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The influence of steps on the dissociation of NO on Pt surfaces:
Temperature-programmed desorption studies of NO adsorption on Pt ˆ211‰

R. J. Mukerji, A. S. Bolina, and W. A. Browna)

Department of Chemistry, University College London, 20 Gordon Street, London, WC1H 0AJ.
United Kingdom

~Received 9 June 2003; accepted 26 August 2003!

Temperature-programmed desorption~TPD! has been used to investigate the adsorption of NO on
Pt$211% at 300 K and 120 K. Results show that NO dissociation occurs readily on Pt$211%, as
evidenced by the observation of N2 and N2O in the TPD spectrum. Following adsorption at 120 K
three NO TPD peaks at 338, 416, and 503 K are observed, in agreement with previous observations.
In combination with data acquired in a recent reflection absorption infrared spectroscopy and
density functional theory investigation of NO/Pt$211%, these peaks are assigned to the desorption of
NO from an O–NO complex, the recombinative desorption of N and O atoms, and to desorption of
a step-bridged NO species, respectively. These assignments are in disagreement with previous work,
where the high-temperature NO peak was assigned to the desorption of step bound NO and the two
low-temperature peaks were assigned to the desorption of NO from terrace sites. TPD spectra
recorded following adsorption at 300 K, with a heating rate of 1 K s21, show similar features to
those recorded following 120 K adsorption. This is also in disagreement with previous observations,
where only two NO TPD peaks were observed following adsorption at room temperature. This
disagreement can be accounted for by the different heating rates used in the two
experiments. ©2003 American Institute of Physics.@DOI: 10.1063/1.1619940#
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I. INTRODUCTION

Many studies of the adsorption and dissociation of N
on Pt surfaces have been undertaken in the past.1 It is gen-
erally accepted that Pt$111% and Pt$110% are inactive for NO
dissociation, while NO dissociates on Pt$100% at room tem-
perature. Stepped-kinked surfaces composed of$100% step
sites and $111% terraces, such as Pt$210%, Pt$310%, and
Pt$410%,2–6 have also been shown to dissociate NO at ro
temperature.

Pt$211% consists of three-atom-wide terraces of$111%
structure, separated by one-atom-high steps of$100% charac-
ter. Due to the presence of the step sites, it is expected
Pt$211% will bind NO more strongly than a flat surface lik
Pt$111%. In addition, it is expected that the stepped Pt$211%
surface may be more active for NO dissociation than
equivalent flat Pt$111% surface. However, there is still som
controversy in the literature concerning the dissociation
NO on Pt$211% at 300 K. Banholzer and co-workers7 used
symmetry considerations to show that Pt$111% surfaces with
$100% steps, such as Pt$211%, should show high activity for
NO dissociation at the step sites. However, Sugisawaet al.8

found that NO did not dissociate on Pt$211% until ;480 K.
Gohndrone and Masel9 noted that Pt$211% dissociates NO
with a similar reactivity to Pt$411% and Pt$100% which is
known to dissociate NO at room temperature.10 Previous
work by Heiz11,12 did not look for NO dissociation on
Pt$211%, but work on polycrystalline Pt~Ref. 13! and defect-

a!Author to whom correspondence should be addressed. Fax:144 20 7679
7463; Electronic mail: w.a.brown@ucl.ac.uk
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covered Pt$111% ~Refs. 14 and 15! showed that NO adsorp
tion at 300 K was predominantly molecular. In contrast
recent reflection absorption infrared spectroscopy~RAIRS!
and density functional theory~DFT! investigation which we
have performed16 suggested that NO does dissociate
Pt$211% at 300 K.

To try to investigate this apparent contradiction furth
we have performed an extensive study of the NO on Pt$211%
adsorption system. Here we present temperatu
programmed desorption~TPD! data for this system. We hav
also undertaken a RAIRS and DFT investigation of this a
sorbate system. The results of this investigation are repo
in detail elsewhere.16 As the Pt$211% surface contains terrace
of $111% structure, we have compared our results to tho
previously obtained for NO adsorption on Pt$111% to help to
determine the role that the steps play in NO adsorption
dissociation.

NO adsorption has been extensively investigated on
flat Pt$111% surface and has been found to be entirely m
lecular. TPD studies17–24all show similar desorption spectra
Adsorption at 95 K leads to the production of three NO TP
peaks at 190, 320, and 350 K. The two higher-tempera
peaks have been assigned to the desorption of atop
bridged NO species, respectively.24 No assignment of the
low-temperature peak has been made. Some authors
also observed a small amount of N2 desorption. This was
thought to be due to the presence of defects on the Pt$111%
surface which caused the NO to dissociate during the T
experiment.

In contrast, there are very few previous experimen
4 © 2003 American Institute of Physics
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TABLE I. A summary of the observed RAIR bands, and the band assignments, for NO adsorbed on P$211%
~Ref. 16!.

Band frequency (cm21) Adsorption temperature~K! Band assignment

1801 307 O–NO complex
1609 307 Step-bridged NO affected by

O atoms
1576 307 Step-bridged NO
1688 120 Top-terrace NO
1620 120 Step-bridged NO
o
be

py

ie
h
th
it
a

tw
ro

pr
io

lt
rp
s

d
NO
in
po

f

th
tu
t

th

su

e

p
n
5

rom
d to

es-

ence
re
re.

Ad-
in

nd
at

c-
609
p-
ok
nd

nd
er,
the
e

m

K.
nal
ula-
dge,

ce of
-
but
an
ult
is
a

een

at
d
ved
studies of the adsorption of NO on Pt$211%.8,9,11,12,16,25Heiz
performed RAIRS investigations of electron11,12 and
photon11 stimulated desorption of NO from the step sites
Pt$211%. They observed infrared bands due to NO adsor
on both step and terrace sites. NO adsorption on Pt$211% has
also been studied using TPD,8,9 ultraviolet photoelectron
spectroscopy~UPS!,8 and x-ray photoelectron spectrosco
~XPS!.8 Sugisawa and co-workers8 used XPS and UPS to
show that NO adsorbs molecularly on Pt$211% at 95 K.

TPD spectra following NO adsorption on Pt$211% at 95
K ~Ref. 8! resulted in the desorption of three NO spec
with desorption temperatures of 303, 378, and 488 K. T
high-temperature peak grew into the spectrum first and
two lower-temperature peaks were observed to grow in w
increasing NO coverage. The high-temperature peak was
signed to desorption of NO from the step sites and the
lower-temperature peaks were assigned to desorption f
the $111% terraces.8 In addition to the desorption of NO, N2
desorption was also detected in the TPD spectrum. The
duction of N2 was assigned to the recombinative desorpt
of N atoms, produced by NO dissociation on the Pt$211%
surface. NO dissociation was thought to occur as a resu
heating, rather than on initial adsorption of NO. No deso
tion of molecular O2 was seen in the TPD when NO wa
adsorbed onto a clean Pt$211% surface. O2 desorption was
only observed after repeated cycles of NO dosing and
sorption. It was concluded that O atoms, produced by
dissociation, diffuse into the subsurface region on heat
Only after all subsurface sites had been saturated was it
sible to see the desorption of O2 at 860 K in the TPD
spectrum.8

Gohndrone and Masel9 performed TPD investigations o
the adsorption of NO on Pt$211% following adsorption at 300
K. Two NO peaks, at 370 and 500 K, were observed in
TPD spectrum. It was speculated that the low-tempera
peak occurred due to desorption from the terraces and
high-temperature peak was due to desorption of NO from
step sites. A peak due to the desorption of N2 , at 450–500 K,
was also observed in the TPD spectrum. TPD spectra re
ing from the desorption of NO from polycrystalline Pt~Refs.
13 and 26! and stepped Pt$111% ~Refs. 14 and 15! surfaces
have also been recorded.

TPD investigations of NO adsorption have also be
performed for Pt$533% ~Refs. 27–29!. Pt$533% has a very
similar structure to Pt$211%—it consists of four-atom-wide
terraces of$111% structure separated by one-atom-high ste
of $100% character. TPD following adsorption of NO o
Pt$533% at 95 K gave rise to four NO peaks at 243, 307, 38
s indicated in the article. Reuse of AIP content is sub
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and 504 K and one N2 peak at 520 K~Ref. 27!. The three
low-temperature peaks were assigned to NO desorption f
terraces and the high-temperature NO peak was assigne
NO desorption from step sites.

We have performed an extensive RAIRS and DFT inv
tigation of the adsorption of NO on Pt$211%. The results of
this study are pertinent to the data presented here, and h
a brief summary of our findings is given below. A mo
detailed description of these data can be found elsewhe16

RAIRS experiments showed that NO adsorption on Pt$211%
is very complex and is strongly temperature dependent.
sorption of NO at 307 K up to saturation coverage resulted
three bands in the RAIR spectrum at 1801, 1609, a
1576 cm21. When this surface was heated, the band
;1800 cm21 was the first to disappear from the RAIR spe
tra at 350 K. Further heating caused the two peaks at 1
and 1576 cm21 to merge into one peak, which then disa
peared from the spectrum by 450 K. When adsorption to
place at 120 K, only two bands were seen at 1688 a
1620 cm21. The bands observed at 300 K at 1801 a
1576 cm21 were not seen on adsorption at 120 K. Howev
heating a surface saturated with NO at 120 K resulted in
appearance of the band at 1801 cm21 at temperatures abov
230 K. At the same time, the peak at 1688 cm21 disappeared
from the spectrum. The peak at 1801 cm21, which appeared
following heating to 230 K, disappeared from the spectru
following heating to 360 K. The peak at;1600 cm21 was
again the last to disappear from the RAIR spectrum at 450

To help with the assignment of the observed vibratio
bands, DFT calculations were also performed. The calc
tions showed that a bridged species, bonded to the step e
is the most stable NO species on the Pt$211% surface. The
calculations also showed that the temperature dependen
NO adsorption on Pt$211% could be assigned to NO dissocia
tion, which occurs on the step sites at room temperature
not at 120 K. The calculations identified a new species,
O–NO complex, which is formed on the surface as a res
of NO dissociation at room temperature. This species
formed by the reaction of NO with an O atom bonded to
step-bridge site. The calculated energy of the bond betw
the NO and the O atom is 68 kJ mol21. This species gives
rise to the band seen in the 300 K RAIR spectrum
1801 cm21. A full assignment of all of the observed infrare
bands, which was made both by comparison of the obser
vibrational frequencies with previous data11–13,15,26and with
our calculated vibrational frequencies,16 is given in Table I.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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II. METHODOLOGY

Experiments were performed in an ultrahigh-vacuu
~UHV! chamber that has a base pressure of<2
310210 mbar. The Pt$211% crystal was cleaned by repeate
cycles of Ar ion sputtering at 300 K, oxygen treatment at 9
K in 531028 mbar O2, and annealing at 1050 K. Samp
cleanliness was confirmed by observation of the expec
low-energy electron diffraction~LEED! pattern for Pt$211%
and by the production of the expected TPD spectrum follo
ing a saturation exposure of CO on Pt$211% ~Refs. 30 and
31!. NO ~99.5% purity, BOC Ltd.! was admitted into the
chamber by means of a high-precision leak valve. Doses
Langmuir (1 L51026 Torr s), were calculated without cor
rection of the ion gauge for NO. TPD data were record
using a Hiden Analytical HAL201 quadrupole mass spe
trometer. Spectra were recorded at heating rates of 1
8 K s21.

III. RESULTS AND DISCUSSION

A. 120 K adsorption

Figure 1 shows TPD spectra which result from a satu
tion dose of NO on the Pt$211% surface at 120 K. Three
peaks, labeleda, b, andg, are seen in the NO spectrum a
338, 416, and 503 K, respectively. Desorption peaks
masses 28 (N2) and 44 (N2O) are also observed. The N2 and
N2O desorption peaks occur in coincidence with each ot
with a desorption temperature of 510 K. The hig
temperature NO peak, labeledg, occurs just to the low-
temperature side of these two peaks. These NO TPD spe
are in good agreement with those observed by Sugis
et al.,8 although no N2O desorption was reported previousl
Three TPD peaks were also observed following NO adso
tion on Pt$111% at 95 K ~Refs. 17–24!. However, the peaks
all occurred at much lower temperatures on Pt$111%, and
therefore it is unlikely that any of the species desorbing fro
Pt$211% are the same as those observed for Pt$111%.

FIG. 1. TPD spectra recorded following a 4 Ldose of NO onto Pt$211% at
120 K. The spectra shown are for the desorption of masses 28 (N2), 30
~NO!, and 44 (N2O). The heating rate was 8 K s21.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Figure 2 shows the way in which the three NO pea
seen in Fig. 1 grow into the TPD spectrum as a function
increasing NO dose at 120 K. Theg peak grows into the
spectrum first, following an NO exposure of 0.05 L, and
observed at a desorption temperature of 503 K. This p
grows in intensity with increasing NO exposure; howev
the peak temperature remains constant. With further NO
posure a second peak, labeledb, grows into the spectrum a
424 K. This peak also increases in intensity with increas
NO exposure and shifts down in temperature slightly
reach 416 K at saturation. The final peak that grows in is t
labeleda, which grows in at 338 K and grows to domina
the spectrum at saturation. The way in which the desorp
peaks for masses 28 (N2) and 44 (N2O) change with in-
creasing NO exposure is not shown here, but measurem
show that both of these peaks increase in intensity with
creasing NO dose. The desorption of N2 and N2O is ob-
served even following very low exposures of NO on t
Pt$211% surface. In agreement with previous experiment8

desorption of mass 32 (O2) is not observed at any NO ex
posure for desorption temperatures up to 1000 K.

The observation of desorption peaks due to mass
NO, in the TPD spectrum shows that adsorption of NO
Pt$211% is, at least partly, molecular. However, as we w
show below, there is also evidence for NO dissociation
Pt$211%. The first NO desorption peak to be observed in t
TPD spectra shown in Fig. 2 is that labeledg. This peak
appears at a desorption temperature of 503 K. The temp

FIG. 2. NO TPD spectra recorded at a heating rate of 8 K s21 following
exposure of a Pt$211% surface held at 120 K to various doses of NO.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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ture of this peak does not shift with increasing NO expos
on the surface, suggesting that the species giving rise to
peak is desorbing via a first-order process. Our previ
RAIRS and DFT investigation of this adsorption system16

showed that the most stable species on the Pt$211% surface is
a bridged NO species bonded to the step edge. This is
only species to be observed in the RAIR spectra follow
low NO doses and, following annealing, remains on the s
face to the highest temperature~450 K!. Hence the highest
temperature NO peak, labeledg, is assigned to the desorp
tion of bridged NO molecules bonded to the Pt$211% step
edge. This assignment is in agreement with that of Sugis
et al.8 who assigned their highest-temperature NO TPD p
to desorption of NO from the step sites of Pt$211%.

The species which gives rise to the peak labeleda in the
NO TPD spectrum~Figs. 1 and 2! is obviously due to the
most weakly bound NO species on the Pt$211% surface. This
species is observed to desorb at 338 K. This peak has p
ously been assigned to the desorption of an NO terr
species,8 the exact nature of which was unknown. Howev
our recent RAIRS and DFT investigation of this adsorpti
system16 showed that the least stable NO species on
Pt$211% surface is an O–NO complex, which forms as a
sult of NO dissociation. This species is not observed on
tial adsorption at 120 K, but is observed to form when t
saturated NO adlayer formed at 120 K is heated above
K. Calculations show that the bond between the NO and
adsorbed O atom has an energy of only 68 kJ mol21 ~Ref.
16!. Hence the peak labeleda in the NO TPD spectrum is
assigned to the desorption of NO from the O–NO comp
which is formed on the Pt$211% surface as a result of NO
dissociation. This is in disagreement with previous assi
ments which suggested that this peak arose due to the
sorption of an NO terrace species.8 The desorption tempera
ture of this peak, 338 K, is in excellent agreement with
temperature at which the band due to the O–NO comp
disappears from the RAIR spectra~330–360 K! ~Ref. 16!.
Further evidence for the assignment of this peak to the
sorption of NO from an O–NO complex comes from t
observation that predosing the Pt$211% surface with O atoms
causes the size of this peak to increase, relative to the o
TPD peaks, due to increased amounts of the O–NO com
on the surface.32 The O–NO complex is thought to b
bonded to the step edge of Pt$211% as it forms via the bond-
ing of an NO molecule to an O atom adsorbed in a s
bridge site.16

The only NO TPD peak remaining to be assigned is t
labeledb in Figs. 1 and 2. To determine the nature of t
b-NO TPD peak it is necessary to consider the NO spe
that are observed with RAIRS when adsorption occurs at
K ~Ref. 16!. Initial adsorption at 120 K, up to saturatio
coverage, leads to the observation of bands at 1688
1620 cm21. These have been assigned to atop NO on
terrace and to bridged NO on the step edge, respective16

Heating a surface that has been saturated with NO at 12
to 230 K, leads to the disappearance of the 1688 cm21 band
and the appearance of a band at 1801 cm21, assigned to the
presence of the O–NO complex. Further heating leads to
disappearance of the 1801 cm21 band at;360 K and to the
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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disappearance of the 1620 cm21 band at 450 K. No other
NO species are observed. Thea-NO TPD peak has alread
been assigned to the desorption of the O–NO complex
the g-NO peak has been assigned to desorption of the s
bridged NO species. The only other molecular NO spec
observed with RAIRS, following adsorption at 120 K, is th
atop NO species bonded to the terrace which gives rise to
band at 1688 cm21 ~Ref. 16!. However, theb-NO TPD peak
cannot be due to this species, as this peak disappears
the RAIR spectrum at;230 K and theb-NO TPD peak has
a desorption temperature of 416 K. Even taking into acco
the different heating rates used in the TPD experiments
the RAIRS annealing experiments, theb-NO TPD peak can-
not be due to desorption of the atop terrace NO spec
According to the RAIR spectra, no other molecular NO sp
cies are present on the Pt$211% surface. Hence theb-NO peak
must either be due to the desorption of an infrared inac
NO species, such as NO bonded with the N-O axis paralle
the surface, or due to the recombinative desorption of N
O atoms which result from NO dissociation. There is
evidence for the presence of an infrared-inactive NO spe
on Pt$211% either from our own16 or other11,12 RAIRS inves-
tigations. Hence we assign theb-NO TPD peak to the re-
combinative desorption of N and O atoms, which result fro
NO dissociation. While dissociation does not occur at 120
the appearance of the 1800 cm21 band in RAIRS, assigned
to the O–NO complex, is evidence that dissociation do
occur on Pt$211% when the surface is heated.16 Note that,
while it has already been shown that NO dissociates
Pt$211% when adsorption occurs at room temperature,16 the
NO dissociation that is observed following adsorption at 1
K occurs when the surface is heated during the TPD exp
ment.

Further evidence for the assignment of theb-NO TPD
peak to recombinative desorption of N and O atoms com
from the observation that predosing the Pt$211% surface with
O atoms causes the size of theb-NO TPD peak to decrease32

due to the blocking of NO dissociation by the preadsorbed
atoms. In addition, the desorption temperature of theb-NO
peak decreases slightly with increasing NO exposure, fr
424 K at low NO doses to 416 K at saturation. This sugge
that this peak may arise due to a second-order desorp
process, again in support of our assignment of this peak t
N and O recombination process. This assignment is agai
contrast to the previous assignment of this peak to the
sorption of an NO terrace bound species.8 Note that not all of
the N and O atoms recombine and desorb as NO since
formation of N2 and N2O, which also requires N atoms, i
also observed in the TPD spectrum.

Figure 1 shows the coincident desorption of masses
(N2) and 44 (N2O) at 510 K. The observation of TPD peak
for N2 and N2O is clear evidence that NO dissociation occu
on Pt$211%. In contrast, no N2 or N2O desorption was ob-
served in TPD spectra recorded for the NO/Pt$111%
system,17–24 indicating that dissociation does not occur o
this surface. It is therefore assumed that it is the step site
Pt$211% that cause NO dissociation. The fact that the N2 and
N2O TPD peaks are in coincidence suggests that they
formed by the same process. One explanation for this is
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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the N2O is formed on the surface and subsequent crackin
the N2O then occurs in the mass spectrometer, producing
observed N2. Figure 3 shows a cracking pattern recorded
N2O, using the same mass spectrometer that was used i
TPD experiments. It is clear that mass 44, N2O, is the largest
signal and that N2O cracks into masses 44, 28, and 30 in t
approximate ratio of 5:4:1. Examination of Fig. 1 shows th
there is a much larger quantity of N2 formed in the TPD
experiments than that which arises due to N2O cracking
alone. Hence, N2 is being formed on the surface during th
TPD experiments.

It is possible that N2 and N2O are formed by the reactio
of N atoms, formed from NO dissociation, with either a
other N atom or an NO molecule at the surface. The sub
quently formed N2 and N2O would then desorb from the
surface immediately. Recombinative desorption of N ato
has previously been suggested to account for N2 desorption
observed on Pt$211% ~Refs. 8 and 9!, Pt$533% ~Ref. 27!, and
Pt$111% ~Ref. 23!. However, if the N2 and N2O are formed by
the reaction of N atoms with either another N atom or an N
molecule, then the only way that the TPD peaks could
coincident would be if the formation of both of these spec
has the same activation barrier. This is unlikely unless
occurrence of both reactions was dictated, for example
the onset of N atom diffusion on the Pt$211% surface. How-
ever if, as suggested, theb-NO TPD peak is due to the re
combinative desorption of N and O atoms, then N ato
must already be diffusing around the surface at a lower t
perature than that at which N2 and N2O formation is ob-
served.

An alternative explanation for the coincident desorpti
of N2 and N2O is that the N2 is formed directly on the sur
face from N2O. The N2O is formed from the reaction of N
atoms with NO, most likely at the step edges. Most of
N2O that is formed then immediately dissociates to form g

FIG. 3. The cracking pattern that results from an N2O dose of 1
31027 mbar in the UHV chamber used for the TPD experiments descri
here. The graph shows the relative intensities measured for masses 282),
30 ~NO!, and 44 (N2O).
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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phase N2 and adsorbed O atoms. The reactions that co
occur would be

Na1NOa→N2Oa,

N2Oa→N2g1Oa,

N2Oa→N2Og.

This reaction, where N2O immediately dissociates on forma
tion to give N2 and adsorbed O, has previously been o
served on Cu$110% ~Ref. 33! and Ru$001% ~Ref. 34!. On
Cu$110%, ;50% of the N2O was thought to dissociate im
mediately on formation.33 Due to the presence of the ste
sites, it might be expected that an even larger proportion
the N2O might dissociate on Pt$211%. The O atoms which
would result from the decomposition of N2O would bind
strongly to the step sites on Pt$211% as shown previously.35

It is thought that the N2O observed in the TPD experi
ments is formed during the desorption process itself, rat
than being formed on the surface at a lower temperature
then desorbing at 510 K. Supporting evidence for this com
from the fact that no peaks due to N2O are observed with
RAIRS at any coverage or at any adsorption temperatur16

In addition, we investigated the adsorption of N2O on
Pt$211% over the temperature range from 120 to 300 K us
RAIRS and TPD. We were not able to see any RAIR spec
or see anything in the TPD spectrum at any adsorption t
perature in this range. This suggests that molecular N2O does
not adsorb on Pt$211% over the temperature range 120–3
K. This again supports the suggestion that the N2O is formed
on the surface during the TPD experiment.

So far, it has been assumed that N2O is formed via the
reaction of an adsorbed N atom with adsorbed NO. The s
ond possible reaction mechanism for N2O formation is via
the formation of NO dimers, as shown below:

NOa1NOa→~NO!2a,

~NO!2a→N2Oa1Oa.

However, it is not thought that this reaction pathway leads
N2O formation on Pt$211% as our previous RAIRS
investigation16 showed no evidence for the presence
(NO)2 on the surface. In addition, DFT calculations16

showed that the (NO)2 species is very unstable on th
Pt$211% surface. It is therefore assumed that N2O forms on
the Pt$211% surface via the reaction of an adsorbed N ato
with adsorbed NO.

The dissociation of NO, and the reaction whereby N2O
is formed on the surface, leads to the production of adsor
O atoms on the Pt$211% surface. It might be expected, ther
fore, that the desorption of O2 would be seen in the TPD
spectrum. However, this was not the case in these
previous8 TPD experiments. It has previously bee
speculated8,35 that O atoms dissolve into the subsurface
gion of Pt$211% and O2 desorption only occurs once the su
surface sites have been saturated.8 Hence, since no O2 de-
sorption is observed here, it is assumed that the O atom
into the subsurface region when the Pt$211% sample is heated
Previous experiments have shown that subsurface O at
on the Pt surface desorb at around 1200 K~Ref. 35!. The

d
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heating system used for the experiments reported here
not allow the sample to be heated above 1000 K in a T
experiment, and hence the desorption of subsurface O at
was not observable in these experiments.

B. Room-temperature adsorption

TPD spectra were also recorded following NO adso
tion at higher temperatures. Figure 4 shows TPD data
corded following a saturation dose of NO at 330 K@Fig.
4~a!# and 300 K@Fig. 4~b!#. Figure 4~a! was recorded at a
heating rate of 8 K s21 and is therefore directly comparabl
to the spectra shown in Figs. 1 and 2. Unlike the spec
recorded following adsorption at 120 K, two NO desorpti
peaks are observed following adsorption at 330 K, with pe
temperatures of 393 and 471 K. These NO TPD spectra
in good agreement with those previously recorded followi
NO adsorption on Pt$211% at room temperature.9 Just as at
120 K, coincident desorption peaks for N2 ~mass 28! and
N2O ~mass 44! are observed at 482 K. In comparison wi
the spectra recorded following adsorption at 120 K, the ra
between the N2 and N2O desorption peaks is rather differen
following NO adsorption at 330 K. At 120 K, the N2 peak
was approximately twice as large as the N2O peak. However,
in the spectra shown in Fig. 4~a! the N2 desorption peak is

FIG. 4. ~a! TPD spectra recorded following a 5 L NOdose onto Pt$211% at
330 K. The spectra shown are for the desorption of masses 28 (N2), 30
~NO!, and 44 (N2O). The heating rate was 8 K s21. ~b! TPD spectra, re-
corded at a heating rate of 1 K s21, for the same system following adsorp
tion at 300 K. Note that the first NO peak, seen in~a!, is now split into two
peaks.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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only 1.4 times the size of the N2O peak. The observation o
N2 desorption following exposure of Pt$211% to NO is in
agreement with previous observations,8,9 however, N2O de-
sorption has not been previously reported.

Since three NO desorption peaks were observed follo
ing adsorption at 120 K, but only two peaks were observ
following adsorption at 330 K, it was decided to investiga
this difference further. The room-temperature NO TPD e
periments were repeated at a lower heating rate of 1 K s21,
to help to elucidate any further detail that may have be
present in the desorption spectra. The sample was also d
at a slightly lower temperature of 300 K. The spectra th
result, following a saturation NO dose on Pt$211% at 300 K,
are shown in Fig. 4~b!. It is clear that the low-temperatur
NO peak, seen in Fig. 4~a!, has split into two desorption
peaks. Three NO peaks, at 324, 353, and;427 K, are now
observed. In addition, coincident peaks for N2 and N2O de-
sorption are also observed at 442 K. As for the TPD spe
shown in Figs. 1 and 2, the three NO peaks are labeleda, b,
andg, as it is thought that they are due to desorption of
same NO species observed following adsorption at 120
However, it is noted that the ratios of thea, b, andg peaks
are rather different following adsorption at 300 K, compar
to 120 K. In particular, theb peak is the most intense pea
following adsorption at 300 K, whereas thea peak is the
most intense when adsorption occurs at 120 K. This sp
trum is in disagreement with previous observations followi
NO adsorption at room temperature,9 where only two NO
TPD peaks were observed. However, as thea and b NO
peaks are observed at 324 and 353 K, it is not expected
these peaks would be resolvable at a heating rate of 8 K s21,
as in the spectra in Fig. 4~a!.

Figure 5 shows the way in which the NO, N2 , and N2O
peaks, seen in Fig. 4~b!, grow into the TPD spectrum as
function of increasing NO dose at 300 K. The first pe
observed to grow into the NO spectrum@Fig. 5~a!# is theg
peak, with a desorption temperature of 427 K. This pe
grows in intensity very slightly with increasing NO dosag
and its desorption temperature remains constant. The se
peak to grow into the NO spectrum, labeledb, grows in at
356 K. The desorption temperature of this peak decrea
slightly with increasing NO dosage to reach 353 K at sa
ration, and it grows in intensity until it dominates the spe
trum at saturation. The final peak to grow into the spectr
is that labeleda. This peak initially appears as a shoulder
the low-temperature side of theb peak at;340 K. The peak
grows in intensity and shifts down in temperature to rea
324 K at saturation. The N2 @Fig. 5~b!# and N2O @Fig. 5~c!#
desorption peaks both grow in intensity with increasing e
posure of NO. The peaks are coincident at all NO doses
are initially observed at 475 K, shifting down in temperatu
with increasing exposure to reach 442 K following a satu
tion NO exposure.

As already stated, the three NO TPD peaks in Fig. 4~b!
are assigned to the desorption of the same NO specie
observed in the TPD following adsorption at 120 K~Figs. 1
and 2!. Hence, thea-NO peak is assigned to the desorptio
of NO from the O–NO complex, theb-NO peak is assigned
to the recombinative desorption of N and O atoms, and
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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FIG. 5. TPD spectra following exposure of a Pt$211% surface held at 300 K to various exposures of NO. The spectra were recorded at a heating rate of 121.
~a! shows the desorption of NO~mass 30!, ~b! shows the desorption of N2 ~mass 28!, and~c! shows the desorption of N2O ~mass 44!. Note that the intensity
scales on these spectra are arbitrary and therefore cannot be compared to one another.
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g-NO peak is assigned to the desorption of step-bridged N
Evidence that the TPD peaks are due to desorption of
same species as observed following adsorption at 12
comes from a calculation of the desorption energies of
different species observed following adsorption at 120 K a
300 K. The Redhead equation36 was used to calculate th
desorption energies of the different species observed in
TPD spectra. Table II shows the results of these calculati
A preexponential factor of 1014 s21 was used in these calcu
lations. The errors given are those that result from allow
the preexponential factor to vary between 1013 and 1015 s21.
Note that these calculations only give approximate values
the desorption energy as an assumption has been made
the desorption process is first order—this is valid for t
a-NO andg-NO species but is unlikely to be valid for th
b-NO species. Note also that the Redhead equation assu
that the activation energy for desorption and the preexpon
tial factor are coverage independent. It is clear from Tabl
that the calculations give very similar desorption energies
the a-NO andg-NO species, regardless of whether the a
sorption occurred at 120 K or 300 K and regardless of
heating rates used in the two experiments. This implies
the TPD peaks in the two cases are, as suggested, due t
same NO species.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Although the same three NO desorption species are
served following adsorption at 120 K and 300 K, there a
some differences between the TPD spectra recorded foll
ing adsorption at 120 K and those recorded following a
sorption at 300 K. In contrast to the TPD spectra record
following adsorption at 120 K~Figs. 1 and 2!, it is theb-NO
peak which dominates the TPD spectrum in Fig. 4~b!. At 120
K, it was thea-NO TPD peak which had the highest inte
sity. Theg-NO peak is also much smaller in the TPD spe
trum that follows NO adsorption at 300 K@Fig. 4~b!#. It is
likely that these differences are due to the dissociation
occurs on the surface when adsorption occurs at 300 K c
pared to 120 K. It has previously been shown16 that NO
dissociates on adsorption on Pt$211% at room temperature
but not at 120 K. Hence, in the 120 K experiments, N
dissociation only occurs as a result of heating during
TPD experiments. Since it is the step-bridged NO spec
that is thought to dissociate on the Pt$211% surface, increased
amounts of NO dissociation would lead to a decrease in
amount ofg-NO observed in the TPD spectrum and an
crease in the amount ofb-NO. This is exactly what is seen in
the TPD spectrum in Fig. 4~b!. Thea-NO peak is also much
smaller when adsorption occurs at 300 K, compared to w
adsorption occurs at 120 K. This peak arises due to the
n Pt
TABLE II. Calculated desorption energies for the various NO species observed in the TPD spectra in Figs. 1 and 4, following adsorption of NO o$211%
at various temperatures. The desorption energiesEd were calculated using the Redhead equation~Ref. 36! with a preexponential factor of 1014 s21. The errors
given are those obtained if the preexponential factor is allowed to vary between 1013 and 1015 s21. The adsorption temperatureT and the heating rateb are
also given.

T5120 K, b58 K s21 T5330 K, b58 K s21 T5300 K, b51 K s21

Desorption
temperature~K!

Ed

(kJ mol21)
Desorption

temperature~K!
Ed

(kJ mol21)
Desorption

temperature~K!
Ed

(kJ mol21)

a-NO 338 9166 324 9366
b-NO 416 11368 393 10768 353 10267
g-NO 503 13869 471 12969 427 12469
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sorption of NO from the NO–O complex. It is thought th
this species is formed, following adsorption at 120 K, by t
diffusion of terrace atop NO to the step edges where it bo
to an O atom in a step-bridge site.16 There is no terrace ato
NO formed on the surface when adsorption occurs at 30
and hence less of the NO–O complex may form.

The TPD spectra in Fig. 4~a! show the desorption of only
two NO species, in contrast to the three NO TPD pe
observed in the spectra shown in Fig. 4~b!. This difference
can be accounted for by the difference in heating rates u
in each case. The spectra in Fig. 4~a! were recorded using a
heating rate of 8 K s21 and those in Fig. 4~b! were recorded
with a heating rate of 1 K s21. It is clear that the lower
heating rate allows the first TPD peak seen in Fig. 4~a! to be
separated into two peaks. Hence, the disagreement bet
our TPD data in Fig. 4~b! and TPD data recorded previously9

can be accounted for by the different heating rates use
the two experiments.

The NO TPD peaks in the spectrum in Fig. 4~a! can
therefore be assigned to the desorption of step-bridged
~the high-temperature peak! and to the desorption of NO
from the O–NO complex and the recombinative desorpt
of N and O atoms~the lower-temperature peak!. Confirma-
tion of these assignments again comes from a calculatio
the desorption energies of these species as seen in Tab
Table II shows that the peak which has been assigned to
desorption of step-bridged NO has a similar desorption
ergy in all three experiments—confirming that this TPD pe
is due to desorption of the same species in all cases.
lower-temperature peak recorded following adsorption at
K, with a heating rate of 8 K s21 @Fig. 4~a!#, has a desorption
energy that falls exactly between that of thea-NO andb-NO
species that are observed following adsorption at 120
Hence, it is likely that this peak is due to a combination
these two peaks. Note that the calculations shown in Tab
were performed only to investigate whether the TPD pe
in the three experiments were due to the same NO spe
As we do not have an accurate value ofA, the preexponen-
tial factor, the calculated values of the desorption energ
are only approximate.

In both sets of spectra recorded following adsorption
room temperature@Figs. 4~a! and 4~b!#, coincident desorp-
tion of N2 and N2O is seen. However, the amount of N2

produced, compared to the N2O, is much smaller in this cas
than in the spectra recorded following adsorption at 120
Since the N2 and N2O peaks are still coincident, it is as
sumed that these two species are formed on the Pt$211% sur-
face via the same mechanism as proposed for the TPD s
tra recorded following adsorption at 120 K. Hence, the N2O
is assumed to form via the reaction of NO with N atom
Some of the N2O that is formed then desorbs and some d
sociates to form gaseous N2 and adsorbed O atoms. Sinc
NO dissociation is thought to occur on the Pt$211% surface at
room temperature, but not at 120 K~Ref. 16!, it is assumed
that increased amounts of NO dissociation following adso
tion at room temperature prevents the dissociation of N2O on
the surface and hence more of the N2O desorbs intact. This
would account for the smaller amounts of N2 desorption seen
in the TPD spectra in Fig. 4 compared to in Fig. 1.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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IV. SUMMARY AND CONCLUSIONS

TPD spectra have been recorded for NO adsorption
Pt$211% at 120, 300, and 330 K. Adsorption of NO at 120
leads to the production of three NO TPD peaks along w
coincident peaks for N2 and N2O desorption. These spectr
are in excellent agreement with previous data recorded
NO adsorption on Pt$211% at 95 K ~Ref. 8!. In disagreement
with previous data,9 TPD spectra recorded at a heating ra
of 1 K s21, following adsorption at 300 K, also show th
desorption of three NO species. However, TPD spectra
corded following adsorption at 330 K, with a heating rate
8 K s21, are in good agreement with those observ
previously.9 This difference can be assigned to the differe
heating rates used in the two experiments.

Although our spectra are in good agreement with pre
ous data, the assignments made here are in contrast to
made previously.8,9 The three NO TPD peaks observed fo
lowing adsorption at 95 K~Ref. 8! have been previously
assigned to desorption of NO from the step edges~the high-
temperature peak! and the terraces~the two low-temperature
peaks!. For the room-temperature data,9 again the high-
temperature peak was assigned to the desorption of NO f
the step sites and the low-temperature peak was assign
NO desorption from the terraces. By using a combination
our TPD data and previous RAIRS and DFT data,16 we have
shown that none of the peaks observed in the NO TPD sp
trum can be assigned to the desorption of molecular
from the terraces of Pt$211%. Evidence for this comes from
the fact that none of the NO TPD peaks for Pt$211% occur at
the same desorption temperature as those observed
Pt$111% ~Refs. 17–24!. For CO adsorption on Pt$211%, where
TPD peaks can be successfully assigned to the desorptio
step and terrace CO species,30 the terrace species have th
same desorption temperature as observed for Pt$111%. Hence,
previous assignments of TPD spectra for NO on Pt$211% need
to be reconsidered.8,9 Previous TPD investigations of NO
adsorption on Pt$533% ~Refs. 27–29! showed the desorption
of four NO species. As for Pt$211%, the high-temperature
peak was assigned to NO desorption from the step sites
the three low-temperature peaks were assigned to NO
sorption from the terraces. In light of the results presen
here for NO adsorption on Pt$211%, it is possible that the
TPD assignments for the NO/Pt$533% system may also nee
reconsideration.

The observation of N2 and N2O desorption in the TPD
experiments gives evidence for the occurrence of NO dis
ciation on the Pt$211% surface. Previous TPD measuremen
on the flat Pt$111% surface17–24have not shown any evidenc
for the dissociation of NO, either during adsorption or duri
the TPD experiment. Hence, as expected, the dissociatio
NO on Pt$211% is mediated by the presence of the step si
on the surface.

The N2O that is formed on Pt$211% has been shown to b
formed via the reaction of NO with adsorbed N atoms. T
N2O then partly desorbs and partly dissociates to give g
eous N2 and adsorbed O atoms. The production of N2 from
N2O, rather than from an N atom recombination reactio
causes the N2 and N2O desorption to be coincident. In agre
ment with previous observations, no desorption of O2 is seen
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at any time in the TPD experiments. This occurs as a re
of the O atoms dissolving into the subsurface region on h
ing.

The standard model for adsorption on stepped surfa
consists of sequential ‘‘step then terrace’’ adsorption. T
has previously been shown to be valid for CO adsorption
Pt$211% ~Refs. 30 and 31!; however, as we have shown he
and in a previous RAIRS and DFT investigation,16 much
more care must be taken when applying this model to
adsorption on Pt$211%. The occurrence of NO dissociation o
Pt$211% causes this adsorption system to be much more c
plicated than that of CO adsorption on Pt$211%. Hence, as
already shown, TPD peaks observed following NO adso
tion on Pt$211% cannot be simply assigned to the desorpt
of step and terrace NO species. The simplicity of the sequ
tial adsorption model has also been shown to break down
NO adsorption on Pd$211% ~Refs. 37–39!.
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