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Abstract
p
p
Adsorption of nitrogen dioxide (NO2 ) on a ( 3  3)R30 Sn/Pt(1 1 1) surface alloy has been investigated using
temperature programmed desorption (TPD), Auger electron spectroscopy (AES), high-resolution electron energy loss
spectroscopy (HREELS), and low energy electron diﬀraction (LEED). At 120 K, NO2 is adsorbed molecularly as the
N,N-bonded dimer, N2 O4 , interacting with the surface through a single oxygen atom in an upright but tilted geometry.
However, no N2 O4 or NO2 desorbs molecularly from the monolayer state. The dimer completely dissociates at 300 K,
leaving coadsorbed NO2 , NO, and O on the surface. Adsorbed NO2 further dissociates to coadsorbed NO and O at
300–400 K. The maximum oxygen atom coverage obtained by heating the N2 O4 monolayer was about hO ¼ 0:4 ML,
but this can be increased to hO ¼ 1:1 ML by NO2 dosing on the alloy surface at 600 K to remove inhibition by
coadsorbed NO. Under these latter conditions, adsorbed oxygen desorbs as O2 in three clear desorption states, the
lowest of which is associated with O2 desorption from Pt sites and the other two are from decomposition of reduced tin
oxide phase(s), SnOx . Shifts in Sn AES peaks were used to follow Sn oxidation.
 2004 Published by Elsevier B.V.
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1. Introduction
Nitrogen dioxide (NO2 ) is a versatile ligand in
inorganic chemistry, bonding to metal atoms in
many distinct geometries [1]. Interactions of NO2
with metal surfaces are important in many processes, e.g., automotive exhaust catalysis [2] and
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atmospheric NOx measurement at very low concentrations [3]. A selective detector has also been
developed that makes use of selective oxidation of
organic compounds by NO2 in the presence of
gold or palladium catalysts [4]. Limited molecularlevel information on the interaction of NO2 with
metal surfaces has inhibited understanding catalytic reaction mechanism involving nitrogen oxides. So far, adsorption and reaction of NO2 has
been investigated on Pt(1 1 1) [5,6], Ru(0 0 1) [7,8],
Ag(1 1 0) [9,10], Ag(1 1 1) [11–13], Pd(1 1 1) [14],
Au(1 1 1) [15–18].
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Previously, Bartram, et al. [5] used temperature
programmed desorption (TPD) and high-resolution electron energy loss spectroscopy (HREELS)
to study NO2 adsorption on Pt(1 1 1). At 100 K,
NO2 is adsorbed molecularly at all coverages to
form a Pt(1 1 1) l-N,O-nitrito surface complex
with Cs symmetry. The saturation coverage of
chemisorbed NO2 is about 0.5 monolayers (ML)
at 100 K. At low coverages, hNO2 < 0:25 ML,
adsorption is irreversible and NO2 dissociates
completely by 285 K to O atoms and nitric oxide
(NO). At larger NO2 coverages, the adsorption is
partially reversible and NO2 desorbs molecularly
with ﬁrst-order kinetics and Ea ¼ 19 kcal/mol.
About 20% of the NO2 desorbs reversibly at saturation coverage in the monolayer.
Platinum–tin bimetallic catalysts are of interest
for selective oxidation and reduction reactions, and
are commercially important for petroleum reforming [19]. Compared to Pt catalysts, Pt–Sn reforming
catalysts have greater resistance to coking and increased selectivity to aromatics. Surface science
model studies have addressed the eﬀect of alloying
Sn with Pt on hydrocarbon surface chemistry [20–
26]. Industrial, supported, Pt–Sn catalysts, however, include an oxide support material and are
complicated materials systems for which it is diﬃcult to assess the phases present and the catalytic
activity of each phase. It has been reported that on
alumina, tin is partially oxidized [27] to create a
mixed catalyst with a supported alloy phase PtSn/
Al2 O3 and a tin oxide-supported, Pt-phase Pt/SnOx /
Al2 O3 [19], where the relative concentrations are
determined mainly by particle size [28]. Speciﬁcally,
the eﬀect of tin oxidation on the kinetics of CO
oxidation by O2 on an a-Al2 O3 supported, Pt–Sn
catalyst has been studied by Grass and Lintz [29].
Of intense, additional interest, Pt-promoted
SnO2 thin ﬁlms are used widely in sensor technologies, for example, in detection of ethanol [30]
and CO [31]. These sensor systems are also complicated materials systems that could beneﬁt
greatly by surface science model studies that address the surface chemistry of Pt–Sn alloys and
elucidate additional molecular-level information
on the interaction of gases with these surfaces.
In this study,
p wepinvestigate the chemistry of
NO2 on a ( 3  3)R30 Sn/Pt(1 1 1) surface

alloy. NO2 is a reactive molecule, chemisorbing
and dissociating on the alloy surface and eventually oxidizing the Sn from the alloy. Thus, NO2 is a
stronger oxidant than O2 (O2 does not dissociatively adsorb on Pt–Sn surface alloys under UHV
conditions [32]) and is a useful precursor to produce surface oxygen species.

2. Experimental methods
Experiments were performed in a three-level
UHV chamber as described earlier [33]. The
Pt(1 1 1) crystal (Atomergic; 10 mm diameter, 1.5
mm thick) was prepared by 1-keV Arþ -ion sputtering and oxygen treatment (5 · 107 Torr O2 , 900
K, 2 min) to give a clean spectrum using Auger
electron spectroscopy (AES) and a sharp (1 · 1)
pattern in low energy electron diﬀraction (LEED).
Sn was evaporated from a resistively heated,
tantalum boat onto the sample,pwhich
p was subsequently annealed to form a ( 3  3)R30 Sn/
Pt(1 1 1) surface alloy as described previously [34].
For convenience throughoutp this paper, we will
refer to this surface as the ‘‘ 3 alloy’’.
Nitrogen dioxide, NO2 , (Matheson, 99.5%) was
used without additional puriﬁcation. Portions of
the gas handling line that remained under NO2
pressure during dosing were passivated by baking
in an NO2 atmosphere for 1 h at 200 C. Goldplated Conﬂat gaskets and stainless steel VCR
gaskets were used in the portion of the gas line in
contact with NO2 in order to minimize NO2
decomposition. Still, the NO2 line was pumped out
and reﬁlled after every dose to minimize NO2
decomposition. NO2 was leaked into the UHV
chamber through a Varian leak valve with an
attached stainless steel tube and micro capillary
array [35] to achieve a directed gas beam and
exposure NO2 on the sample without prior reaction with chamber walls. NO2 exposures are reported using the background pressure measured
indirectly by the ion gauge, ignoring doser
enhancement eﬀects and ion gauge sensitivity. NO2
decomposes readily on the inner walls of the
stainless steel dosing tube, and so the doser was
passivated daily with an initial dose (60 s, 1 · 109
Torr) of NO2 . This was suﬃcient to maintain a
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3. Results
3.1. TPD
TPD spectra
p were obtained after exposures of
NO2 on the 3 Sn/Pt(1 1 1) surface alloy at 120 K.
Fig. 1 shows NO2 desorption traces obtained by
monitoring the 46-amu signal. A single desorption
peak appears below 150 K which increased in
temperature with increasing coverage. This peak

NO2 / √3 Sn/Pt alloy

NO2 intensity (46 amu)

consistently high level of NO2 purity for a single
day’s experiments, though it raised the background pressure of the chamber to 4 · 1010 Torr.
The NO2 purity obtained by this method was
characterized indirectly by a UTI 100C quadrupole mass spectrometer (QMS) monitoring the
background gas in the chamber during dosing. The
30-amu (NO):46-amu (NO2 ) ratio for the mass
spectrometer signals during dosing was typically
50:1.
AES measurements were made with a doublepass cylindrical mirror analyzer (CMA). The
electron gun was operated at 3-keV beam energy
and 8-lA beam current. TPD experiments were
done with a shielded QMS to reduce the electron
ﬂux on the sample. LEED patterns were recorded
using four-grid optics and a CCD camera.
HREELS was performed by using an LK-2000
(LK Technologies) spectrometer system. HREELS
spectra were recorded at a specular scattering angle of 30 from the surface plane with an average
resolution of 55 cm1 (6.8 meV) and a beam energy
of 4.5 eV. The elastic peak for a clean surface had
an intensity of 2 · 105 counts/s. We used a step size
of about 5 cm1 (0.6 meV) to record each spectrum
and 10-point binomial smoothing routine to minimize noise. All of these spectra were recorded with
the sample at 100 K, and inelastic losses are shown
after normalization to elastic peak intensities.
Coverages hi reported in this paper are referenced to the surface atom density of Pt(1 1 1) such
that hPt ¼ 1:0 ML is deﬁned as 1.505 · 1015 cm2 .
We will also use the terms monolayer and layer to
refer to chemisorbed and physisorbed layers indicating whatever coverage is necessary to cover the
surface.
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Fig. 1. NO2 desorption spectra after NO2 exposures on the
Sn/Pt(1 1 1) surface alloy at 120 K.

p

3

corresponds to desorption of NO2 from multilayer, physisorbed species and occurs at the same
temperature as that for Pt(1 1 1) [5]. However,
unlike the case on Pt(1 1 1), no NO2 desorbs from
the chemisorbed monolayer. The NO2 monolayer
p
reacts completely and irreversibly on a 3 alloy
surface. This can be compared to the decomposition of about 80% of the monolayer on Pt(1 1 1)
[5].
Fig. 2 traces the evolution of one of the reaction
products, NO, after increasing NO2 exposures.
The lowest exposure investigated yields three
desorption peaks at 240, 280, and 360 K. After
increasing NO2 exposures, these NO desorption
peaks saturate in size and shift to higher temperature. Desorption of NO under most of these
conditions is reaction rate-limited, because
p NO
desorption following NO adsorption on a 3 alloy
occurs in a single peak which shifts with coverage
from 240 to 190 K [36].
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Fig. 2. NO desorption spectra resulting from NO2 exposures to
p
the 3 Sn/Pt(1 1 1) surface alloy at 120 K.

Fig. 3. O2 desorption spectra resulting from NO2 exposures to
p
the 3 Sn/Pt(1 1 1) surface alloy at 120 K.

Fig. 3 shows corresponding O2 TPD spectra
obtained during the same experiments. After a
small initial NO2 dose, O2 desorption occurred at
1070 K in a peak that shifts to 1077 K at saturation. Following saturation of the high temperature
peak, a second feature appeared at lower temperature with a broad peak at 910 K after large
exposures. Based on previous studies of O2
desorption following O3 decomposition on Pt–Sn
alloys [37], we can assign these two peaks to
decomposition of Sn-oxide species. Our explanation of these two peaks is that the 1077-K peak is
due to O2 desorption from reduction of Sn–O–Sn
species and the peak at 910 K is due to O2
desorption from reduction of Sn–O–Pt species.
Fig. 4 utilizes the TPD areas from Figs. 1–3 to
construct an uptake plot characterizing the
adsorption kinetics and decomposition reactions
during TPD. The NO2 coverage scale was determined by calibration using the chemisorbed NO2 ,
NO, and O2 TPD peak areas after NO2 adsorption

on clean Pt(1 1 1), assuming that 20% of the 0.5ML NO2 coverage desorbs as NO2 and the rest
decomposes cleanly to NO and O2 during TPD as
reported by Bartram et al. [5]. The NO and O2
TPD areas in our experiments can be placed on
this NO2 coverage scale by assuming the sticking
coeﬃcient
is constant, independent of coverage on
p
the 3 alloy at 120 K, and noting that no other
gas phase products were detected. The latter
observation guarantees that NO:NO2 is 1:1 and
O2 : NO2 is 1:2. Fig. 4 shows that the chemisorbed
monolayer coverage is equivalent to 0.4-ML NO2
and O2 desorption at 1100 K represents an atomic
oxygen coverage, hO , of 0.2 ML. Thus, oxygen
associated with Sn sites on this surface, with
HSn ¼ 0:33 ML, gives an O:Sn ratio of 2:3 corresponding to Sn1:5 O species.
Fig. 5 demonstrates that the oxygen coverage
can be increased by NO2 exposures on the alloy at
higher temperatures. The surface oxygen coverage
obtained following exposures at 120 K is limited
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Fig. 4. Surface species concentrations as a function of NO2
p
exposure to the 3 Sn/Pt(1 1 1) surface alloy at 120 K. The
dashed vertical line indicates the NO2 exposure that gives a
surface with a saturation monolayer coverage.

by coadsorbed NO. The bottom curve in Fig. 5
reproduces the top curve from Fig. 3. The top
curve in Fig. 5 is after a higher NO2 exposure on
the alloy at 600 K, which is above the desorption
temperature of NO but below that required for O2
desorption. This curve corresponds to hO ¼ 1:1
ML. This is a higher coverage than hO ¼ 0:25 ML
obtained by O2 exposure on Pt(1 1 1) at 150–300 K
[38] and hO ¼ 0:75 ML obtained by NO2 exposure
on Pt(1 1 1) at 400 K [39]. This is also a higher
coverage than reported by Saliba et al.p[37] of
hO ¼ 0:87 ML after O3 exposures on the 3 alloy
at 300 K. In that work, oxygen desorption below
850 K was associated with reduction of oxidic Pt
species rather than SnOx species. According to our
results from Fig. 5, oxygen associated with Sn sites
gives an O:Sn ratio of 0.5:0.33. This situation
probably corresponds to forming SnO1:5 species.
3.2. AES
The origin of the two O2 desorption states seen
in the TPD curves shown in Fig. 3 can be probed

250
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1000

Temperature (K)
Fig. 5. O2 desorption spectra resulting from NO2 exposures on
p
the 3 Sn/Pt(1 1 1) surface alloy: (top) 0.20 L NO2 at 600 K;
(bottom) 0.10 L NO2 at 120 K.

by chemical shifts in AES that are induced by
reaction with adsorbates and indicate the oxidation state of the substrate components. The kinetic
energies (KE) of emitted Auger electrons are affected by core level binding energy shifts and so
they are useful for qualitatively assessing whether
or not oxidation has occurred. Experiments utilizing this approach have been reviewed by Baker
and Brundle [40].
Fig. 6 shows the shift in the Sn(MNN) AES
p
peaks after exposures of 0.1-L NO2 on the 3
alloy at 120 K and then subsequently heating
the
p
surface to gradually desorb O2 . On the 3 alloy,
the lower KE Sn(MNN) peak is located at 426.6
eV, identical to the value for Sn metal [41]. After
NO2 exposure and annealing to 700 K, the peak
shifts )1.5 to 425.1 eV KE. This indicates oxidation of Sn. However, this shift is much lower than
that observed for bulk tin oxides surfaces, where
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Sn MNN from √3 Sn/Pt alloy AES

(d)

d(nE)/dE

(c)

(b)

Sn into the bulk could account for this Sn reduction, which has been seen before
p [42]. This made it
necessary to regenerate the 3 alloy after each
NO2 experiment by additional Sn dosing and
annealing. No shift in the Pt(NOO) AES peak at
237 eV was ever observed during NO2 adsorption
at 120 K or after annealing. This is consistent with
our assignment of the 804 K O2 TPD peak in Fig.
5 to desorption of OðaÞ associated with Pt sites and
the assignment of O2 desorption above 850 K to
decomposition of oxidized Sn species.
3.3. LEED

(a)
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440

Kinetic Energy (eV)
p
Fig. 6. Sn MNN Auger spectra of (a) clean 3 alloy (b) folp
lowing 0.1 L NO2 exposure to the 3 Sn/Pt(1 1 1) surface alloy
at 120 and 700 K anneal (c) 900 K anneal and desorption of
oxygen from Pt (d) 1220 K anneal and desorption of oxygen
from Sn.

SnO ()3 to 423 eV) and SnO2 ()7 to 419 eV) are
characterized by large shifts when compared to
metallic tin [41]. No such shift occurs at 120 or 200
K (not shown), demonstrating that Sn is not yet
oxidized at those temperatures. The Sn(MNN)
peak shifted to 425.4 eV KE following a 900 K
anneal which caused some desorption of O2 . This
shift can be explained by reduction of some oxidized Sn back to a metallic state in the alloy. The
Sn peak returned to its original location at 426.6
eV KE after annealing to 1200 K, which removes
all oxygen from the surface. Thus, Sn was completely reduced and the alloy reformed under these
conditions. The 1200 K anneal also caused the
intensity of the Sn peak to decrease and the LEED
pattern
to change to a superposition of (2 · 2) and
p
3 spots. Either desorption of Sn or diﬀusion of

p
The 3 alloy was probed by LEED following a
0.1 L (2 ML) dose of NO2 on the sample at 120
K. This caused no change in the alloy LEED
pattern other than to decrease the spot intensity,
and no signiﬁcant changes were observed after
annealing to 200 K which desorbs some NO2 .
After annealing to 280 K,p which
p desorbs some
NO, the spots from the ( 3  3)R30 pattern
disappeared and only the (1 · 1) spots of Pt(1 1 1)
remained with a diﬀuse background. On some
areas of the crystal, a faint (2 · 2) structure was
observed, similar to that seen by Parker et al. [39]
for hO ¼ 0:25 ML generated after NO2 exposures
on Pt(1 1 1). After a subsequent anneal to 700 K,
(2 · 2) spots could no longer be seen and only a
blurry (1 · 1) pattern remained. Annealing to 900
K desorbed all oxygen except that in the highest
temperature O2 TPD peak at 1020 K. This resulted
in the appearance of a (4 · 4) LEED pattern, which
is consistent with the observations of Batzill et al.
[43]. In this condition, only oxygen remains at the
surface and Sn is oxidized as shown in Fig. 6.
3.4. HREELS
Fig. 7 shows HREELS spectra following
deposition of a multilayer
p ﬁlm of NO2 (6 layers,
hNO2 ¼ 2:4 ML) on the 3 alloy at 120 K and then
subsequently heating the sample to increasing
temperatures. The sample was heated to the indicated temperature for 30 s in each case and then
re-cooled to 120 K and the spectra taken.
Assignments of the energy loss peaks to speciﬁc
vibrations are given in Table 1.
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2.4 ML NO2 on √3 Sn/Pt alloy HREELS
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Fig. 7. HREELS warm-up experiments after 2.4 ML NO2 adp
sorbed on the 3 Sn/Pt(1 1 1) alloy at 120 K. Reaction mechanism is shown on the right.

For the multilayer ﬁlm at 120 K, loss peaks
corresponding to the O–N–O symmetric (ms;NO2 )

241

and asymmetric (mas;NO2 ) stretching modes of the
N,N-bonded dimer, N2 O4 , appear at 1275 and
1795 cm1 , respectively. The N–N stretching mode
(mN–N ) of N2 O4 occurs at 280 cm1 and the O–N–O
bending mode (dNO2 ) of N2 O4 appears at 782 cm1 .
A peak near the one at 1591 cm1 has been assigned in the past [44] to a 2dNO2 combination
band, or more likely a double loss, in N2 O4 .
When the surface is annealed to 175 or 220 K,
which desorbs any physisorbed multilayer species
as shown in Fig. 1, surprisingly little change occurred in the HREELS spectra other than decreases in peak intensities consistent with some
NO2 desorption. This is a very diﬀerent spectrum
than that obtained for the l-N,O-nitrito surface
species, a chemisorbed NO2 species bonded to the
surface through both of the N and O atoms,
formed on Pt(1 1 1) [5], the N-bonded chemisorbed
NO2 species formed on oxygen-precovered Pt(1 1 1)
[45], and the O,O0 -chelating surface species, a
chemisorbed NO2 species bonded to the surface
through both of O atoms, formed on Au(1 1 1) [17].
Small peak shifts do occur upon desorption of the
multilayer for the energy loss peaks at 782, 1275,
and 1591 cm1 . The close resemblence of the
spectrum after heating to 220 K to that for the
condensed ﬁlm, especially the continued presence
of the N–N stretch at 280 cm1 identiﬁes that the
chemisorbed monolayer is comprised of N,Nbonded dimers of N2 O4 , characterized by vibrational modes at 280, 821, 1258, and 1795 cm1 .

Table 1
Vibrational assignments for N2 O4 a
Solid N2 O4
[50]
mO2 N–NO2
(stretch)
qO2 N–NO2
(hindered rotation)
dNO2
(bend)
ms NO2
(symmetric stretch)
2dNO2
(combination band)
ma NO2
(asymmetric stretch)
a

N2 O4 multilayer on
Pt(1 1 1) [5]

–

265

–

460

737–752

795

1250
–
1750

N2 O4 multilayer
p
on 3 alloy
(this work)
280

N2 O4 monolayer on
graphite [44]

N2 O4 monolayer on O/
Au(1 1 1) [45]

N2 O4 monolayer
p
on 3 alloy
(this work)

290

–

452

(440)

782

782

750

821

1290

1275

1290

1260

1258

1540

1591

1557

–

1557

1770

1795

1758

1745

1795

–

All data was obtained by HREELS except for solid N2 O4 which was obtained by FTIR.

280
–

242
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Table 1 provides results for other N2 O4 monolayers identiﬁed on graphite [44] and oxygenprecovered Au(1 1 1) [45] surfaces. The close
agreement between these spectra and ours support
our assignment. The only small discrepancy has
to do with the assignment of the loss peak at 1557
cm1 for the monolayer; it would seem that this is
better assigned to the (ms;NO2 þ mN–N ) combination
band or double loss in N2 O4 . Furthermore,
observation of an intense mN–N mode indicates
that the N–N bond in N2 O4 is oriented nearly
along the surface normal, and certainly not near
parallel with the surface plane, and observation of
ms;NO2 and mas;NO2 modes in N2 O4 with nearly the
same intensity rules out both a ﬂat-lying N2 O4
with the molecular plane oriented parallel to the
surface plane and an upright, chelating N2 O4
species with C2v symmetry oriented along the
surface normal. We propose
that the chemisorbed
p
layer formed on the 3 alloy surface is an N,Nbonded dimer of N2 O4 interacting with the surface through a single oxygen atom in an upright
but tilted geometry.
Heating this chemisorbed layer to 300 K breaks
the N–N bond and vibrations assigned to coadsorbed NO2 , NO and O are observed. The TPD
spectra in Fig. 2 show that a large amount of NO
desorption occurs by heating to 300 K, and consistently, only weak loss peaks due to the NO
stretching mode in adsorbed NO was observed
in the expected range of 1445–1718 cm1 [36].
Vibrational losses observed at 1275 and near 869
cm1 indicate that some molecularly adsorbed
NO2 remains on the surface. We assign this species
to the N-bonded, chemisorbed NO2 species with
C2v symmetry that is formed on oxygen-precovered Pt(1 1 1) [6]. However, p
in contrast to that case,
the NO2 adsorbed on the 3 Sn–Pt alloy surface
fully decomposes at higher temperature with no
evolution of gaseous NO2 . Other features of the
spectrum include those due to a small amount of
coadsorbed CO and H2 O contamination, and two
large peaks at 358 and 588 cm1 . We do not have a
satisfactory explanation for the intensities of these
latter two peaks, but metal–molecule stretching
modes for NO2 and NO, along with an NO
bending mode for tilted NO species, can contribute
losses in this region.

Annealing to 500 K removes all chemisorbed
molecular species and only a broad feature centered at 536 cm1 was observed. This feature is due
to Sn–O vibrations that can occur over a wide
range of energies depending on the structure and
composition of the tin oxide ﬁlm [46]. After heating to 900 K, which desorbs some oxygen from the
surface, some small loss features due to Sn–O
modes still remain, but these are eliminated by
heating to 1100 K.

4. Discussion
4.1. Adsorption and bonding of NO2
p NO2p adsorbs in the monolayer on the
( 3  3)R30 Sn/Pt(1 1 1) surface alloy at 120 K
as an upright N–N bonded, N2 O4 dimer. This was
determined by analysis of the specular vibrational
spectrum obtained by HREELS. The surface dipole selection rule requires an adsorption geometry that has the molecular plane tilted with respect
to the surface normal for observation of the
asymmetric (mas;NO2 ) stretching mode of N2 O4 at
1795 cm1 , and we propose a monodentate Obonded species. NO2 dimerization has been
observed to produce an N2 O4 species in the
monolayer on graphite at 90 K [44] and bound to
the oxygen-precovered Au(1 1 1) surface at 86 K
[45]. N2 O4 in the chemisorbed monolayer is not
typically formed from NO2 exposures on GroupVIII transition metal surfaces even at temperatures
of 85–100 K, because the N–N bond energy is only
13 kcal/mol [47] and strong chemisorption of two
individual NO2 molecules is preferred. Alloying Sn
into the Pt(1 1 1) surface reduces the surface reactivity such that the strongly chemisorbed l-N,Obonded-nitrito species of NO2 on Pt(1 1 1) is not
formed on the alloy. Rather, as on the relatively
chemically inert gold and graphite surfaces, the p
N–
N bonded dimer of N2 O4 is formed on the 3
alloy at 120 K. However, presumably this is a kinetic problem due to an activation energy barrier
that must be surmounted prior to formation of
strongly chemisorbed NO2 . Evidence for this
conclusion is that we observed with HREELS a
chemisorbed N-bonded, molecular NO2 species in
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the monolayer formed after heating and this species reacted irreversibly at higher temperatures.
p
Also, NO2 exposures carried out on the 3 alloy
at 600 K led to extensive NO2 decomposition and
oxidation of the surface.
4.2. Surface oxidation
p
Decomposition of NO2 occurs on the 3 alloy
between 220 and 300 K to liberate surface oxygen
and coadsorbed
NO. Surface oxygen oxidizes Sn
p
in the 3 alloy at higher temperatures. The evidence presented herein for that was the Sn–O
vibrations seen in HREELS after heating to 500 K
and )1.5-eV shift in the Sn(MNN) AES transition
after heating to 700 K. O2 desorption from Sn sites
occurs at higher temperatures than from Pt sites.
This is in agreement with a higher Sn–O bond
strength, which is expected from the known heats
of formation (DHf0 ) of tin oxide (SnO, )68.3 kcal/
mol; SnO2 , )138.8 kcal/mol) compared with platinum oxide (PtO2 , +41.0 kcal/mol; Pt3 O4 , )39
kcal/mol) [48].
Batzill et al. [46] found by using XPS three Sn
(3d5=2 ) peaks at 484.6, 485.0, and
p 486.0 eV following oxidation by NO2 of the 3 alloy at 400 K.
These XPS peaks were assigned as due to metallic,
‘‘quasimetallic’’, and Sn4þ species, respectively,
with the largest fraction of Sn present in the
‘‘quasimetallic’’ state. This chemical state was recently assigned to oxidized Sn that is still alloyed
(strongly bonded) with Pt in the surface layer [43].
We ﬁnd that after desorption of all surfacebound NO and oxygen associated with Pt sites,
hO ¼ 0:2 ML remains at the surface associated
with oxidized Sn species. With HSn ¼ 0:33 ML,
this gives an O:Sn ratio of 2:3 corresponding to
surface ﬁlm of Sn1:5 O species. This condition also
produces a (4 · 4) LEED pattern. Other more detailed
STM and LEED studies of oxidation of the
p
3 alloy by using NO2 are reported elsewhere [43],
but our
p LEED observations agree with theirs when
the 3 alloy was oxidized at the same temperature. Annealing to 900–1000 K, or annealing to
850 K for several minutes, caused formation of the
(4 · 4) pattern. The model developed from the
STM images for the (4 · 4) structure proposed that
Snx Oy ‘‘pseudomolecules’’ formed ordered chains
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along high symmetry directions on a (2 · 2)Sn/
Pt(1 1 1) surface alloy. Oxygen atoms are bonded
to both Sn adatoms in the chains and alloyed Sn in
the surface layer. They estimated that the stoichiometry of this layer was SnO but allowed for an
upper limit of Sn2 O. Our determination that
Sn1:5 O species correspond to this structure is consistent with either proposal.
Our results following NO2 exposures on the
alloy at 600 K is also consistent with previous
structural models developed for more heavily
oxidized alloys [43]. In our work, oxygen associated with Sn sites after more extensive oxidation
reactions corresponds to forming SnO1:5 species.
This conﬁrms the previous report that a complete
SnO2 ﬁlm cannot be formed abruptly at the Pt
substrate interface, but rather a reduced SnOx
interfacial layer (or layers) is required.
Previous results using XPS conclude that
p Pt is
not oxidized by reactions of NO2 on the 3 alloy
under UHV conditions such as those investigated
in this report [46]. We did not observe any shift of
the Pt AES peak at 237 eV upon adsorption or
reaction of NO2 , and so we would agree with that
conclusion. Consistent with expectations, NO2 is a
weaker oxidant than ozone (O3 ). Saliba et al. [49]
observed a Pt AES shift of )0.8 eV after the
adsorption of 2 ML of oxygen atoms using ozone
(O3 ) exposures on Pt(1 1 1) at 300 K and attributed
this, along with a sharp, intense peak near 800 K
in subsequent O2 TPD spectra, to Pt oxidation. By
contrast, Parker et al. [39] noted no Pt AES shift
for the adsorption of up to 0.75 ML of oxygen
adatoms and no sharp O2 TPD peak resulting
from NO2 exposures on Pt(1 1 1). O3 adsorption
also
p leads to Pt oxidation on either of the (2 · 2) or
3 Sn/Pt(1 1 1) alloys based on the appearance of
the O2 TPD spectra [37].

5. Conclusion
NO2 exposures to produce
p
pa saturation monolayer coverage on a ( 3  3)R30 Sn/Pt(1 1 1)
surface alloy at 120 K form an N–N bonded dimer,
N2 O4 , adsorbed in an upright, tilted geometry. We
propose that this is a monodentate species, bonding through a single oxygen atom to the surface.
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No N2 O4 or NO2 desorbs molecularly from
the chemisorbed monolayer. The dimer completely dissociates between 220 and 300 K, leaving
coadsorbed NO2 , NO, and O at the surface.
Chemisorbed NO2 in this adlayer is present as a Nbonded nitrite species bound to the surface via the
nitrogen atom. This species is irreversibly adsorbed
and decomposes completely during further heating.
NO2 decomposition leads
to surface oxygen and
p
oxidation of Sn in the 3 alloy at higher temperatures. Pt is not oxidized under these conditions.
The maximum oxygen coverage obtained by
heating the N2 O4 monolayer was hO ¼ 0:4 ML.
Heating to 900 K leaves hO ¼ 0.2 ML at the
surface associated with oxidized Sn species, corresponding to an ordered surface ﬁlm of Sn1:5 O
species exhibiting a (4 · 4) LEED pattern. Oxidation of the alloy can be increased by dosing NO2
on the surface held at 600 K, which keeps the
surface free of coadsorbed NO and provides
thermal energy for activated NO2 dissociation. In
this case, an oxygen coverage of hO ¼ 1:1 ML can
be initially obtained. Heating this surface to 900 K
produces a ﬁlm with a stoichiometry of SnO1:5 ,
and not a fully oxidized SnO2 layer.
Oxygen is liberated from reduction of the alloy
in three O2 thermal desorption peaks: two higher
temperature peaks at 915 and 1084 K due to the
decomposition of oxidized Sn species; and a lower
temperature peak at 804 K due to chemisorbed O
adatoms associated with Pt sites.
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