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RAIRS experiments have been performed to investigate the adsorption of NQ2#1}PtResults show that
adsorption is complex and strongly temperature dependent. At 307 K, three bands are seen at saturation with
frequencies of 1801, 1609, and 1576 dmHowever, at 120 K only two bands, at 1688 and 1620 Grare
observed. To help with the assignment of these vibrational bands, DFT calculations were also performed.
The calculations show that a bridged NO species, bonded to the step edge, is the most stable species on the
surface and gives rise to the band observed at 38620 cnm!. The calculations also suggest that the
temperature dependence of NO adsorption i2P8 can be assigned to NO dissociation which occurs at
room temperature but not at 120 K. In particular, the RAIRS band observed at 1801vanich is observed

on adsorption at 307 K but not at 120 K, is tentatively assigned to the formation of &03zomplex. This

species forms when a NO molecule bonds on top of an O atom, which results from the dissociation of NO
on the P§211} surface at room temperature.

Introduction desorption of NO from the step sites of P11}. RAIRS was
used as a probe of the surface species present before and after
irradiation of the NO adlayer with electrons or photons. RAIR
data recorded following NO adsorption on{ P11} at 90 K,
followed by annealing to 350 K, showed two absorption bands.
At low coverage, a band was observed at 1593 crwhich
was assigned to bridged or bent NO on the step éddéigher
coverages, a second band at 1794 tgrew into the spectrur.
This species was assigned to atop NO bonded to the step edge.
At higher coverages, following adsorption at 90 K (without
annealing to 350 K), bands at1700 and 1440 cmi, assigned
to atop and bridged NO on the{Rtl1} terraces, were also
observed.

NO adsorption on P211} has also been studied using TPD,

The chemistry of NO on Pt surfaces is of great scientific and
technological interest. The catalytic reduction of NON, and
O; is one of the most important reactions in the three-way car
exhaust catalyst, of which Pt is an important component. The
adsorption of NO on surfaces is also interesting to study from
a basic chemical point of view because of the amphoteric
bonding nature of NO to the surface. The result of this is that
the chemistry of NO adsorption is generally more complex than
that of CO adsorption, with an extensive range of vibrational
frequencies being observed for NO species adsorbed on
surfaces.Here, we present the results of a reflection absorption
infrared spectroscopy (RAIRS) study of the adsorption of NO
on the stepped P211} surface over the temperature range from .
120 to 310 K. Several different NO vibrational bands were UPS?and XPS: S_uglsawa and co-workérased XPS and UPS
observed for this system. To help with the assignments of the [0 ShOW that NO is adsorbed molecularly of 211} at 95 K.

; - At saturation coverage at this temperature, half of the molecules
observed infrared bands, we have also performed a densi
functional theory (DFT) study of NO adsoFr)ption on{PLL tygdsorbed at the step and half adsorbed on the terraces. TPD

This is the first theoretical calculation of this adsorption system. SPectra following adsorption at 9Ishowed that NO molecules

Temperature-programmed desorption (TPD) data have also beerd (€ Step sites decomposed on heating to givehe TPD
recorded and these are reported in detail elsewhere. spectrum. The TPD spectra also showed the presence of three
The P{211} surface consists of three atom wide terraces with peaks due to molecular NO desorpfioat 303, 378, and

. 488 K. No desorption of molecularQvas seen in the TPD.
{111} structure and one atom high steps{d0C character. . )
. . : TPD spectra following adsorption at 300 Khowed only two
Well-def t f t ting to st th
ell-defined stepped surfaces are interesting to study as eypeaks for NO, at 370 and 500 K, and one peak foah450-

provide a first step toward understanding the role of defects in 500 K. NO di iati d to take bl the st
adsorption and catalysis. In particular, it is expected that defect- ’ |ssoua7|on was assumed 1o take place on the step
edges afl > 400 K.

covered surfaces are more active for the dissociation of NO, > . .
While there are no other studies of NO adsorption on Pt-

compared to flat surfaces. e ) . i
{211}, vibrational studies of NO adsorption on polycrystalline

There are very few previous experimental studies of the - 1
adsorption of NO on RR1537 and there are no previous Pt ‘°and on stepped P11} surface$' have been reported.

theoretical studies of this adsorption system. Yates et al. [N both cases, similar bands to those seen d2Ft were

performed investigations of electibhand photof stimulated ~ OPServed. RAIR spectra recorded following adsorption on
polycrystalline Pt at 300 Kshowed absorption bands at 1600

* Corresponding author. E-mail: w.a.brown@ucl.ac.uk; fax:44 20 1610 cm* and 1625-1640 cni*. The peak at 16061610 cn*
7679 7463; tel:+ 44 20 7679 4688. was assigned to a bridged or bent NO species at the step edge.
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However, the polycrystalline nature of the surface led to

ambiguity in the assignment of the band at 162440 cnt™.

It was believed that this peak was due either to NO on a terrace

site, adjacent to a step edge, or to NO adsorbed §hla}

facet. A band at 1800 cm was assigned to a NO molecule at

a step defect site. A small band seen at 1710%following

preadsorption of atomic O, was assigned to atop NO bonded to

{111} terraces$. The bands at 16001610 and 1800 cri were

strongly attenuated by the preadsorption of O atéms. fhigure dl'l 'z :EtgllegaticfdiagfaT ShQWin(EIJ ]ESZ r?gf;n;_fggc _ZtrugtgLet)Of
i i € moaele suriace: atop view (le 1ae view (ri .

de'?‘egcrt? \rllvcii ?{?](_jl]-I_;resr:ﬂgczllj(lj\:i(:ngr]sugdiﬁgrraprté?jnbgz('j\lsowg?ea The dotted Iin_e shows the (% 2_) unit cell of P{211}. The step-edge

. Pt atoms are indicated by white spheres.
observed in the range 1320840 cnTl. Bands at 18261840

—1 1 ; ;
cm and at 16091634 cn- were assigned to linear and bent 4 1pp spectra in good agreement with those of Yates®£al.

NO species bonded to defect sites. The assignment of theseNO (99.5% purity, BOC Ltd.) was admitted into the chamber
bands was confirmed by blocking the defect sites with atomic by means of a hfgh precision leak valve. RAIRS data were

O. Preadsorption of O had opposite effects on these two peak
at 300 K. The peak near 1620 cinwas partially suppressed
by the presence of O on the surface and the peak at 1828 cm
was enhanced by the presence of preadsorbed O. A pe
observed at 1591 cm was assigned to adsorption at kinks on
the surface. Other observed bands at 170120 cn1?, 1475~
1500, and 1367 cnt were assigned to NO on atop, bridge,
and three-fold hollow sites on tHel11} terraces.

TPD studies have also been performed for NO adsorption
on a stepped P111} surface, thought to be close to{211}
surface!? NO was observed to adsorb molecularly on the step tio
and the terrace at 300 K. These two species gave rise to two
NO desorption peaks in the TPD. In addition, TPD peaks due
to the desorption of Nland NNO were observed.

In addition to the surfaces described above, NO adsorption

has also been studied on other stepped and kinked Pt surfaceg\,l spaci :

. . 8 _ pacing was used for all of the calculations. For example,

including p(_533¢ e P.t{21q e ands P{410.171 On Pt- fora (1 x 2) P{211} slab, 2x 3 x 1 k-point sampling was

{533},.followmg adsorption at 10.0 K3 NO was observed to used. The R211 surface was modeled by ¢t 2) (1/6 ML)

d'4315 oclzlggeg rc]iurln%the TPD ?Xgi”rgem' HOWEVE%R? 3%%dK or (1 x 3) (1/9 ML) slabs with three effective layers (see Figure

{ O} 1ave been reported to decompose a * 1). Inall of the calculations, the top layer of the slab was relaxed
It is obvious from the information presented above that ,nq the other layers were fixed at the bulk truncated structure.

caution must be a.pp"ed V\{hen'assgnlng. V|brat|onagl 4bands o To facilitate the characterization of the infrared spectra

NO. The various different vibrational studies o 14 **and observed in the experiments, stretching frequencies for NO

in& 10 - 1
on poncrysFalllné . gnd qlefeqt covered Pﬂl}. surfaces . adsorbed in various configurations of P11} were calculated.
have all assigned similar vibrational bands to different species. . ; . X
Previous work has shown that there is a systematic error in the

Studies of NO adsorbed on surfaces have been undertaken fo 0 vibrational frequencies that result from our DET pseudo-
many years and vibrational assignments have generally been ial calculati d | h - pse h
made by comparison of surface vibrational data with NO group potential calculations. To evaluate the systematic error in the

- L : . calculated NO stretching frequencies in a Pt surfed®
stretching frequencies in a wide range of nitrosyl compléRes. . . i o
. . ) bonding environment, we first calculated a vibrational frequency
However, various studies have shown that such a simple

i - ) . for NO adsorbed on flat P111} where the experimental value
comparison is not always valid. Examples where assignments

from vibrational data do not agree with assignments based onOf the NO stretching frequency on the most stable site, the fcc

structural studies and on theory include NO adsorption on hollow site, is available (14761498 cnT” *%. Our calculated
Ni{111}21-%0 and P§111} 31-3¢ N—O vibrational frequency for NO at this site was 1608 ém

: . . which is~121 cnr? higher than the experimentally determined
vil::?atlilcg:;l cl))fartlr(]jis?/veprrcw):\l/eemcsor\rqvgzrggeoﬁsi:gra::ggglOsfpglgra value. In light of this, we then subtracted 121 @nfrom each
with previous data for RR11} 34 polycrystalline PE-1° and calculated NO stretching frequency o{ P11} and the result

is given as our predicted value.
defect-covered RPL11}* surfaces. We have also undertaken a g . IZH“‘ has d trated that the ab ¢
theoretical investigation of the adsorption of NO of A1} . f {EV%UI:STV\{O{ | as ETO?St_ranell % the a_bovte_ sel up
The results of these calculations proved to be essential in helping or the otal energy calculall an € vibrationa

the assignment of the various NO vibrational bands observed{ﬁquen&y dcal(f:ulatlor‘ff afforolls ?cz[og a%cuigcy.llfn partlcullar,.
in the RAIR spectra. is method of correcting calculated vibrational frequencies is

very effective. Previous results have shown that the systematic
error in the calculated NO vibrational frequencies is rather
constant for many different systems. Table 1 shows a compari-
The P{211} crystal was cleaned by repeated cycles of Ar son between experimentally and theoretically determine®N
ion sputtering at 300 K (drain current2.2 uA), oxygen stretch frequencies for NO in the gas pHased adsorbed on
treatment at 900 K in 5% 10-8 mbar Q, and annealing at 1050  various surface®.3246 |t is clear from the table that the
K. Sample cleanliness was confirmed by observation of the correction factor is fairly constant for both gas-phase NO and
expected LEED pattern for £211} and by the production of  also for NO adsorbed in various sites on different metal surfaces.

Srecorded using a Mattson Instruments RS1 Research Series FTIR
spectrometer coupled to a liquid nitrogen cooled narrow band
MCT detector. All spectra were taken at a resolution of 4&tm

akand are the result of the co-addition of 256 scans. It took

approximately 3 min to collect each spectrum. In RAIRS

experiments where the sample was heated, it was annealed to a

predetermined temperature, held at this temperature for 40 s,

and then cooled back down to the original temperature before

a spectrum was taken.

DFT calculations with the generalized gradient approxima-

n®” were performed using CASTEP .The electronic wave

functions were expanded in a plane wave basis set and the ion
cores were described by ultra-soft pseudopotentfalEhe
vacuum region between slabs was 10 A and a cutoff energy of

340 eV was used. Monkhurst-Pakkpoint sampling with 0.07

Methodology
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TABLE 1: Calculated N—O Vibrational Frequencies,
v(calc), and Experimentally Determined N-O Vibrational
Frequencies,v(expt), for Gas-Phase NO and for NO
Adsorbed in Different Sites on Pt and Ir Metal Surfaces$

NO on fcc NO on hecp
gas-phasehollow site on hollow site on  NO on atop
NO P{111} Ir{111} site on 1111}
v(expt)/en? 1876 148F 1440 1860
v(calc)/cnrt 2004 1608 1553 1971
Av(calc— 128 121 113 111
expt)/ cnrt

@ Also included in the table is a measure of the erdo(calc —
expt), in the calculated frequencies which is given as the difference

between the calculated and experimental vibrational frequencies.

b Reference 45¢ References 31 and 32Reference 46.

1591 0.05L
01L
1601
02L
1606
05L
1613
AR/R
BV W
1584
1803 1601
2L
1609 1576
1801
W
0.4% 1609 1576
1801
I I 1 I I
2000 1900 1800 1700 }600 1500 1400
‘Wavenumber/cm

Figure 2. RAIR spectra following adsorption of NO on{tl1} at
307 K. The NO exposures are marked on the figure.

It is therefore expected that, by applying a correction factor of
121 cntl, it is possible to predict the experimental—KD
vibrational frequencies for NO adsorbed ofiAt1} with a good
degree of accuracy.

Results

RAIRS Results. A. Room-Temperature AdsorptioRigure
2 shows RAIR data for the sequential adsorption of NO on Pt-
{211 at 307 K. Initially, a band is observed at 1591 ¢m
following a NO exposure of 0.05 L. With increasing exposure,
this peak grows in intensity and shifts up in frequency to 1613

cm L. A marked change then occurs in the spectrum between

0.5-1 L NO exposure. The peak initially observed at 1591
1613 cntt falls in intensity and shifts down in frequency to
1601 cntl. At the same time, a low frequency shoulder appears
on this peak at 1584 cm. A third band, at 1803 cm, is also
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Figure 3. RAIR spectra following annealing of a {211} sample

saturated with NO at 307 K to various temperatures. The temperatures
to which the sample was heated are marked on the figure.

2000 1400

RAIR spectra following saturation of 211} at 307 K, and
annealing to various temperatures, are shown in Figure 3. On
initial heating to 315 K, the intensity of the peaks at 1609 and
1576 cntt increases slightly and the peak at 1801 énoses
intensity. By 350 K, this species has disappeared from the
spectrum completely. On further heating, the two peaks initially
seen at 1609 and 1576 cimerge into one peak at 1598 cin
The new peak grows to a maximum intensity following
annealing to 375 K, before disappearing from the spectrum by
451 K.

B. Low-Temperature AdsorptioRAIR spectra following NO
adsorption on RR11} at 120 K are shown in Figure 4. These
spectra are rather different to those observed following adsorp-
tion at 307 K (Figure 2). Initially, a peak is observed at 1612
cmL. With increasing exposure, this band first increases in
frequency and intensity. Following a NO exposure of 1 L, this
band then begins to decrease in intensity and frequency, reaching
a frequency of 1620 cm at saturation. At the same time as
this band begins to decrease in intensity, an additional band at
1689 cnrt grows into the spectrum. The frequency of this band
remains relatively constant with increasing exposure. However,
the intensity of this peak increases until it reaches a maximum
at a NO exposure of 20 L. No other absorption features are
seen in the infrared spectra at this temperature. In particular,
bands observed at1800 and 1580 cnt following adsorption
at 307 K are not observed.

Figure 5 shows a series of spectra following annealing of a
P{211 surface saturated with NO at 120 K to various
temperatures. Only very small changes are observed for an-
nealing to temperatures200 K. Following annealing to 230
K, a small peak at 1802 cmi grows into the spectrum. This

observed in the spectrum. The spectra then only change slightlyband increases in intensity with increasing annealing temperature
with increasing exposure until at saturation three peaks areto reach a maximum intensity at 300 K. Further annealing then
observed at 1801, 1609, and 1576¢m leads to the disappearance of this species until it has gone from
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Figure 4. RAIR spectra following adsorption of NO on{2tl1} at

120 K. Note the marked difference between this series of spectra and

those shown in Figure 2. Figure 5. RAIR spectra following annealing of a {211} sample
saturated with NO at 120 K to the various temperatures marked on the

the spectrum by 360 K. At the same time, the band at 1684 figure.

cm~! decreases in intensity and has disappeared from the

spectrum completely by 300 K. On further heating to 330 K,

bands at 1615 and 1594 cfappear in the spectrum. With

further heating, these peaks merge to form one peak at 1606

cmL. This peak disappears from the spectrum by 450 K.

C. DFT Calculations DFT calculations were performed to
determine the adsorption energy, vibrational frequency, and
N—O and PtNO bond lengths for NO adsorbed on various
different sites on B211}. The sites for which calculations were TT
o o et o s o gt . A schemat. dagra of e (13 s, shwing re

3 . . ) X * 'V sites for which NO adsorption was investigated theoretically. The sites
that, as described earlier, the predicted vibrational frequencies|apeled are a step-bridge site (SB), step-hcp-hollow site (SH), step-top
are obtained by subtracting 121 cinfrom the calculated  site (ST), terrace-top site (TT), and a terrace-bridge site (TB).

vibrational frequencies. ) ] )
It is clear from the results shown in Table 2 that the most EAB(Ij_EL 2: ;';]heoreé'cg"ydC?"éu\'%ed t{"\ds‘l’rli__)“on Ene_rgle%s,

. : : ond Lengths, and Predicted Vibrational Frequencies for

stable species on the{RtL1} surface isa brldged.NO mqlecqle NO Adsorbed on P{211} in the Sites Shown in Figure 6
bonded to the step edge, which has a predicted vibrational

Wavenumber/cm”

SB

TB

frequency of 1586 cri. As expected, because of the unsatur- __ adsorption  predicted N-O PENO
. adsorption  energy/ vibrational bond bond
ated nature of the P211} surface, the most stable species on site kimol* frequency/cm® length/ A length/A
the P{211} surface has a larger adsorption energy (228 kJ
mol~1) than the most stable species on the fl§tlRt} surface SH %gg iggg i'%gg %'823' %'ggg
(198 kJ mot?l). The next most stable species o 2t} is ' 2333
NO bonded to a three-fold hollow site, bonded to one step atom g1 178 1664 1.181  1.887
and two terrace atoms, which has an adsorption energy of 186 TT2 137 1670 1.179  1.949
kJ mol* and a vibrational frequency of 1558 cf An atop B 166 1586 1198  2.012

NO molecule bonded to the step edge has a calculated adsorption aTT and TB: the adsorption energies and vibrational frequencies
energy of 178 kJ moft and a predicted vibrational frequency for the terrace-top and the terrace-bridge sites were calculated with
of 1664 cntl. As expected, NO species on the terrace on Pt- the step-bridge sites already filled with NO molecules.

{211} are considerably less stable than NO species bonded to

the step edge. The terrace top NO species (with the steps filledbridged NO species (again with the steps filled with bridged

with bridged NO molecules) has an adsorption energy of 137 NO molecules) has an adsorption energy of 166 kJ fnahd

kJ mol~t and a vibrational frequency of 1670 ctnThe terrace- a predicted vibrational frequency of 1586 th
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Discussion TABLE 3: Predicted Vibrational Frequencies for Various
NO Containing Species on Rt211}

A. Room-Temperature Adsorption. It is obvious from the

results shown above that the adsorption of NO of2P1} is predicted vibrational

h . species frequency/cm?
strongly temperature dependent with completely different
behavior observed for adsorption at 307 K (Figure 2) and 120 &Ng)ég?ﬁgzge%gdge 12%' 1680
K (Figure 4). Adsorption of NO on P211} at 307 K initially Nf) onO atomrzo 0% step-bridge) 1829
gives rise to a band at 1591 cfn This band has a vibrational NO on O atom (O on step-bridge) 1813
frequency that might be expected for a bridged NO species on with N atom on terrace hcp site

a surface. In addition, the DFT calculations show that the most No adsorption at 300 K was predominantly molecular. Gland
stable adsorption site for NO on{Ri.1} is a step-bridge site  ang Sextof? reported some NO dissociation o Pt1} in the
with a predicted vibrational frequency of 1586 cth We temperature range 3600 K.
therefore assign the band observed initially at 307 K to NO 10 help determine the nature of the species giving rise to the
adsorbed in a bridge site on the step edge ¢RPH. This band at 1803 crt, further DFT calculations were performed.
assignment is in good agreement with that of Yates et al. for cajculations were initially performed to investigate the dis-
NO on P{211}** and with Agrawal and Trenaty for NO sociation of NO on R211}. The calculations showed that the
adsorbed on defect-covered P11}. As the surface is further  {ransition state for NO dissociation at the{ P11} step edge
exposed to NO (Figure 2), the band assigned to bridged NO onhas an energy 64 kJ mdllower than that of the gas-phase NO
the step edge increases in intensity and shifts up in frequencymglecule, suggesting that dissociation may be possible on Pt-
to reach a maximum intensity following a NO exposure of 0.5 {211}. However, the bridged NO molecule at the step edge has
L. This observed frequency shift may be due to dipole coupling an adsorption energy of 228 kJ mél Hence, it is more likely
resulting from increased amounts of NO on the surface. that, initially, NO will adsorb molecularly on the surface. This
However, it is also possible that the frequency increase occursijs in agreement with our RAIRS data and with previous
partly because of the presence of O atoms, resulting from NO gpservationg:4 81112 However, the products of dissociation,
dissociation at the step edges. When NO is adsorbed on Pt-34sorbed N and O atoms, are expected to have a higher
{213} in the presence of pre-dosed O atoththe frequency  adsorption energy than molecular NO and therefore dissociation
of the band due to step-bridged NO increases as a function ofis oyerall an energetically favored process. Given that the
increasing O pre-dose. Further evidence that NO dissociationransition state for NO dissociation on{P11} is favored with
may be occurring on the £211} surface, even at 307 K, is  respect to the gas phase, it is expected that some dissociation
given below. may be observed on £&11}. This would particularly be

As the surface is further exposed to NO, two additional bands, expected at higher coverages when the adsorption of NO in the
at 1803 and 1584 cmi, are observed in the spectrum (Figure bridge site on the step edge becomes less favored because of
2). At the same time, the band assigned to the step-bridged NOsurface crowding.
decreases in frequency and intensity. The band at 1803 cm  |n light of these results, calculations were also performed for
has previously been observed by Yates et by, Agrawal and NO species which might form as the result of NO dissociation
Trenary}! and by Levouger and NikIn all of these cases, this  on the surface. The results of these calculations are shown in
band was assigned to atop NO bonded to step (or defect) sitesTable 3. Just as before, a correction factor of 121 tmas
However, our calculations (see Table 1) show that the expectedapplied to the calculation of the vibrational frequencies given
vibrational frequency for an atop NO molecule bonded to the in Table 3. Although the NO containing species in Table 3 do
P{211} step edge is 1664 cri—considerably lower than the  not all consist of NO directly bonded to the Pt surface, the same
frequency of the band observed here. It is therefore suggesteccorrection factor can be applied. As we have already shown
that this band is not due to NO bonded to a top site at the step(Table 1), the correction factor is the same for different-NO
edge as previously indicatéd:* The presence of this band in metal adsorption systems, and also for gas-phase NO, and hence,
the RAIR spectrum is very temperature dependéntis it is also expected to be valid for the species shown in Table 3.
observed following adsorption at 307 K (Figure 2) but not  The first species for which the vibrational frequency was
following adsorption at 120 K (Figure 4). However, when a calculated was an (N@)dimer species. (NQ)dimers have
surface saturated with NO at 120 K is annealed to above 230 previously been observed on L1} 5051and Cyf 11052 with
K, this band appears in the spectrum (Figure 5). vibrational frequencies of1860 cnt! and~1780 cntl. The

The presence of NO dissociation on the steps of th2 1} presence of (NQ)dimers has also been speculated driLRL}
surface at 307 K, but not at 120 K, is a possible cause of the at high coveragé? However, the predicted vibrational frequen-
observed temperature dependence of this band. There is currentlgies for the (NO) species on R211}, shown in Table 3, are
no real consensus in the literature concerning NO dissociationrather low, suggesting that the band at 1803 tmwannot be
on P{211} at 300 K. Banholzer and co-worké¥sused due to this species. The calculations also showed that the,(NO)
symmetry considerations to show tha{ Pt1} surfaces with dimer species was only bonded very weakly to thE2P1}
{100 steps, such as §211}, should show high activity for  surface.
NO dissociation at the step sites. However, Sugisawa and co- The predicted vibrational frequency fop® adsorbed on the
workers used TPD, XPS, and UPS to investigate NO adsorptionstep edge was also calculated;Nhas been seen in TPD
on P{211} and found that NO dissociation was not observed following NO adsorption on PR11}2 and defect-covered Pt-
until ~480 K8 Gohndrone and Maselnoted that Rt211} {11132 and could form on the surface as a result of the reaction
dissociates NO with a very similar reactivity to that of #11} of molecular NO with an adsorbed N atom. However, the
and P{100;, which is known to dissociate NO at 300“K. predicted N-O vibrational frequency for PO, shown in Table
However, NO dissociation on 211} was assumed to take 3, is too low. We also performed experiments whes®©Nvas
place on the step edges at temperatard60 K.’ Yates et af* adsorbed on the P211} surface at 300 and 100 K, and in all
did not look for NO dissociation on P211. Work on cases no bands were seen in the RAIR spectrum, suggesting
polycrystalline Ptand defect-covered Pr11}1112showed that ~ that NNO does not adsorb on {211} at these temperatures.
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The only species for which the predicted vibrational frequency
was close to the measured vibrational frequency of 1803'cm 20

was a species where NO was bonded on top of an O atom which
j/\uL ]

Integrated intensity/a.u.
S

frequency of this species is 1829 tiThe only way that this

species could form would be if NO dissociation was occurring

on the surface at 307 K. In light of this assumption, the predicted

from Table 3, the predicted vibrational frequency then reduces

to 1813 cn1l. Hence, the band observed at 1803 éns s i ;t:g
tentatively assigned to theND stretch of an ©NO complex —& 5LNO

vibrational frequency of this species was recalculated to include
which forms as the result of NO dissociation o{ i1} at K- 10LNO
307 K. The calculated energy of the bond between the NO and 00— . «—

was adsorbed on a step bridge site. The calculated vibrational
the presence of N atoms on the terrace sites. As can be see
—8— 0.5 L NO!
the O atom is 68 kJ mot. Calculations were also performed ) J J J

. . . . 0 5 10 15 20
to investigate the formation of aNNO complex. However, in Oxygen pre-dose/L
all cases, geometrical Optlr.mzatlon of the_N.O compl_ex on Figure 7. The integrated intensity of the1800 cnT! RAIRS band,
the P{211} surface leads either to the formation ofin the observed when NO is adsorbed o Pt1} at room temperature, as a

gas phase or to the formation of gas-phase NO and adsorbed Nunction of both O atom pre-dose and also NO d8se.

atoms. Hence, the band at 1803 ¢ntannot be due to the . .
formation of an N-NO complex. forming the O-NO complex. At high oxygen pre-doses, there

q are less sites available for NO adsorption and hence the intensity
following NO adsorption on defect-covered{ LT} .11 It was of the band due to the -©NO complex decreases for any given

speculated that this band may have arisen due to the formatioan()tlfloslf)e' I;jlogvevetr, ?kt] h'gl% NO d(ise52( L). the”mtepshlf[yh

of NO, on the surface. However, this assignment was rejectedo € band due 1o the complex, especially at hig
because N@adsorbed on PL11} shows vibrational bands at oxygen pre-doses, is still larger than the intensity of the band
795, 1180, and 1550 cry™i not at 1820 cm. In addition, @ °°served on aclean surface. -
preadsorption studies using isotopically labeled oxyyemre _ror low . - y
performed and did not lead to a shift of the band at 1820%cm Increases in intensity _foIIov_vmg a20 L oxygen pre-dose (Figure
as would be expected if it were due to an Nspecies. However, 7). This is not Surprising since, as we have _already shpwn, the
as our calculations show, the species giving rise to the band atmOSt staple NO species on thg P11} surfaqe is a step-bridged
1803 cnl is not a NG molecule: it is more like an ONO NO species. Hence, the-ONO complex will only be formed

. after all of the step sites are filled with bridged NO molecules.
complex, since the bond between the NO molecule and the O I
atom is very weak. The calculated NO bond lengths for this The fact that the band at1800 cn1 " is observed for NO doses

. . of 0.5 L, following a 20 L oxygen pre-dose, is further evidence
species are 1.180 A for the-ND bond in the NO molecule and . . .
1.776 A for the bond between the NO and the O. Hence, the that this band is strongly influenced by the presence of O atoms

— . . . on the P§211} surface. This is exactly what would be expected
vibrational mode which gives rise to the band at 1803 &m if this band is due to the formation of an-NO complex.
may be the N-O stretch of this complex.

) o : ) In addition to the evidence provided by RAIR spectra, TPD
It is perhaps surprising that this weakly bound complex is experiments following NO dosing onto an O pre-dose®P1}
formed in preference to the more stable atop or bridge terraceg,rface also show that the intensity of the TPD peak assigned
species. However, the presence of NO dissociation on theiq tne desorption of NO from the-eNO comple®4’increases
surface means that the terraces may be covered with N atoms,iiy, increasing O atom pre-dose. Further details about the
It is known that when NO dissociates on a stepped surface, thejnfiuence of pre-dosed O atoms on the adsorption of NO on
O atoms remain bound at the step edges and the N atoms migratept{ 211} can be found elsewhef@.
to the terracé? In this case, NO cannot adsorb on the terrace At the same time as the band at 1803érappears in the
sites since they are already filled with N atoms. When adsorption spectrum, a band at 1584 cialso grows in (Figure 2). This
occurs at 120 K, the atop terrace NO species is formed, in hand shifts down to 1576 cri with increasing NO exposure.
preference to the ©NO complex, as dissociation does not occur This pand was also observed by Agrawal and Trenary for
at this temperature (see later). adsorption of NO on defect-covered{P11}1! and has a
Further evidence for the assignment of the RAIR band frequency which is very similar to that of the step-bridged NO,
observed at 1803 cm to an O-NO complex comes from the  suggesting that this band is also due to a bridged NO molecule.
observation that pre-dosing the surface with O atoms causesThis band was not observed by Yates e although their
the intensity of this peak to increase with increasing O atom saturation RAIR spectrum at 350 K showed a broad feature in
pre-dose’ Figure 7 shows the integrated intensity of the RAIR ' the bridge region of the spectrum, which could have contribu-
band observed at+1800 cm! as a function of oxygen pre-  tions from at least two species. Agrawal and Tre#aagsigned
dose and NO dose. For all NO doses above 0.5 L, the intensity this band to adsorption at kinks, which are present between the
of the band assigned to the-MO complex increases with  steps. It is unlikely that this band is due to the adsorption of
increasing oxygen pre-dose, to reach a maximuflaoxygen NO in a bridge site on the terrace, although our calculations
pre-dose. This is as expected, as increased amounts of O atoméTable 2) suggest that the terrace-bridged NO species has a
on the surface will allow more of the €©€NO complex to be similar frequency to the bridged NO on the step edge. However,
formed. However, at higher oxygen pre-doses, the intensity of experimental data for Pt11} shows that the bridged NO
the band, at a given NO dose, decreases again. This is mosspecies has a vibrational frequency in the range +4BDO0
likely due to site blocking by the adsorbed O atoms. It is likely cm1.311.31.32yates et aP also saw a peak at 1440 cfwhich
that the NO molecules bond to the{P11} surface before they assigned to bridged NO on the terrace sites. This frequency

A similar band, at 1820 cmt, has previously been observe
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is much lower than that observed here. In addition, as already frequencies to those calculated for the adsorption of the {NO)
mentioned, the terrace sites are expected to be filled with N dimer species on P211} (Table 3). However, while the
atoms which will inhibit the adsorption of NO on the terraces. frequencies are very similar, calculations show that the gNO)

Looking at the results of the DFT calculations (Table 2), it Species is rather unstable on th¢At1} surface. It is therefore
is possible that the band at 1584 chis due to NO adsorbed  not expected that it would form in preference to the more stable
in a three-fold hollow site on the steps of{P11}. This is step-bridged NO species. Hence, the lower frequency of these
calculated to be the second most stable species on the surfacdWo bands is assigned to the step-bridged NO species, as at 307
However, it is not clear why this species would be formed in K- The calculations show that this is the most stable species on
preference to the step-bridge species, which is more stable. Inthe surface. The frequency of this band is higher than that
addition, at the point where this band appears in the spectrum,observed at 307 K (Figure 2) possibly because NO is not
it is likely that the steps are already saturated with bridged NO dissociating at this temperature and hence there is a larger
and hence there would be no room for NO to adsorb in a three- coverage of NO on the surface, leading to more dipole coupling.
fold site at the step. We also note that the band at $3B84 The observed overall frequency shift at 120 K because of dipole
cm ! appears in the spectrum in Figure 2 at the same time ascoupling (16 cm?) is smaller than that observed at 307 K (22
the 1803 cm® band. With this in mind, we tentatively assign ¢M %), which was assigned to both dipole coupling and to the
the band observed at 1578584 cnt! to a step-bridged NO influence of O atoms. With increasing exposure, a second band
molecule which is no longer influenced by the presence of O at~1688 cnt* grows into the spectrum. This band is assigned
atoms. It has already been suggested that the observed frequendy an atop NO species, most likely bonded to the terrace. This
increase of the step-bridged NO vibrational band, seen in Figure 8ssignment is in agreement with that of Yates and co-workers.
2, could be due both to dipole coupling and to the presence of The calculated vibrational frequency for this species (Table 2)
O atoms on the surface. When the-RO complex is formed, is 1670 cn1l, in good agreement with the observed vibrational
O atoms are no longer available to directly influence the step- frequency. This frequency is very close to that seen for atop
bridged NO. In fact, the band at 1576584 cm! has a NO on P{ 111} 3132again confirming this assignment. The band
frequency very close to that calculated for bridged NO bonded S @ssigned to a terrace atop species, rather than a step atop
to the step edge on the clean surface (Table 2). There will thusSP€cies, because the step sites are already filled with bridged
be a mixture of step-bridged NO molecules on the surface NO molecules. This species is not seen when adsorption occurs
some still bonded adjacent to O atoms, some bonded next to@t 307 K because of the presence of NO dissociation at the
the O-NO complex, and some bonded next to other step- higher temperature. N atoms produced by dissociation diffuse
bridged NO molecules. These different environments for the 10 the terracé! hence blocking the adsorption of molecular NO.

bridged NO molecules could give rise to two bands in the RAIR ~ When the surface saturated with NO at 120 K is heated, no
spectrum. change in the spectrum is observed until 230 K (Figure 5). At

this temperature, the band at 1688 €ndisappears from the

Figure 3 shows the result of heating the saturated NO adlayerSpectrum and. at the same time, a peak at 1802 &regins to

which is formed at 307 K. The first band to disappear from the grow in. The species giving rise to the band at 1688 tdves

spectrum s the band at 1801 cin assigned fo the NO not desorb from the surface, as no NO desorption peaks are
vibration of an G-NO complex. This species disappears from seen in the TPD until above 300%€.Hence, this species must

the spectrum at temperatures above 330 K. This supports the ) - ;
assignment of this band, since the bond between the NO move to another adsorption site when the surface is heated. The

molecule and the O atom is calculated to be weak (68 k3ol observation of the band at 1802 ctinat temperatures above

- - 230 K, assigned to the ©NO complex, suggests that this
?ilps(: hence it would be expected to disappear from the SpeCtrumtemperature is the onset of NO dissociation of2Rt}. It is

. . therefore likely that the atop terrace NO species is displaced
At the same time as the band-at800 cnt! disappears from

X by N atoms, formed during NO dissociation, which diffuse to
the spectrum, the two bands at 1609 and 1576'amerge into

s the terrace. The atop terrace species therefore moves to the step
one peak at 1598 cm (Figure 3). The bands at 1609 and 1576 where it bonds on top of an O atom to give the RO complex.

1584 cm' have already been assigned to step-bridged NO ;s most likely that it is the step-bridged NO which dissociates
species in d_|fferent environments: e|ther_|nfluenced by adjacent heating, as it is expected that dissociation will occur at the
O atoms (higher frequency band) or not influenced by O atoms gte) eqges. This is supported by the fact that the band due to
(lower frequency band). It is well known that heating the Pt- step-bridged NO, at 16261630 cn1?, virtually disappears from
{211} surface causes adsorbed O atoms to dissolve into they,q spectrum above 260 K. It is not clear why this band
surface” In fact, peaks due tzoepare not observed in TPD  reqnhears at 360 K, although readsorption of NO from the
spectra from NO dosed {211} .#° Once the O atoms have gone no—Q complex may occur as the N@D bond is broken and
subsurface, they are no longer available to influence the step-y,o o goes subsurface because of hedtingst as in the spectra
bridged NO species and hence the observed NO bridge bands, Figure 3, the last band to disappear from the spectrum is
revert to one species. In agreement with our suggested assignsp, ¢ assigned to the bridged NO species on the step edge. As

ment that the lower frequency of these two bands is due 10 o the spectra in Figure 3, this species has gone by 450 K.
bridged NO not influenced by adsorbed O atoms, the merged

band has a frequency closer to that of the lower of the two bands.Summary and Conclusions

The resulting band due to the step-bridged NO, at 1598'¢m A combined RAIRS and DFT investigation of the adsorption
is the last to disappear from the spectrum and has gone by 451of NO on the stepped £211} surface has been performed for
K. This further confirms the assignment of this band to the step- the first time. The RAIRS experiments show that very different
bridged NO species, since it is the most stable species on theadsorption behavior occurs at 120 and 307 K. At 307 K, three

P{211} surface. bands are seen at saturation with frequencies of 1801, 1609,
B. Low-Temperature Adsorption. Adsorption of NO at 120 and 1576 cm®. However, at 120 K only two bands, at 1688
K gives rise to two bands at 1632628 cnt! and at~1688 and 1620 cm?!, are observed. A full summary of all of the

cm 1 (Figure 4). At first sight, these two bands have very similar assignments of the observed RAIRS bands is given in Table 4.
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TABLE 4: A Summary of the Observed RAIR Bands, and (5) SzabpA.; Henderson, M. A; Yates, J. T., Ir.Chem. Physl99Q
the Band Assignments, for NO Adsorbed on Ri211} 92, 2208.
- (6) Sugisawa, T.; Shiraishi, J.; Machihara, D.; Irokawa, K.; Miki, H.;
band adsorption Kodama, C.; Kuriyama, T.; Kubo, T.; Nozoye, Bppl. Surf. Sci2001
frequency/cm? temperature/K band assignment 169-170,292.

(7) Gohndrone, J. M.; Masel, R. §urf. Sci.1989 209, 44.

iggé gg; Ntc*%‘?gm%eﬁo (8) Levoguer, C. L.; Nix, R. MSurf. Sci.1096 365 672.
step-bridge (9) Pirug, G.; Bonzel, H. PJ. Catal. 1977, 50, 64.
affected by O atoms (10) Dunn, D. S.; Severson, M. W.; Golden, W. G.; Overend, Catal.
1576 307 step-bridge NO 1980 65, 271.
1688 120 top-terrace NO (11) Agrawal, V. K.; Trenary, MSurf. Sci.1991, 259, 116.
1620 120 step-bridge NO (12) Lee, S. B.; Kang, D. H.; Park, C. Y.; Kwak, H. Bull. Korean

Chem. Socl1995 16, 157.

: (13) Skelton, D. C.; Wang, H.; Tobin, R. G.; Lambert, D. K.; DiMaggio,
At all temperatures above 120 K, the most stable species on L. Fisher, G. B.J. Phys. Chem. 001, 105 204.

the surface is a bridged NO molecule, bonded to the step edge. (14) wang, H.; Tobin, R. G.; Fisher, G. B.; DiMaggio, C. L.; Lambert,
This gives rise to the RAIRS band seen at 161620 cni. D. (K. )Surf. Sci.1999 étl)4Q 429. . .
- . 15) Wang, H.; Tobin, R. G.; DiMaggio, C. L.; Fisher, G. B.; Lambert,
The bgnd obgir\l/led gt 18%1 Chlg very thaneKrak\)ture dePTlndgnt, D. K. 2. Chem. Physl997 107 9569,
it is observed following adsorption at ut not following (16) Sugai, S.; Shimizu, K.; Watanabe, H.; Miki, H.; Kawasaki, K.;
adsorption at 120 K. However, when a surface saturated with Kioka, T. Surf. Sci.1993 287288, 455. _ _
NO at 120 K is annealed to above 230 K, this band appears in 195%17211'\/“1%5"'-: Takeuchi, K.; Kioka, T.; Sugai, S.; Kawasaki, Kacuum
the spectrum. DFT calcula.tlons suggest that the temperature (18) Banholzer, W. F.: Parise, R. E.: Masel, RSUrf. Sci.1985 155
dependence of NO adsorption o{ P11}, and in particular of 653.
the 1801 cm?® RAIRS band, can be assigned to the occurrence  (19) Park, Y. O.; Banholzer, W. F.; Masel, R.Surf. Sci.1985 155
i iafi i 341.
of NO7dFLSSI\CI)CIac}!0n °r.‘ the e21L Surfage' It Iﬁ_ﬁ!"ggﬁswd Lhat’ (20) Nakamoto, K.Infrared spectra of inorganic and coordination
at 30 R O dissociation occurs or{R1.1}. Is allows the . compoundsWiley-interscience: New York, 1970; p89.
formation of N and O atoms at the surface. The O atoms remain  (21) Erley, W.Surf. Sci.1988 205 L771.
bonded to the step edge and the N atoms are thought to migrate  (22) Lehwald, S.; Yates, J. T., Jr.; Ibach, Rroc. IVC-8, ICSS-4,
to the terraces of P211}. As a result of this NO dissociation, Ec((;%s;\‘sétggnr;e%e_gﬁ;ag Ar" éﬂf}a’sg'lggi"ﬁgsgéf 221.
it is speculated that, on further adsorption of NO at 307 K, an  (24) Breitschafter, M. J.; Umbach, E.; Menzel, Surf. Sci.1981 109,
O—NO complex is formed between molecular NO and adsorbed 493. o
O atoms. This complex is adsorbed at the step edge and is, _(25) Aminopirooz, S.; Schmaltz, A.; Becker, L.; Haase?tiys. Re. B
thought to give rise to the RAIRS band observed at 1801cm 199212 5337
oughtto give rnse 0. e and observed a : m (26) Asensio, M. C.; Woodruff, D. P.; Robinson, A. W.; Schindler, K.-
The band at 1801 cni is not observed when adsorption occurs M.; Gardner, P.: Richen, D.; Bradshaw, A. M.; Consea, J. C.: Genza

at 120 K, as NO dissociation does not occur at this temperature.Elipe, A. R.Chem. Phys. Lett1992 192, 259.

The onset of NO dissociation is thought to b&30 K, as 19%7)20"46‘2(')%‘10@”" L. D.; Wander, A.; King, D. AChem. Phys. Lett.
indicated by the appearance of the 1801 &itvand in the RAIR (28) Mapledoram, L. D.: Wander, A.; King, D. /&urf. Sci1994 312,
spectrum which results when a surface saturated with NO at54.

120 K is annealed to this temperature. (29) Materer, N.; Barbieri, A.; Gardin, D.; Starke, U.; Batteas, J. D.;

: . Hove, M. A;; jai, G. ASurf. Sci.1 19.
When adsorption occurs at 120 K, the formation of an atop Var(]30)° Vﬁéyman’ E_",\”,}_‘.’rﬁ‘gcﬁ N?;Jrf_sgéi_fgéfgéigg 1193.

NO molecule bonded to the terrace, which gives rise to a RAIRS  (31) Hayden, B. ESurf. Sci.1983 131, 419.
band at 1688 cr, is also observed. This species is not observed ~ (32) Gland, J. L.; Sexton, BSurf. Sci.198Q 94, 355.
when adsorption occurs at 307 K, as dissociation of NO causes 8‘31; Iggcg H}gir']‘shgaf'cﬁ%f' Shc;'slgzgtggﬁééésa 15
the terrace sites to be saturated with adsorbed N atoms, thus (3s) Mukerji, R. J.; Bolina, A. S.; Brown, W. ASurf. Sci.2003 527,
preventing the adsorption of NO on the terraces. This species198. _
disappears when the surface is heated above 230 K and it is g% >P<:'r jéi,\,YaﬁteS,S -J'gr'{e \Jgr‘;/ff-“]scxlf’?gs?’kzoz é93|-+ Jackson. K. A
thought that,.rather than.desorblng from the surface, it diffuses Pederson. M. R’_; .Sing.’h, D.J.: F'iolhais',’ Bhys. Re. B iégz 46, 6071,
to the step sites where it forms the-®O complex. (38) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,

We have shown here that the combination of DFT and RAIRS J. D. Rev. Mod. Phys 1992 64, 1045.
experiments is extremely powerful and allows a deeper under-  (39) Vanderbilt, DPhys. Re. B 1990 41, 7892,

. . (40) Michaelides, A.; Hu, PJ. Am. Chem. So2001, 123 4235.
standing of the NO/R211} adsorption system than would be  (41) Mmichaelides, A.; Hu, PJ. Chem. Phys2001, 114, 513.
possible using either technique in isolation. However, itis clear ~ (42) Liu, Z.-P.; Hu, P.J. Am. Chem. So@001, 123 12596.
that further investigations of this adsorption system are needed Eﬁ; 'I::ﬂ %-'g-f :E Ej- ﬁm- gﬂgm 382882 igj éi?g&
to allow a full understandl_ng of the adsorption and reactions of (45) Herb'erg'z G Molecular Spectr.a and Molecular Structyrean
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