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Abstract

The adsorption of NO on Ir{100} has been studied as a function of NO coverage and temperature using temper-

ature programmed reflection absorption infrared spectroscopy (TP-RAIRS), low energy electron diffraction (LEED)

and temperature programmed desorption (TPD). After saturating the clean (1 · 5)-reconstructed surface with NO at

95 K, two N2 desorption peaks are observed upon heating. The first N2 peak at 346 K results from the decomposition

of bridge-bonded NO, and the second at 475 K from the decomposition of atop-bonded NO molecules. NO decompo-

sition is proposed to be the rate limiting step for both N2 desorption states. For high NO coverages on the (1 · 5) sur-

face, the narrow width of the first N2 desorption peak is indicative of an autocatalytic process for which the parallel

formation of N2O appears to be the crucial step. When NO is adsorbed on the metastable unreconstructed (1 · 1) phase

of clean Ir{100} N2 desorption starts at lower temperatures, indicating that this surface modification is more reactive.

When a high coverage of oxygen, near 0.5 ML, is pre-adsorbed on the surface, the decomposition of NO is inhibited

and mainly desorption of intact NO is observed.
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1. Introduction

The catalytic conversion of NOx species to N2

and O2 in car exhaust gases has recently received
growing interest in connection with the challenge

posed by lean-burn engines [1,2]. These engines

operate with a higher oxygen content in the
ed.
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combustion mixture than conventional engines. As

a consequence, there is excess oxygen in the

exhaust gas which makes the reduction of NOx

species thermodynamically less favourable and

tends to poison most platinum-metal catalysts.
Iridium-based catalysts were found to be among

those able to selectively perform this reaction

under oxygen-rich conditions when small quantities

of hydrocarbons are present in the reaction gas

mixture [3–6]. Many fundamental questions con-

cerning this process are, however, still unsolved,

for instance the origin of the catalyst poisoning by

excess oxygen or the exact nature of the elementary
surface reaction steps. These questions were ad-

dressed recently in a detailed theoretical study by

Liu et al. [6] for NO oxidation/reduction on the

Ir{111} and {211} surfaces, identifying oxidation

of the Ir substrate and a lower activation barrier

towards NO2 formation as the key limiting factors

for NO reduction under oxygen-rich conditions.

There is, however, a need for further experimental
evidence to support these findings.

The adsorption of NO on metal surfaces has

been the subject of a large number of surface sci-

ence experiments in recent years because of its pro-

found importance in many fields of science and

technology [7]. Due to its relatively low dissocia-

tion energy of 630 kJ/mol, NO is more susceptible

to dissociation than CO, which has a dissociation
energy of 1076 kJ/mol [8]. Both molecular and dis-

sociative adsorptions of NO are observed on many

transition metal single crystals. This topic has been

reviewed recently by Brown and King [7]. As a

consequence of the dissociative adsorption, a vari-

ety of surface species such as NO2, N2O, (NO)2
and N and O adatoms have been found on transi-

tion metal surfaces under different reaction condi-
tions. Apart from the competition between

molecular and dissociative adsorption, the situa-

tion becomes even more complex when the surface

topology changes during adsorption, as for

Ir{100}. The most stable structure of the clean

surface is the (1 · 5) quasi-hexagonal reconstruc-

tion, which can be lifted by the adsorption of

CO or NO at relatively low temperatures [9,10].
An earlier study of NO adsorption on Ir{100}

by Gardner et al. using high resolution electron

energy loss spectroscopy (HREELS), reflexion
absorption IR spectroscopy (RAIRS), tempera-

ture programmed desorption (TPD), and low en-

ergy electron diffraction (LEED), has shown that

there is a close correlation between the substrate

structure and the decomposition of NO [11]. The
present study concentrates on the reaction mecha-

nisms and kinetics of the different decomposition

steps occurring on this surface. A detailed discus-

sion of adsorption energies and the assignment

of bands in the RAIR spectra on the basis of den-

sity functional theory (DFT) calculations will be

published separately [12].
2. Experimental procedures

The experiments were performed in an UHV

chamber at a base pressure of about 2 ·
10�10 mbar. Details of sample preparation and

experimental conditions are described elsewhere

[9,10,12–15]. In brief, the sample was cleaned by
Ar ion sputtering at 900 K, annealing at 1400 K,

oxygen treatment at 1160 K and finally flashing

to 1400 K. This procedure produces a sharp

(1 · 5) LEED pattern with low background inten-

sity, indicating a well ordered surface. In order to

prepare the metastable (1 · 1) phase, the surface

was first exposed to 20 L of oxygen at 475 K and

then annealed to 750 K, which lifts the reconstruc-
tion completely. Oxygen was then titrated off by

dosing 30 L of CO at room temperature. The

remaining CO was removed by heating the sample

again to 750 K, which produces a sharp (1 · 1)

LEED pattern.

Temperature programmed reflection absorption

infrared spectroscopy (TP-RAIRS) [16] was used

as the principal technique of investigation supple-
mented by LEED and TPD. All TP-RAIR spectra

were recorded continuously through a computer

programme at 4 cm�1 resolution and presented

as a ratio against clean surface spectra, also

obtained during temperature ramping. In all TPD

and TP-RAIRS experiments, the temperature was

ramped linearly at 2 K s�1; the spectra are pre-

sented as raw data unless otherwise stated. TPD
and TP-RAIR spectra were recorded simulta-

neously on two separate computers. Each RAIR

spectrum takes 15 s to record plus 1 s to reinitialise
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the spectrometer. During this time the crystal tem-

perature rises by 32 K, which is used to make a

correlation between the TPD and the TP-RAIR

spectra. The temperature assigned to each TP-

RAIR spectrum in the figures below indicates the
temperature at the end of the data collection, i.e.

the corresponding spectrum covers the tempera-

ture range of 30 K below the indicated value.

In all TPD spectra of mass 28 (CO or N2) and

30 (NO), peaks were observed at around 110 K.

Since these peaks are attributed to desorption

from the heating wires, the temperature range be-

low 150 K in the TPD spectra is not discussed
here.
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Fig. 1. TP-RAIR (top) and TPD spectra for masses 14, 28, and

30 (bottom) following the adsorption of 6.3 L (0.5 ML) 14NO

on the Ir{100} (1 · 5)-reconstructed surface at 95 K (heating

rate 2 K s�1; the temperature indicated next to each RAIR

spectrum refers to the end of the data collection).
3. Experimental results

3.1. TPD and TP-RAIR spectra from NO

adsorbed on the (1 · 5) phase

Fig. 1 shows TPD and TP-RAIR spectra re-

corded after the initially clean (1 · 5) surface was

exposed to 6.3 L of NO at 95 K (1 L =

10�6 Torr s). This corresponds to the saturation
coverage of NO and causes the disappearance of

the (1 · 5) superstructure spots in the LEED pat-

tern. Instead, stripes of diffuse intensity are

observed between the integer order spots, which

indicates incomplete lifting of the substrate recon-

struction at this low temperature. The first TP-

RAIR spectrum of Fig. 1 was recorded at 95 K

and the temperature ramp was started after the
data collection for this spectrum had finished.

The mass 28 TPD signal starts to rise at �325 K

and has a peak at 346 K. This peak is assigned to

recombinative desorption of N2, which is sup-

ported by the presence of a corresponding mass

14 signal. The narrow width of the N2 desorption

peak (FWHM � 10 K) is indicative of an autocat-

alytic process [17]. Closer inspection of the mass 30
signal reveals that N2 starts to desorb only after

some NO is desorbed (NO starts to desorb from

about 320 K) generating vacant sites, which seem

to be essential for this autocatalytic reaction (see

Section 4). Notably, the end of this first N2 desorp-

tion peak at around 400 K coincides with the

nearly total disappearance of the IR band at
around 1650 cm�1, which occurs between 351

and 383 K. This band has been assigned to NO ad-

sorbed on bridge sites [12]. Therefore, this N2

desorption feature is attributed to the dissociation

of the bridge-bonded NO molecules initiated by

the availability of vacant sites after the desorption

of some NO. The ratio between the integrated area

under this desorption peak and the area under the

remaining features in the TPD spectrum is much

bigger than the ratio between the integrated
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intensities of the bridge-band and the band in the

1815–1850 cm�1 region, which is assigned to NO

on atop sites [12]. Such intensity differences, usu-

ally caused by differences in the dynamic dipole

moment for different adsorption sites, are, how-
ever, not unusual. For example, in the case of

CO on Pt{111} the intensities of the bridge-band

and the atop band differ by a factor of 5 for similar

coverages [18]. Above 200 K the intensity of the

bridge band increases slightly in conjunction with

a simultaneous reduction in intensity of the atop

band. This indicates some diffusion from atop to

bridge sites with a barrier that the NO molecules
can overcome above 200 K.

Between 319 and 351 K, the atop band splits

and two peaks are observed, at 1830 and

1840 cm�1. Above 351 K, only the 1840 cm�1 peak

is observed and its width is narrowed considerably.

This and the blue shift in the frequency indicate

the formation of a dilute NO phase, presumably,

due to the repulsive interaction with oxygen ada-
toms from the decomposition of the bridge-

bonded NO.

In a separate experiment where a smaller

amount of only 1.3 L NO was dosed at an ambient

pressure of 2.0 · 10�9 mbar such a blue shift in the

atop band was not observed. Instead, the band

gradually shifted to a lower frequency before it dis-

appeared. Therefore, the 1830 cm�1 band in the
351 K spectrum, which is at the same frequency

as the atop band for lower temperatures, is most

likely due to NO molecules in a more dispersed

phase between the islands.

A second peak in the TPD spectrum of mass 28

is observed at about 475 K. Since the intensity of

the atop band in RAIRS decreases drastically

between 447 K and 511 K, this peak can be as-
signed to recombinative N2 desorption resulting

from the dissociation of the remaining NO mole-

cules on atop sites. The corresponding mass 14 sig-

nal in this temperature range cannot be resolved

from the noise due to its low intensity. Since each

NO molecule, which dissociates to produce N2

around 350 K leaves an O atom on the surface,

the O atom coverage is relatively high during this
process. With further increase in temperature

oxygen (O2) desorbs above 860 K (not shown in

Fig. 1).
Fig. 2 shows a set of N2 desorption traces (mass

28) as a function of NO exposure at 95 K. Before

recording each set of data, the crystal was cleaned

through a complete cleaning cycle as described in
the experimental section. The indicated dose of

NO was then adsorbed onto the clean (1 · 5) sur-

face at 95 K followed by the TPD experiment

using a heating rate of 2 K s�1. Two peaks are

observed in most cases. Only in the exposure range

1.5–2.0 L (0.2 ± 0.05 ML) four desorption features

between 290 and 500 K can be resolved. In the

lowest exposure (1.4 L/ 0.1 ML) experiment,
desorption starts at around 350 K and the first

desorption peak appears at 400 K. With increasing

exposure, the onset of desorption gradually shifts

downwards to about 290 K (1.9 L) before shifting

up to 320 K at higher exposures where NO disso-

ciation takes place in an autocatalytic manner.

The integral over these TPD spectra has been

used to find a correlation between the NO
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Fig. 3. Top: Plot of total N2 TPD area as a function of total

NO exposure onto Ir{100}-(1 · 5) at 95 K. Bottom: Plot of

TPD area of the low-temperature N2 desorption peak as a

function of total NO exposure.
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exposure and the absolute NO coverage. Oxygen

adatoms left on the surface after decomposition

of a saturated NO layer (6.3 L) exhibit a sharp

p(2 · 1) LEED pattern at room temperature. Since

the ideal O coverage of this overlayer is 0.5 ML,
the saturation NO coverage prior to dissociation,

as well as the total N2 desorption signal, is taken

as 0.5 ML. Thus, the total area under the N2

desorption spectrum from any given NO exposure

can be used to determine the absolute coverage by

calibrating this area with respect to the saturation

coverage experiment. We note, however, that oxy-

gen is known to form p(2 · 1) islands already at
lower coverage than 0.5 ML. Therefore coverages

determined in this way must be considered as an

upper limit.

The total area under each desorption spectrum

after background subtraction is measured and

plotted vs exposure in the top part of Fig. 3. Since

the desorption signal does not return to zero

between the peaks, it is difficult to determine the
area under each peak separately. This is only done

for the low-temperature desorption peak below

about 380 K (lower part of Fig. 3) The end point

of the steep slope of the first peak is taken as the

upper integration limit for determining this area

(note that on a bigger scale even the low exposure

experiments clearly show two distinct peaks). This

cuts off some of the tail of the low-temperature peak
and its area is therefore slightly underestimated.

In both diagrams of Fig. 3 breaks in the almost

linear rise of the uptake (TPD area) are observed

after an exposure of about 2.8 L (0.3 ML). On

the basis of LEED observations this exposure

was identified as the minimum needed to partially

lift the (5 · 1) reconstruction at 95 K [12]. This

implies that the sticking probability of NO on
the unreconstructed (1 · 1) surface is smaller than

on the (1 · 5) reconstructed phase, which is in

accordance with the findings on Pt{100}. There

the initial sticking probabilities on the recon-

structed �hex� and the (1 · 1) phases were measured

as 0.86 and 0.68 respectively [19].

3.2. Isotopically labelled NO on Ir{100}-(1 · 5)

Experiments with isotopically labelled 15NO

have been performed in order to elucidate the reac-
tion mechanism of NO decomposition on the

reconstructed Ir{100}-(1 · 5) surface.

Fig. 4 shows the TP-RAIR and TPD spectra,

which were recorded after the initially clean

(1 · 5) surface was exposed to 6.3 L of 15NO at
95 K. Large peaks are observed at 334 K in the

TPD spectra of masses 30 and 15 alongside with

smaller peaks at about 468 K. These features are

obviously due to recombinative desorption of
15N2. The TP-RAIRS spectra are very similar to

those for 14NO (cf. Fig. 1) except for a red-shift

of about 4 cm�1, as expected from the difference

in the reduced mass. Surprisingly, however, for
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an identical exposure (6.3 L) of 14NO, the 14N2

desorption peaks appear at 346 K and 475 K (also

plotted in the bottom part of Fig. 4). This down-

shift by 12 K is very large for a kinetic isotope ef-

fect, in particular since isotope effects due to
changes in the zero point energies should cause

the onset of dissociation/desorption for the hea-

vier isotope to be shifted up and not down in tem-

perature. Small differences in the exposure can

also not account for this difference. One mecha-
nism that could explain such an unusual downshift

is a better energy transfer mechanism between

substrate and the adsorbate for 15NO which

favours dissociation at lower temperatures. This

could be caused by a better energy overlap

between the substrate phonon modes and the frus-

trated translation and rotation modes which are

lower in energy for 15NO than for 14NO. The role
of frustrated translational motion of NO in

explaining some experimental results has been dis-

cussed in the literature [20,21]. Jigato et al. [20]

have shown that the temperature dependence of

near edge X-ray absorption fine structure (NEX-

AFS) data of NO/Pd{110} can be explained only

by considering the frustrated translational motion

of NO.
Fig. 5 shows TP-RAIR and TPD spectra, which

were recorded after the clean (1 · 5) surface had

been exposed to a relatively small dose of �1.3 L

of a 1:1 mixture of 14NO and 15NO at 95 K. Sig-

nals for masses 28, 29 and 30 are observed in

TPD, which represent 14N2,
14N15N and 15N2

desorption traces, respectively. The ratio of the

integrated TPD areas of these peaks is 1:1.9:1.1,
very similar to the 1:2:1 ratio expected for recombi-

native desorption. The 14NO and 15NO peaks in

the RAIR spectra do not show 1:1 intensity ratios.

Instead they are dominated by the higher fre-

quency signals of 14NO due to �intensity stealing�
[22]. IR bands are observed in the atop and bridge

regions which show similar characteristics to the
14NO and 15NO spectra for higher exposure (cf.
Figs. 1 and 4). The decay of the IR signal above

351 K coincides with the desorption of dinitrogen

from the surface.

3.3. Evidence of N2O formation

N2O and NO2 are often found as byproducts

of NO reactions on transition metal surfaces. In

order to check for these byproducts, desorption

traces of mass 44 (14N2O) and mass 46 (14NO2)

were recorded after dosing 6.3 L of 14NO on the
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(1 · 5) surface at 95 K. No desorption signal is

observed for mass 46 up to 800 K (not shown)

but a small peak around 340 K is found for mass

44. This could be either be due to N2O or CO2.

Since there is a close correlation between this
peak and the N2 desorption signal, as can be seen

in Fig. 6, N2O is the more likely origin of the

mass 44 peak. N2O starts to desorb at the same

time when N adatoms are generated through the

dissociation of NO. In the IR spectra, however,
there is no band observed that could be related

to N2O, which indicates prompt desorption of

the surface reaction product as it is formed at

340 K. Two possible pathways for N2O formation

are:

NðadÞ þNOðadÞ ! N2OðgasÞ ð1Þ

and

NOðadÞ þNOðadÞ ! ðNOÞ2ðadÞ
! N2OðgasÞ þOðadÞ ð2Þ

Since the leading edge of the N2O desorption trace

coincides exactly with that for N2 we conclude

that both N2O and N2 formation depend on the

N adatom coverage, and that reaction (1) is the

more likely pathway. In addition, it has been

shown in mixed isotope experiments that no

(NO)2 dimers are formed on the surface [12].

Despite the fact that the N2O and the N2 desorp-
tion traces start simultaneously their shapes are

very different. The N2O peak temperature is 5 K

lower and the peak is symmetrical whereas N2

desorption continues up to about 500 K. This

behaviour provides valuable information regarding

the reaction mechanism causing the first N2 desorp-

tion state, which will be discussed in detail in Sec-

tion 4.

3.4. NO adsorbed on the unreconstructed (1 · 1)

surface

Fig. 7 shows the TPD and the TP-RAIR spectra

for NO adsorbed on the clean unreconstructed

surface. The (1 · 1) surface, prepared as described

earlier in the experimental section, was exposed to
10 L NO at 95 K, which is enough to saturate the

surface. The onset of N2 desorption (mass 28) is at

about 270 K, 60 K lower than on the (1 · 5) sur-

face. Two N2 desorption peaks, around 310 K

and 360 K, are observed along with a broad shoul-

der extending up to 500 K. Desorption of intact

NO is not observed.
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In TP-RAIRS, two bands are observed at

frequencies close to those observed on the

reconstructed surface, but with the intensity ratio

reversed (see Fig. 1). The band in the 1650 cm�1

region is assigned to adsorption on bridge sites,

the one in the 1800–1850 cm�1 region to adsorp-

tion on atop sites. (Details of the band assignment

and the energetics of NO adsorption are given in

Ref. [12].) The bridge band dominates the spectra

up to 287 K and only as the N2 desorption is well

under way at around 319 K is the atop band stron-

ger. Interestingly, the spectra for 319 K in Figs. 1
and 7 are very similar indicating that the local

environment of NO is the same on both surfaces

at this temperature. This implies that the recon-

struction of the initially hex-reconstructed surface

is not complete below 319 K.

3.5. NO adsorbed on the oxygen-covered surface

In order to study the influence of a high oxygen

coverage on NO dissociation, NO was adsorbed

on an Ir{100} surface pre-covered by about

0.5 ML O. Following the procedure given in Ref.

[11], the oxygen-covered surface was prepared by
adsorbing a saturated layer of NO on the clean

unreconstructed (1 · 5) surface at 95 K followed

by annealing to 800 K. As a result of the annealing

step, all N adatoms are removed from the surface
leaving behind close to 0.5 ML O adatoms, which

are arranged in a well-known p(2 · 1) structure at

room temperature [23,24]. Onto this surface 6.3 L

of NO is dosed again at 95 K and TPD and the

TP-RAIR spectra are recorded simultaneously;

these are shown in Fig. 8.

The first spectrum of the TP-RAIRS series is

recorded at a constant temperature of 95 K. After
the data collection for this spectrum was finished,

the temperature ramp was started. In addition

to the atop and bridge bands already observed

for pure NO, a new band is observed at

1930 cm�1, which is assigned to a NO+ species

[12]. This band disappears completely between

127 K and 159 K, accompanied by a shift of the

bridge band from 1662 cm�1 to 1678 cm�1. At
319 K this band shifts further up in frequency to

1695 cm�1 and shifts down again for higher tem-

peratures. An atop band at 1844 cm�1 is observed

between 351 K and 415 K. Above 415 K both

bands disappear.
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32 (bottom) following the adsorption of 6.3 L 14NO on an

oxygen-covered Ir{100} surface at 95 K (heating rate 2 K s�1;

the temperature indicated next to each RAIR spectrum refers to

the end of the data collection). See text for more details.
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In contrast to our previous experiments on

modifications of clean Ir{100}, the main desorb-

ing species is now NO (mass 30). In the TPD spec-

trum of mass 30 a small NO desorption peak is

observed around 300 K, which coincides with the

blue shift to 1695 cm�1 in the bridge band. The

onset of the main NO desorption peak is at
320 K, and the peak temperature is 421 K. A small

amount of N2 (mass 28) begins to desorb around

390 K, well after the onset of NO desorption.

The peak temperature of the N2 desorption signal

is 430 K. Oxygen desorption (mass 32) is observed

between �860 K and �1220 K with a peak at
1170 K and a broad shoulder at lower tempera-

tures. No desorption of N2O or NO2 was

observed.



10 S. Khatua et al. / Surface Science 586 (2005) 1–14
4. Discussion

4.1. NO on the (1 · 5) phase of Ir{100}

It is evident from the data presented in this
work that the process of NO decomposition on

the (1 · 5) reconstructed Ir{100} surface takes

place in two stages. In the first stage, the bridge-

bonded NO molecules dissociate causing the sharp

N2 desorption peak at 346 K. The second stage,

between about 440 K and 500 K, is due to the

dissociation of the remaining atop-bonded mole-

cules, which are at that stage co-adsorbed with
O adatoms resulting from the first dissociation

step.

The bridge band in the IR spectra of Fig. 1 dis-

appears between 319 K and 351 K. In the temper-

ature range above 300 K the surface also

undergoes a long-range transformation into the

unreconstructed (1 · 1) phase [11], which is more

reactive than the (1 · 5) phase with respect to the
dissociation of NO. The resulting N adatoms des-

orb immediately as N2 whereas the O atoms stay

on the surface and desorb recombinatively above

860 K. For higher NO coverages above about

0.2 ML (1.6 L, cf. Figs. 2 and 3), the first dissocia-

tion/desorption step occurs over a very narrow

temperature range indicating an autocatalytic

reaction mechanism.
The remaining atop-bonded NO molecules dis-

sociate in the second stage. The intensity of the

atop band in the IR spectra starts to decrease

above 447 K and disappears completely between

the 511 K and the 543 K spectra of Fig. 1. When

the atop-bonded molecules dissociate there is al-

ready a significant coverage of oxygen atoms left

from the decomposition of the bridge-bonded
NO molecules. The N adatoms formed during this

dissociation process desorb again immediately as

N2 around the peak temperature of 475 K with a

desorption tail continuing up to 510 K. Notably,

this peak temperature does not shift significantly

with varying NO exposure, which must mean that

the amount of co-adsorbed oxygen from the earlier

dissociation of bridge-bonded NO has little
influence. The frequency of the atop band

(1851 cm�1) is very close to the gas phase NO

stretch (1876 cm�1, [25]), although this band is ob-
served up to relatively high temperatures, which

implies a strong bond to the surface.

As outlined before, the narrow width of the

peak around 346 K points towards an explosive,

autocatalytic mechanism causing the desorption
of N2 at this temperature [17] and it is worthwhile

examining possible rate determining steps for this

process. One is the phase transition of the substrate.

It has been mentioned earlier that after an expo-

sure of 2.8 L (0.3 ML) NO the (5 · 1) reconstruc-

tion is partially lifted even at 95 K. In an earlier

study of NO adsorption on Ir{100} at 300 K

Gardner et al. [11] showed that lifting of the recon-
struction starts once a critical NO coverage is

reached. The diffuse LEED pattern after NO

adsorption at low temperatures indicates that the

reconstruction is only partially lifted, but as the

temperature rises, long-range reordering starts

and this change in surface topology could trigger

the N2 desorption process. However, since the

RAIRS signal from intact NO is not reduced in
intensity right up to the N2 desorption peak, NO

does not decompose at lower temperatures.

Involvement of adsorbed NO in the rate determin-

ing step is also consistent with the peak tempera-

ture in the 15NO experiment (334 K) being

different from the 14NO experiment (346 K). This

difference can only be related to the adsorbate

and not to the substrate. In conclusion, the sub-
strate phase transformation does not appear to

be the rate limiting step. The comparison of TPD

spectra from the unreconstructed and initially

reconstructed surface (Figs. 1 and 7) shows, how-

ever, that the state of the substrate surface has a

significant influence on the reaction kinetics.

Since the RAIRS signal from intact NO is ob-

served up to the N2 desorption peak at 346 K,
we exclude the recombination step,

NðadÞ þNðadÞ ! N2ðgasÞ

as rate determining, which leaves us with the disso-

ciation of NO as the most likely rate determining

step:

NOðadÞ ! NðadÞ þOðadÞ

In addition to our RAIRS data, support for this

assumption also comes from the HREELS data

of NO adsorption on Ir{100}-(1 · 5) at 300 K in
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the work by Gardner et al. [11]. At this tempera-

ture no evidence of chemisorbed oxygen or pseu-

do-oxide was found, therefore no appreciable

NO dissociation takes place on the initially

(1 · 5)-reconstructed surface. The dissociation step
on this surface occurs at higher temperatures,

where the transformation to (1 · 1) is still incom-

plete. However, as we show, on the metastable

unreconstructed surface N2 begins to desorb al-

ready around 270 K (Fig. 7).

Finally, the desorption of N2O (Fig. 6) also fits

very well into this picture. Since N2O forms by the

direct reaction of N adatoms and NO, the simulta-
neous onset of both N2 and N2O desorption at

�325 K is triggered by the availability of N ada-

toms at the surface. When NO starts to dissociate,

both N adatoms and undissociated NO molecules

are simultaneously present on the surface and

hence N2 and N2O can form. The rapid drop of

the N2O signal after reaching its maximum, which

coincides with a change in slope of the N2 peak,
marks the point at which all bridge-bonded NO

has decomposed and the rate of N2 desorption

becomes determined by the recombination of N

adatoms.

The surface reactions taking place at around

346 K are:

NOðad;bÞ þ � ! NðadÞ þOðadÞ ðiÞ
NðadÞ þNðadÞ ! N2ðgasÞ þ 2 � ðiiÞ
NOðad;bÞ þNðadÞ ! N2OðgasÞ þ 2 � ðiiiÞ

ð3Þ

where * marks an empty site for bridge-bonded

NO(ad,b), N, and O adsorption. N2 formation,
((i), (ii)), requires two empty sites for the NO dis-

sociation step (i) and leaves behind two empty sites

after N2 desorption (ii):

2NOðad;bÞ þ 2� ! N2ðgasÞ þ 2OðadÞ þ 2� ð4Þ

There is no net gain of empty sites, i.e. this reac-
tion path is simply catalytic. N2O formation ((i),

(iii)), however, requires only one empty site to be

initiated and leaves behind two empty sites when

desorption (iii) has taken place:

2NOðad;bÞ þ � ! N2OðgasÞ þOðadÞ þ 2� ð5Þ

The formation of N2O results in the generation of
additional empty sites, which can again catalyse
the formation of N2O; the process is, therefore,

autocatalytic. The broadening of the N2 desorp-

tion peak as soon as N2O formation has stopped

signals the termination of the autocatalytic pro-

cess. At high coverages N2O formation will be fa-
voured, but it can take place only as long as there

are undissociated NO molecules available on the

surface.

The second N2 desorption feature is related to

atop-bonded NO. The higher dissociative activa-

tion energy for this species is more likely due to

the adsorption site than due to the existence of

co-adsorbed oxygen from the earlier dissociation/
desorption step. Otherwise this feature should

not exist for the lowest coverages in Fig. 2, where

no oxygen is produced in a low-temperature

decomposition process.

4.2. NO adsorbed on the unreconstructed

Ir{100}-(1 · 1) surface

N2 desorption from the NO-saturated (1 · 1)

surface starts at about 55 K lower temperature

than from the reconstructed surface (cf. Fig. 7).

This shows that the (1 · 1) phase is the more reac-
tive surface modification, which has the lower acti-

vation energy for NO dissociation. Similar to the

reconstructed surface, there are two NO species

present at low temperatures, on bridge and atop

adsorption sites, of which the bridge-bonded NO

molecules decompose first. In contrast to the

reconstructed surface, however, the desorption

features in N2 TPD are much broader and do
not show any sign of autocatalytic behaviour, in

accordance with the fact that no N2O desorption

was observed.

The fact that there are significant differences in

the TPD and TP-RAIR spectra between the recon-

structed (Fig. 1) and the unreconstructed surface

(Fig. 7), even up to 500 K, suggests that the

long-range lifting of the reconstruction is a slow
process under the influence of NO and may not

be complete even at the highest temperatures, for

which N2 desorption is observed in our experi-

ments. The partial lifting of the reconstruction at

95 K, as observed in LEED, may be an indication

that an intermediate phase is formed, similar to the

(1 · 3) phase found for hydrogen adsorption on
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Ir{100} [26,27]. The most striking differences be-

tween the two surface modifications are seen in

the temperature range below 350 K: NO decompo-

sition and N2 desorption starts at around 270 K on

the unreconstructed surface while no decomposi-
tion/desorption is observed below about 325 K

on the initially reconstructed surface. Two expla-

nations appear likely for this behaviour. One is

that the delayed onset of N2 desorption from the

initially reconstructed surface is simply caused by

the difference in the dissociative activation energies

between the unreconstructed surface and the inter-

mediate reconstruction phase. The long-range lift-
ing of the substrate reconstruction would then be a

secondary process induced by the oxygen adatoms

left on the surface. The alternative explanation is

that at 325 K the slow long-range lifting of the

intermediate reconstruction phase under the influ-

ence of NO could have produced large enough

(1 · 1) patches on the surface with low dissociative

activation energy, which triggers NO decomposi-
tion and the formation of N2 and N2O.

The TPD spectrum in Fig. 7 differs from the

spectrum reported in the earlier work by Gardner

et al. [11]. There, three N2 desorption peaks were

observed between 250 K and 400 K whereas the

spectrum in Fig. 7 only shows a very small feature

at around 255 K and two N2 peaks at 310 K and

360 K; in addition, a broad shoulder extends to
about 520 K. The nominal exposure of NO (in

Langmuir) prior to TPD is the same in both stud-

ies, however the actual exposure can vary signifi-

cantly between different experiments, which could

be the reason for this discrepancy together with

the different heating rates (2 K s�1 in the present

study vs 5 K s�1 in [11]).

Gardner et al. observed two NO bands for
annealing temperatures up to 400 K, whereas in

the present study, the bridge band has almost dis-

appeared at 351 K. The intensity of the atop band

(1800–1850 cm�1), on the other hand, diminishes

greatly but does not attenuate completely at this

temperature. From a closer inspection it is evident

that there is still some trace of the atop band at

351 K with intensity around �0.04%. This band
has disappeared after heating to 383 K. These dif-

ferences between the present study and Ref. [11]

could be due to readsorption from the background
in the latter case, where the spectra were recorded

on a cold sample after annealing. In the present

study background adsorption of NO can be ruled

out because the TP-RAIR spectra are recorded

during heating.

4.3. NO adsorbed on the oxygen pre-covered surface

When the surface is pre-covered with oxygen

near saturation, most NO desorbs intact, whereas

almost complete dissociation is observed from

both (1 · 5) and (1 · 1) surfaces. NO reduction is

therefore inhibited by the co-adsorption of oxy-
gen. In fact, NO dissociation can be completely

suppressed on Ir{100} saturated with 0.5 ML oxy-

gen [24]. Possible reasons for this effect are strong

repulsive interactions among the O and N adatoms

and site blocking. Recent calorimetric and molec-

ular beam experiments [28,29] have shown that

the thermodynamically stable state of NO adsorp-

tion on Ni{100} and Pt{100} switches from dis-
sociative to molecular above a critical coverage

of 0.16 ML NO. The thermodynamic driving force

favouring the molecular adsorption state was iden-

tified as the strong near-neighbour pairwise repul-

sive interactions between O and N adatoms after

dissociation. This is supported by DFT calcula-

tions by Ge et al. [30], who identified the Pauli

repulsion between oxygen 2p orbitals as the origin
of this interaction.

On Ir{100} there are indications that the inter-

action between neighbouring oxygen atoms is

attractive in one direction and repulsive in the per-

pendicular direction, otherwise the formation of

p(2 · 1) islands below the saturation coverage of

0.5 ML O could not be explained [23]. For oxygen

atoms produced by NO dissociation within the
p(2 · 1) islands the highly repulsive adsorption

sites are the only ones available, which means that

dissociation is thermodynamically unfavourable.

If the surface is not completely saturated with oxy-

gen, as for the data shown in Fig. 8, N2 desorption,

indicating dissociation, is observed after some in-

tact NO has desorbed generating vacant sites out-

side the p(2 · 1)-O islands.
The NO+ species (1930 cm�1) observed in TP-

RAIRS at low temperatures (cf. Fig. 8) has a very

weak bond to the surface [12]. It is therefore likely
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to desorb rather than dissociate. In the TP-RAIR

spectra the NO+ species is seen to attenuate

between 127 K and 159 K. However, since the

low-temperature regime of our TPD spectra is

dominated by desorption from the heating wires,
it is difficult to resolve their desorption from the

background.

4.4. Relevance to car exhaust-gas NOx removal

The data presented in this work and in the pre-

vious work by Gardner et al. [11] show that NO is

very efficiently reduced to N2 at modest tempera-
tures (below 500 K) on both modifications of the

clean Ir{100} surface. This would make this sur-

face a very good exhaust catalyst, in principle.

The production of N2O which accompanies the

N2 formation only takes place at low tempera-

tures, around 346 K, and can probably be avoided

by running the reaction at higher temperatures. A

more serious problem, however, is the accumula-
tion of the second reaction product, oxygen, on

the surface, which suppresses NO dissociation

and, hence, poisons the catalyst. Oxygen can be

removed thermally only at rather high tempera-

tures, above 860 K. This disqualifies the surface

from being used as an exhaust catalyst, especially

under lean-burn (oxygen-rich) conditions, unless

there is a way of removing the oxygen adatoms by
a secondary reaction. Reduction by carbon monox-

ide or hydrocarbons, as suggested earlier [4,6], is

one possible solution of this problem. These reac-

tion mechanisms have not been studied in detail,

however, and will be the subject of future work.
5. Conclusion

We have studied the adsorption of NO on

Ir{100} by TP-RAIRS and TPD. On the (1 · 5)-

reconstructed surface NO adsorbs on bridge
(majority) and atop sites (minority species). An

exposure of 2.8 L (0.3 ML) causes the reconstruc-

tion to be lifted locally even at 95 K. Upon anneal-

ing, two N2 desorption features are observed in

TPD between 325 K and about 500 K following

the decomposition of bridge and atop-bonded

NO, respectively. Alongside with the recombin-
ative desorption of N2 also N2O is formed, which

appears crucial in explaining the autocatalytic

behaviour of the first N2 desorption peak at 346 K.

Experiments with isotopically labelled 15NO

show a downward-shift of the first 15N2 desorp-
tion peak by 12 K as compared to 14NO. This

unusual phenomenon might be explained by reso-

nance-enhanced energy transfer between substrate

phonons and frustrated translational and rota-

tional motions of NO, which are lower in energy,

and therefore closer to the substrate phonons, for
15NO.

The unreconstructed Ir{100} (1 · 1) surface is
more reactive than the (1 · 5) phase. There, NO

decomposition and N2 desorption start already at

around 270 K. NO dissociation is inhibited by

the presence of a high coverage of oxygen on the

surface. This is a result of the repulsive interaction

between oxygen atoms when the local coverage ex-

ceeds 0.5 ML.
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