NO. Besides
contact with the N@multilayers at 80 K on th@—Al,O4/NiAl- these major products, smallexM,O, desorption signals were
(100) substrate. Further detailed scanning probe experimentsalso detected similar to those that were reported on/N£D/
or low-temperature<80 K) physisorption studies using weakly ~ Au(111)’ Intensities of these minor signals were 2 orders of
binding probe molecules such ag & Kr would be helpful to magnitude or much smaller than the major desorption products
elucidate this aspect. However, it is worth mentioning that we which were simultaneously detected. Control experiments
have not observed a significant increase in the intensity of the revealed that the quantities of these minority products were not
feature at 3672 cm upon annealing the surface to>T 80 K, reproducible. Therefore, they are attributed to background
implying that the majority of the adsorbed® molecules adsorb  reactions in the QMS during the TPD experiments.
and desorb in a molecular fashion consistent with our previous The influence of the presence of submonolayer amounts of
TPD result€’ From this respect, our results differ from those H,O on NG, adsorption was examined in the series of TPD
which suggest dissociative adsorption o§GHon ALO3/Al- experiments shown in Figure 4. In these experiments various
(111p% and on Mo(110)(1 x 6)-0?% surfaces at > 150 K amounts of N@ (0.2 ML < 6noz < 1.2 ML) were adsorbed on
leading to intense and well-resolvedOH) features at 3720  a H,O/0-Al,03/NiAl(100) surface which was initially predosed
and 3584 cm?, respectively. with 0.3 ML of H,0. In this deposition method, both of the
3.3. TPD Studies on N@/6-Al;03/NiAl(100) and NOy/H O/ adsorbates were introduced onto &h&l,04/NiAl(100) surface
0-Al,03/NiAI(100). The interaction between NGnd HO on at 80 K. As it was described in section 38€? the major NQ
a cleand-Al,04/NiAl(100) substrate is studied via the TPD desorption signal observed was 30 amu, which originated from
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Figure 5. TPD data for various kD coverages (0-31.6 ML) on a#-Al,O3/NiAl(100) surface which is initially exposed to1l ML of NO.. (a)
18 amu signal. (b) 30 amu signal. All of the adsorbate exposures were performed at a surface temperature of 80 K.

NO, (Figure 4a) and other ionic NGpecies (Figure 45f The Figure 4b shows the formation of strongly bound,NPecies

18 amu signal resulting from 4@ desorption is presented in  with a coverage oblnox < 0.25 ML on the HO(0.3 ML)/6-
Figure 4c. Comparison of molecular N@esorption features  Al>O3/NiAl(100) surface. According to the discussion above,
given in Figures 4a and la reveals that the desorption maximaalthough HO blocks some of the surface sites, a large number
in Figure 4a (corresponding to molecular N&dsorption on a  of adsorption sites remain available for l@dsorption where
H,O pre-dosed surface) shifts to slightly lower temperatures ( the formation of strongly bound surface nitrates and nitrites
K) for the given NQ coverages with respect to that of Figure occurs. This argument is also supported by the current XPS
1a (NO adsorption on the clean substrate). Furthermore, by results to be presented in section 3.4. Water desorption signals
comparing the TPD traces corresponding to aN@verage of can also be seen in more detail in Figure 4c. Comparison of

1.2 ML in Figures 1a and 4a, it is evident that in the absence Figures 1b and 4c reveals that féf,0 = 0.3 ML, H0
of H,O, the multilayer NQ feature develops only after the desorption features are shifted to highel K) temperatures

saturation of the first layer, therefore, the monolayer and the N the presence of N(species. Since at ¥ 200 K, NQ, species

multilayer features are easily distinguished in the TPD spectrum. existing'(.)n the surface are in the form of nitrates and njt?ﬁes,
On the other hand, in the presence~di.3 ML of H,0, such a the stabilization of the adsorbed® molecules can be attributed

distinct separation between monolayer and multilayer, NO tod(ljt.?'(;ntel‘rarcr;uolrldv(\gtz |on|ct'NQfspe:[C|es (t)rllégengrfat():e. An d
features is not apparent. This observation suggests that thefdcitional sma esorption teature a IS observe

" in Figure 4c which is not present in Figure 1b. Figure 4a shows
presence of submonolayer (0.3 ML) quantities eOrthanges that this temperature is very close to the Nif@sorption features

the growth mode of N@ layers on thef-Al,O3/NiAl(100) " -
- . . rom the HO(0.3 ML)/6-Al,03/NiAl(100) surface. Therefore,
surface. On a cleaf-Al O/NiAl(100) substrate, increasing NO this feature is tentatively assigned to a small quantity gdH

coverage resembles a layer by layer type of growth, whereas inmolecules that are trapped in the P@atrix. It should be

the presence of submonolayer quantities @OHNOG; layers o ohagized that despite the presence of this small portion of
grow in a form that resembles 3D clusters. These results |nd|cateH20 molecules that are trapped in the Ndatrix, HO and

a competition for the adsorption sites between the B HO molecularNO, domains seem to be mostly segregatedai
molecules ord-Al O4/NiAl(100). Since HO binds stronger o < g 3 ML andfyo, < 1.2 ML where HO adsorbs more strongly
the alumina surface than NOH,O molecules occupy the  on thed-Al,05/NiAI(100) surface and forces NQo form 2D
energetically more favorable adsorption sites and thus makegng 3D clusters.

them gnavailable for N@gdsor.ption. At low NQ@ coverages, The coadsorption of ¥ and NQ on thed-Al,0s thin film

NO. binds to the adsorption sites on theAl O surface that 55 4150 investigated by first exposing the clean surface to NO
are free of HO. However, since these sites are energetically (where the N@ coverage is kept almost constant-at ML),

not as favorable as those present in the absenceOf the and then to varying amounts ob8 (0.3 ML-1.6 ML), both at
NO, desorption temperature shifts to lower values. At higher gg k. 18 and 30 amu channels of these TPD experiments are
NO, coverages, the Nfdesorption feature in Figure 4a is @  gjven in Figure 5. Figure 5a shows that monolayer to multilayer
composite of several origins: NOdirectly bound to the  transitions are observed for the;® layers as in Figure 1b;
available sites on the alumina surface, on top of weakly bound however, compared with the-B adsorption states on a clean
first layer NG, and NQ adsorbed on top of ¥0. The result of  9-Al,04/NiAI(100) surface, additional bD adsorption states
these multiple desorption processes is a broad, poorly resolvedappear, particularly fofy0 = 0.4 ML. Examining thefy.o =
desorption feature. The lower temperature of the molecular NO 0.4 ML signal given in Figure 5a reveals two poorly resolved
desorption maxima observed in the presence i tith respect but distinguishable desorption features at 185 and 206 K. The
to that of the HO-free surface suggests the destabilization of behavior of the lower temperature feature (185 K) resembles
the NG, multilayer by the presence ofB. that observed for O desorption from the cleaitAl ;O3 surface
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Figure 6. TPD data for NQ adsorption on &-Al,O3/NiAl(100) surface which is initially exposed to 10 ML of;B. (a) 30 amu signal where the

inset depicts a detailed view of the high-temperature tail of the 30 amu signal. (b) 18 amu signal. All of the adsorbate exposures were performed
at a surface temperature of 80 K.

at similar coverages (Figure 1b). The higher temperature Next, we investigated the adsorption of N@n af-Al,O4f
desorption feature (206 K), however, appears at a temperatureNiAl(100) surface that is fully covered byJ® molecules. For
which is ~7 K higher than the one observed on the clean this purpose, TPD experiments were carried out by depositing
0-Al,03 surface. Interestingly, this high-temperature feature NO, with varying coverages on @-Al,03/NiAl(100) surface
saturates at water coverages between 0.3 and 0.4 ML, coincidingthat had been dosed with10 ML of H,O at 80 K prior to
with the coverages of ionic NGspecies (N@ and NQ~) on NO; exposure. The results of these experiments are illustrated
the 6-Al,03 surface?® This observation suggests that new, in Figure 6. Figure 6a depicts the 30 amu signal originating
energetically favorable ¥ adsorption sites are created on the from NOc desorption. A detailed view of the high-temperature
0-Al,0; surface after its exposure to NCrherefore, these two section of the 30 amu signal is given in the inset. Zero-order
low-temperature kD desorption features at 206 and 185 K can desorption behavior of NOmultilayers leading to temperature
be assigned to #D adsorbed on alumina sites associated with Maxima at 120, 126, and 129 K with increasihg: is apparent

the presence of ionic NGpecies, and D adsorbed onto N@ in Figure 6a. On these water-cover@d\ ,03 surf_aces, regard-
free alumina sites, respectively. Due to its higher strength of €SS of the N@surface coverage, NGorms 3D islands as the
adsorption relative to molecular NCadsorption, HO may NOz_desorptlon feature resgmbles the TPD trace seen for
replace most of the adsorbed M@olecules on the alumina multilayer NG, on 6-Al,0s. This is due to the weak interaction

surface, and directly interact with the alumina film. After the P2€tWeen N@and the 10 ML-thick HO film.
completion of the first HO layer on various adsorption sites, An important aspect of the NQ@lesorption from the O(10

H,O multilayers are formed, as evident from the desorption ML)/ 6-Al205/NiAl(100) surface can be seen in the inset of
feature at 151 K. Figure 6a. Two sharp and distinctly resolved Ndesorption

There are noticeable changes in the desorption peak ShaloeE(—:‘atures are observed at 149 and 163 K. Note that the intensities

o ) of these two new desorption features are independent of the
of the molecularly adsorbed NGVith increasing HO coverage, NO; coverage. Also, these desorption features were completely

as shown in Figure 5b. At low water coveragégo = 0.3~ absent in TPD spectra when M@esorption was studied at low
0.4 ML), N023 and HO |slands_d|rectly bound to th@-Al205 H,O coverages<2 ML), suggesting that they are closely related
surface coexist; therefore, a high temperature shoulder<130 he presence of a thick.® multilayer on thed-Al 05 surface.

160 K) in the NQ desorption feature is present. Notably, the  gyrthermore, these desorption phenomena, observed in the
desorption temperature of this high-temperature; Ntoulder presence of thick kD overlayers occur only in a very narrow

is very similar to that seen in Figure 4a when a low coverage temperature window which directly overlaps with the ASW

of NO, was adsorbed onte-0.3 ML of HO. As the water Cl phase transition. Therefore, we attribute these two distinct
coverage increases, this higher temperature, N@sorption  NO, desorption features to the evolution of N@ue to this
feature disappears, and atd ML H;O dose, there is only  phase transition of the 4@ layer. A number of different factors
one sharp N@desorption peak at 129 K, which is located at a can be considered to explain the evolution of Nfdring the
lower temperature than that observed for N@ultilayer crystallization of the amorphous soli.® layer. One of these
desorption from a cleafi-Al;O; surface. Note that this low-  arguments is the simple reduction in surface area or loss of
temperature feature (129 K) is the dominantN®@ak even at  porosity of the underlying kO layer due to the ordering of the
Onz20 < 1 ML. Therefore, the 129 K feature is attributed to ASW to form CI. Another possible factor is the changes in the
molecularly adsorbed 3D N@lusters weakly bound to the;8 coordination of the water molecules and the hydrogen bonding
adlayer modifiedd-Al ,03 surface. at the surface and/or inside the ice matrix during the phase
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Figure 7. XPS results for successive@ adsorption on &-Al,0s/NiAl(100) surface which is initially covered with multilayers of NO~3 ML).

(a) N1s signal. (b) O1s signal. (c) intensities of the O1s signals originating from various surface species. All of the adsorbate exposures and data

acquisition were performed at 80 K. EstimategdOHsurface coverages after the givepCHdeposition steps are 0.5ML, 1.0, 2.0, and 3.0 ML.

transformation which may ultimately modify the quantity of the

H>0 and AbOs species are also plotted in Figure 7c¢ for different

NO, molecules that can be solvated/mixed or trapped in/on the HO/NGO, doses. The topmost spectrum in Figure 7a corresponds

H.0 film. Some mixing of NQ and HO layers in the presence
of multilayer water is also suggested by the smalOH
desorption feature at 127 K in Figure 6b. The ASWCI phase

to NO, multilayers deposited on a cleahAl,O3/NiAl(100)
substrate. This spectrum is dominated by a N1s feature at 406.1
eV which is assigned to molecularly adsorbed AQO,

transition can clearly be seen near 152 K during the desorptionspecieg® In addition to this, an additional minor feature is

of NO, and HO from the NGQ/H,0(10ML)/0-Al ,O4/NiAl(100)
system. Changes in the extent of solvation or reactivity £dH

present at 403.9 eV which can be attributed to nitrite spégies.
As H,0 is introduced onto the N&B-Al,03/NiAl(100) surface,

as a function of the water crystal structure have also beenthe molecular N@signal starts to attenuate. This is due to the

previously reported. For example, using TOEIMS and TPD
techniques, Soudarecently reported that the solubility of octane
in amorphous solid water is much higher than that of liquid
water. Along these lines, NMR and X-ray diffraction studies
of Tulk, et al*6 showed that tetrahydrofuran (THF), a water
soluble cyclic ether, is forced out of the amorphous solid water
solution resulting in separated THF and(H phases as a
consequence of the ASW ClI transition. Furthermore, Wang
and Koel showed that for N@H,O coadsorption on a Au(111)
surface, @desorption is only observed in the presence of ASW
but not on CI.

Another important point regarding Figure 6a is the desorption
of the strongly bound N@species appearing within 26@50
K. As was discussed previously in our XPS sté8iyhis broad
desorption feature originates from ionic N€pecies, namely

formation of 3D NQ clusters forming on the water overlayer.
As we have discussed previously,® due to its stronger
affinity for the 6-Al,O3 surface than N@ can readily diffuse
through the N@ multilayer. As the HO/6-Al,O3 interface
develops, the N@multilayer forms 3D islands on top of the
H,0O layer, resulting in a decrease of the N1s signal of these
NO; clusters with increasing # coverage. bD deposition also
leads to the development of a new N1s feature at 408.2 eV
which can be assigned to nitrates. Increasing th@ exposure
results in a slight increase in the intensity of the nitrite species,
whereas the nitrate concentration remains steady (Figure 7a).
Changes in the O1s region of the XP spectra can also provide
additional support for the discussion above. As seen in Figure
7b, the O1s signal for the cle#Al,03/NiAl(100) substrate is
dominated by a feature at 532.5 eV. Introduction of NO

nitrites and nitrates. It is important to emphasize that these multilayers induces a1.0 eV binding energy shift in the Ols

species are formed even in the presence of a 10 ML thigk H
layer, which blocks a great majority (most likely all) of the
available adsorption sites on the alumina surface wherg NO
can directly adsorb. Therefore, these strongly bound $ff@cies
observed on the $#0(10 ML)/6-Al,Os/NiAl(100) surface are
either formed via solvation and diffusion of N@ the ice layer

features of the alumina substr&taend the O1s feature associated
with the NG layers appears at 534.3 eV. A large attenuation
of the substrate O 1s feature upon the deposition of, NO
multilayers is clearly evident in Figure 7c. Introduction of the
first H,O dose results in an intensity drop of the molecularly
adsorbed N@feature (534.3 eV), while that of the substrate

and eventual adsorption on the alumina surface during the TPDalumina film (531.5 eV) stays almost constant. This observation

experiment after the desorption of the thick®Hmultilayer, or
via disproportionation reactions of N@eading to nitrite and

indicates that the N©multilayers start to form 3D clusters as
soon as the first KO dose is introduced. This is even more

nitrate formation on the ice surface and subsequent migrationevident in the XP spectrum collected after the introduction of

of these ionic NQ species to the alumina surface after the
desorption of the KD multilayer.

3.4. XPS Studies on HO/NO,/0-Al,O3/NiAl(100). Figure
7 presents XPS results for ® + NO, coadsorption system
on 6-Al,0O3/NiAI(100) where various coverages ob8 (0120
= 0.5, 1.0, 2.0, 3.5 ML, denoted as steps4lin the figure) are
adsorbed onto NPmultilayers Pno2 ~ 3 ML) at 80 K. Note

the second KD dose. The intensity of the Ols of molecularly
adsorbed N@ decreases significantly, while the peak due to
adsorbed KO increases and the substrate feature again stays
almost constant. The steady intensity of the O1s signal of the
alumina substrate despite the increasing total adsorbate
(H20+NOy) coverage is particularly interesting. This result is
consistent with an interpretation that in the early stages of the

that the coverage values for the XPS data are based on exposured,O deposition, water forms a uniform layer on theAl 03

and not additionally calibrated via TPD. N1s and O1s regions

surface and forces the N@ultilayer to form large 3D clusters.

of the XP spectra are given in Figures 7a and 7b, respectively. Under these conditions, the photoelectron yield from the oxygen

Intensities of the O1s signals originating from different NO

ions in alumina substrate is somewhat higher than that when a
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