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Abstract

Ammonia oxidation was studied in situ on Ir(110) and Ir(111) under low-pressure(∼10−7 mbar) conditions. NH3 does not dissociat
on a flat Ir(111) surface, but surface defects and Oad facilitate NH3 ad decomposition. High-energy resolution fast XPS measurements
used to monitor the surface coverage during reaction on Ir(110), and temperature-programmed reaction measurements were appl
the gas phase reaction products during reaction. The steady-state NH3 oxidation reaction starts between 350 and 500 K on both surfa
which also show similar selectivity. Below 600 K, N2 and H2O are the principal reaction products. Above 600 K, the selectivity chang
NO and H2O, with the exact temperature depending on the NH3:O2 pressure ratio. The surface population changes from NHad/Nad to Oad
around 500 K, about 200 K lower than the selectivity change from N2 to NO observed in the gas phase. This behavior can be explain
considering the activation energies for N2 and NOad formation. We present a model to explain why Ir is more selective toward N2 than Pt.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Since the advent of strict pollution control regulatio
clean processes and waste gas stream cleaning have be
important issues in the chemical industry. Ammonia is o
of the pollutants that must be removed from waste strea
In the environment, NH3 is converted to nitrite and nitrate
Nitrate contributes to acid rain and can cause unwanted
tilization of surface waters and delicate ecosystems. Am
nia can be removed from a waste stream via oxidation tow
N2 and H2O, using a heterogeneous catalyst.

Van den Broek, Grondelle, and van Santen[38] have
shown that Ir is an active catalyst for the oxidation of N3
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E-mail address:c.westrate@chem.leidenuniv.nl(C.J. Weststrate).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.07.022
e

into N2 and H2O. Ir catalysts also show a high selectiv
toward N2 rather than NOx . Carabineiro and Nieuwenhuy
[9,10] investigated the oxidation of NH3 on Ir(110) and
Ir(510) using temperature-programmed desorption (T
and temperature-programmed reaction (TPR) between
and 800 K. They found that the Ir(110) surface showed
lectivity toward N2, but a small amount of N2O was also
observed. They concluded that Ir(510) is more active
selective (less N2O) than Ir(110). In contrast to what was r
ported for Ir(110), Ir(510) and Ir(100)[9,10,12,34,39], NH3

does not dissociate on Ir(111)[27,32].
In recent work, we discussed some fundamental asp

of adsorption and decomposition of NH3 on Ir(110), as well
as the effect of oxygen on ammonia adsorption and dec
position[39,40]. In these experiments we adsorbed ammo
at a low surface temperature and subsequently heate
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surface in vacuum. The results demonstrated that NH3 de-
composition takes place on Ir(110) in both the presence
the absence of Oad. Nitrogen formed via NH3 ad decompo-
sition desorbs between 500 and 700 K in the absenc
Oad. When oxygen is adsorbed before dosing the ammo
a larger fraction of the NH3 ad decomposes. Oad especially
enhances NHad dissociation, which would otherwise inhib
NH3 ad dissociation below the NH3 desorption temperatur
(400 K). In the presence of Oad we observed N2 formation at
350 K, about 200 K lower than in the absence of Oad. This ef-
fect of oxygen is assigned to repulsive interactions betw
Nad and Oad [14,28,40]. NOad/NO (g) was observed in a
experiment where a mixed Oad/NH3 ad layer was heated in
the presence of O2 (∼1× 10−7 mbar). NO forms when both
Nad and Oad are present on the surface and above 450 K

Several steps in the mechanism responsible for amm
oxidation on Ir catalysts remain topics of debate. Two me
anisms have been proposed for N2 formation on Ir and Pt
Nad combination[8,30,39] [Eq. (1)] and NHx ad combina-
tion [17,19,20][Eq. (2)]

2Nad → N2(g), (1)

2NHx ad → N2(g) + xH2(g). (2)

Similar mechanisms are proposed for NO formation

Nad + Oad → NOad, (3)

NHx ad + (x + 1)Oad → NOad + xOHad. (4)

Another issue under discussion is the difference in se
tivity between Ir and Pt. Bradley, Hopkinson and King[8,26]
proposed a reaction model for Pt(100), which is summar
in the following set of equations:

2NH3 ad + 3Oad → 2Nad + 3H2O(g), (5)

Nad + Oad → NOad, (6)

NOad → Nad + Oad (>350 K), (7)

2Nad → N2(g), (8)

NOad → NO(g). (9)

Eq. (5) describes Oad-induced NH3 ad dehydrogenation. Nad
formed in this step can desorb as N2 [Eq. (8)], but the major
part reacts with Oad to form NOad [Eq. (6)]. NO dissociation
[Eq. (7)] occurs only above 350 K, and is inhibited when t
Oad coverage is larger than 0.2 l. Above 350 K, Nad (formed
via NOad dissociation) desorbs as N2(g) via Eq.(8). Above
400 K, NOad desorbs [Eq.(9)], a process favored over dis
sociation. In this way the selectivity shifts toward NO(g).

Van den Broek et al.[38] extended this model to Ir ca
alysts and attributed the difference in selectivity betwee
and Ir catalysts to a difference in NO dissociation activ
NO dissociates more easily on Ir than on Pt; in the B
model this means that the reaction rate of Eq.(7) is larger,
and thus N2 is the principal product.

We report new experimental results for ammonia oxi
tion on Ir(110), obtained with high-energy resolution fa
XPS and TPR. XPS allows us to measure the nature and
centration of different surface species (NHx ad, Oad, NOad)
in situ during reaction, for different temperatures. This
proach, combining information about surface coverage
gas phase products, is a powerful method for investiga
the reaction mechanism.

2. Experimental

The TPD and TPR measurements were performe
the Leiden Institute of Chemistry using a vacuum sys
equipped with a differentially pumped, shielded mass sp
trometer, to reduce the contribution from the heating w
and the edges of the crystal. The sample was placed in
of a 2-mm-wide hole, at a distance of∼2 mm. The system is
equipped with a sputter gun for sample cleaning, and LE
optics. The base pressure of the system is<5× 10−10 mbar.
A heating rate of 0.5 K/s was used for all TPR experimen
A linear background was subtracted from the TPR result
correct for the slow increase in the partial pressures, e
cially for m/e = 28 (N2 and CO) andm/e = 18 (H2O).

For the TPD experiments on Ir(111), a heating rate
5 K/s was used. In some experiments15NH3 was used to
distinguish between N2 and CO.

High-energy resolution fast XPS measurements[4,6]
were performed at the SuperESCA beamline of ELETTR
the synchrotron radiation facility in Trieste, Italy. The va
uum system, with a base pressure of∼1 × 10−10 mbar, is
equipped with a double-pass hemispherical electron en
analyzer[7], a sputter gun for sample cleaning, a mass sp
trometer, and LEED optics.

Both Ir(110) and Ir(111) surfaces were cleaned with A+
sputtering and annealing cycles (∼1200 K), followed by
oxygen treatments at 700–1000 K and a final hydrogen tr
ment to remove oxygen. Residual hydrogen was remo
by a flash to 700 K. O1s and C1s core level regions did
not show oxygen or carbon contamination after cleaning
Ir(110). For Ir(111), LEED, AES, and oxygen TPD[24,36]
were used to check for surface contaminants. Thermal
orption of an oxygen-covered surface is especially sens
for surface carbon. Carbon present on the surface forms
or CO2 in the presence of Oad, which is then detected durin
the heating ramp.

N1s spectra were measured with a photon energy
496 eV; O1s spectra, with a photon energy of 650 eV. For
temperature-programmed XPS (TP-XPS)[5] measurements
a heating rate of 0.3 K/s was used. The XPS measureme
were done only for Ir(110).

The XPS data were evaluated by fitting the spectra w
Doniach–̆Sunjíc functions[25], convoluted with a Gaussia
function and superimposed on a linear background. C
level binding energies of the different species were meas
with respect to the Fermi level.

According to Ibbotson et al.[36] a surface saturated wit
O2 at 200 K results in a coverage of 1 monolayer (ML). T
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was used to calibrate theO1s signal. Because we do no
have any reference structure for nitrogen we have arbitra
normalized the sum of all N1s species at 300 K to 1.

The ammonia pressure was 5× 10−8 mbar during the
TP-XPS and 1× 10−7 mbar during the TPR measuremen
respectively, and the O2 partial pressure was adjusted a
cording to the NH3:O2 pressure ratio. A different pressu
was used in the TPR experiments to compensate for
shielded MS. Because of the close proximity of the sa
ple surface to the entrance of the differentially pumped M
the reactant pressure is expected to be slightly lower a
sample surface than in the rest of the vacuum chamber.

3. Results and discussion

3.1. NH3 decomposition on Ir(111): TPD experiments

TPD and TPR experiments (Fig. 1) were performed
to characterize NH3 ad adsorption and decomposition o
Ir(111). Panel (a) shows NH3 desorption (TPD, 5 K/s) after
different exposures to ammonia at 100 K. In these ex
iments only molecular ammonia desorption was obser
without the formation of N2(g) and H2(g). This result con-
firms the finding of Purtell et al.[32] that NH3 ad does not
decompose on Ir(111).

Panel (b) shows the effect of preadsorbed oxygen on
stability of NH3 ad. The desorption spectra were obtained
ter the surface was exposed to O2(10 L at 200 K, saturation
and subsequently exposed to15NH3 (5 L, saturation). Both
N2 and H2O desorption are observed. In contrast to w
was found for the initially clean surface, NH3 ad dissociated
in the presence of Oad, similar to what was observed for se
eral other transition metals, such as Pt, Ni, Cu, and Ag[1,
11,16,18,21,22,35,37]. 15N2 desorption occurred at aroun
500 K, a temperature comparable to the N2 desorption peak
measured after NH3 decomposition from Ir(100), but unlik
the N2 desorption observed from Ir(110) in either the a
sence (620 K[9,39,40]) or the presence (350 K[40]) of Oad.
Water formation occurred between 200 and 400 K, sim
to what was observed for Ir(110)[40]. Nitrogen desorption
occurred around 500 K, above the H2O formation temper-
ature. This shows that Nad combination rather than NH3 ad
dehydrogenation is the rate-determining step for N2 forma-
tion. Comparing the15N2 desorption of panel (b) with pane
(c), e.g. N2 formation in the absence of Oad shows that the
presence of Oad exerts only a small influence on the N2 des-
orption temperature, not as large as that observed for Ir(
(repulsive interaction[14,28,40]). An explanation for this
observation could be that all Oad is consumed during th
NH3 ad dehydrogenation and there is no oxygen left at
temperature where Nad desorption occurs.

The fact that NH3 dissociates spontaneously on the l
densely packed (110) and (100) surface structures Ir(1
but not on Ir(111), suggests that atoms with a low coord
tion number play an important role in the NH3 decomposi-
Fig. 1. NH3 decomposition on Ir(111). (a) Molecular NH3 desorption after
uptake at 100 K (no decomposition observed, heating rate 5 K/s); (b)15N2
desorption after exposure of an Oad covered surface to15NH3 (5 L 15NH3,
5 K/s); and (c) steady state15NH3 decomposition on sputtered surfac
(15NH3 pressure 1× 10−7 mbar, heating rate 0.5 K/s).

tion process. Mortensen et al.[31] reported that the dissocia
tive sticking coefficient of NH3 on Ru(0001), a close-packe
structure, is enhanced when the surface is slightly sputte
The present study found similar behavior for NH3 dissocia-
tion on Ir(111). Panel (c) shows that15NH3 decomposition
occurs as a steady-state reaction (1× 10−7 mbar 15NH3,
heating rate 0.5 K/s) after the surface has been sputte
(energy, 2 keV; sample current,∼5 µA, time 0–180 s). The
reaction rate reaches a maximum at 580 K and decre
above this temperature. This behavior is very similar to
of steady-state NH3 decomposition on Ir(110), shown i
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Ref. [39], in which a similar maximum was observed a
similar temperature. The fact that the smooth surface (0
of sputtering) also shows some activity is attributed to
fects on the annealed surface. Some authors reported
NH3 dissociates on Pt surfaces above its desorption
perature [23,30], and this might contribute to the observ
activity of the untreated surface as well. For the sputte
surfaces, the heating and cooling branches show signifi
differences in activity. The maximum temperature reac
during the experiments was 1100 K. At this temperatu
the surface partially reorders, and thus reactivity is low
in the cooling branch. Our observations support the mo
proposed by Mortensen et al.[31] in which defects, such
as steps and kinks, are responsible for NH3 dissociation on
smooth surfaces like Ru(0001) and Ir(111).

3.2. TPR and XPS measurements during the NH3/O2

reaction on Ir(110)

Fig. 2 shows the different N1s surface species probe
with the high-energy resolution fast XPS measurements
ing TP-XPS of a coadsorbed layer in NH3 and O2 (5 ×
10−8 mbar NH3, 5× 10−7 mbar O2). Panel (a) shows two
averaged spectra (average of three spectra, at 400 and 5
in which the fitting components are shown. Panel (b) sh
some of the actual spectra, in which the thermal evo
tion of the different peaks can be seen. We have previo
shown[39,40] that the observed peaks can be assigne
NOad (400.0 eV), NH3 ad (399.0 eV), NHad (397.5 eV) and
Nad(396.6 eV) respectively. In one of these publications[39]
we suggested that NH2 ad is a very unstable intermedia
that decomposes immediately after formation toward NHad.
Thus, it is not observed in our experiments. In the O1s spec-
tra (not shown) obtained during the in situ experiments,ad

(530.5 eV) and NOad (533.0 eV) were found. Any peaks r
lated to OH or H2O were not observed above 200 K[40]
so the surface concentration of these species was very
under reaction conditions.

Fig. 3 shows the gas phase products (Figs. 3a and c)
and the relative concentrations of different surface spe
measured with XPS (Figs. 3b and d) during subseque
heating-cooling cycles in a reaction mixture of NH3 and O2

(1× 10−7 mbar NH3, ratio 1:1). Before the surface was e
posed to the reaction mixture, it was saturated with Oad (5 L
O2 at 200 K).

The decrease of the Oad signal and the increase of th
Nad signal observed on XPS show (Fig. 3b) that the reac
tion between NH3 ad/NHad and Oad occurred between 250
400 K [40]. This resulted in a high Nad concentration a
400 K, with almost all the Oad removed from the sur
face and formation of both H2O and NHx ad species. The
NHx ad species block further O2 adsorption and/or dissocia
tion. Fig. 3a indeed shows H2O desorption between 200 an
400 K as a result of the reaction of NH3 ad/NHad and Oad. No
other desorption products were observed below 400 K.
t

t

)

Fig. 2. (a) Two (400 and 580 K, average of three spectra) selected
tra that show the fitting components used to evaluate XP spectra. (b
actual spectra obtained during a TP-XPS experiment (first heating
heat–cool–heat sequence, NH3/O2 = 1:10, heating rate 0.3 K/s).

A small N2 desorption peak was observed between
and 500 K and it was assigned to N2 desorption due to repu
sive interaction[13,40] between Nad and Oad. The steady-
state reaction started at 450 K, the usual temperature fo2

desorption in the absence of Oad [39,40]. The XPS results
(Fig. 3b) show that the concentration of Oad was very low at
this point, resulting in low H2 production next to H2O and
N2. The maximum observed in the N2 formation between
500 and 600 K was related to the desorption of the Nad con-
centration built up below 450 K. In an experiment with
lower heating rate (0.1 K/s) this peak was absent, indicatin
that the observed signal was a convolution of the steady-
reaction and a non-steady-state desorption peak.

Above 600 K, the surface composition changed fr
NHx ad- to Oad-covered. Intuitively, one would expect th
the N-selectivity would also change at the same tempera
that is from N2 to NO. In earlier work [40] using an exper
iment in which a mixed Oad/NH3 ad layer was heated in th
presence of O2, we showed that NOad formed above 450 K
when both Nad and Oad were present on the surface. Und
steady-state reaction conditions, we did not observe NO
formation below 900 K. We discuss this apparent discr
ancy in more detail in Section3.5.
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Fig. 3. In situ measurements during the NH3/O2 reaction with a pressure ratio 1:1. (a) TPR during first heating (0.5 K/s, 1× 10−7 mbar NH3), (b) TP-XPS
during first heating (0.3 K/s, 5× 10−8 mbar NH3), (c) TPR during cooling (0.5 K/s, 1× 10−7 mbar NH3), and (c) TP-XPS during cooling (0.3 K/s,
5× 10−8 mbar NH3).
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The observed reaction rate (−d[NH3]/dt ≡ d[H2O]/dt)
decreased slightly with increasing temperature. It proba
was limited by the availability of reactants at high tempe
ture; that is, NH3 ad desorption was competing with NH3 ad
dissociation[39].

In the cooling branch (Figs. 3c and d), N-selectivity
changed back to N2 at ∼900 K. The surface changed fro
Oad- to Nad-covered at about 600 K, and the surface o
gen concentration was close to zero below 500 K. The2
formation rate was low at 500 K, and the reaction stop
completely at 400 K, due to inhibition by NHx ad, which
blocks O2 adsorption.

In the cooling branch no H2 formation was observed, an
the only reaction product containing hydrogen was wa
This finding can be explained by hysteresis observed in
Oad coverage. During the heating branch, the Oad concen-
tration was negligible at 400 K; it started to grow at 600
so not enough Oad was available to react with all of the Had
produced between 400 K and 600 K. In the cooling bran
Oad was present down to 500 K, allowing H2O formation at
this temperature.

We also observed a slow decrease in the Nad concen-
tration in the cooling branch, even below 400 K. This d
crease cannot be due to N2 desorption, because N2 desorp-
tion was not observed below 400 K in the cooling bran
(seeFig. 3c). Therefore, we assigned the decrease in thead
coverage (Fig. 3d) to rehydrogenation of Nad to NHad [39].

3.3. The influence of the NH3:O2 pressure ratio on the
activity and selectivity

Fig. 4 shows the effect of the NH3/O2 pressure ratio on
the observed reaction products and on the surface com
tion during reaction. The heating branch is shown for t
different NH3/O2 ratios: 1:5 and 1:10.

An increase in O2 partial pressure had little effect o
the surface composition below 400 K. This finding is n
surprising, because the surface was covered with Oad and
NHx ad and O2 adsorption was inhibited by NHx ad. Fig. 4
shows only the sum of NH3 ad and NHad, not the individ-
ual traces, to simplify the figure. The greatest effect of
O2 partial pressure was observed in the temperature r
at which the surface changed from Nad-covered to Oad-
covered. For a ratio of 1:5 (Figs. 4a and b), the chang
occurred at around 520 K (620 K for 1:1), whereas fo
ratio of 1:10 (Fig. 4c and d), it occurred around 480 K. W
did not observe H2 formation for higher O2 partial pressures
because Oad in those cases was already available at 500
and H2O could easily form.

A small influence of the oxygen partial pressure was
served in the gas phase below 400 K. The low-tempera
N2 desorption peak (300–500 K) was larger for higher2
partial pressure. At higher O2 partial pressures, more O2
reached the surface, the Oad coverage was slightly highe
and repulsive interactions are more pronounced. NO(g)
mation shifted to lower temperature when the O2 partial
-

pressure was increased. For a ratio 1:5, NO(g) formation
observed above∼800 K (900 K for 1:1), whereas for the ra
tio 1:10, NO(g) formation was observed above 600 K.
both ratios, NO was the only N-containing gas phase p
uct above 850 K. We also observed NOad on the surface
which formed above 500 K (when the surface was Oad cov-
ered) and was present on the surface up to 600 K, wh
desorbed.

Fig. 5 shows the NOad concentrations for the ratios 1
and 1:10 (NOad was not observed for the ratio 1:1). In th
heating branch NOad formed above 500 K. The NOad con-
centration started to decrease above 550 K. The NOad con-
centration slowly increased in the cooling branch betw
600 and 450 K, reaching a constant value below 450 K
these temperatures dissociation did not occur, and NOad was
present on the surface as a spectator species.

The rate of H2O formation (which is indicative of the
overall reaction rate,−d[NH3]/dt ≡ d[H2O]/dt) is not in-
fluenced by the O2 partial pressure. This means that t
reaction is almost zeroth order in O2 and oxygen adsorp
tion and dissociation are not the rate-determining step
the overall reaction.

A small desorption peak was observed form/e = 44
around the temperature at which the surface compos
changed to Oad-covered and where Nad and NOad coexisted
on the surface. This could be due to N2O, but the formation
of CO2 via reaction of Oad and CO from the backgroun
cannot be excluded. Baerns et al.[2] recently published an
extensive study on ammonia oxidation on Pt catalysts. T
studied the reaction in different pressure regimes, ran
from 10−5 to 103 mbar. They did not observe N2O forma-
tion in the UHV experiments; they observed N2O only for
pressures higher than∼1× 10−3 mbar. Their interpretation
of their findings was that N2O forms only when the concen
tration of both NOad and Nad are sufficiently high. This is in
line with our observations, because we saw N2O formation
only when both NOad and Nad were present on the surfac
in measurable amounts. In our case the Nad concentration
dropped very fast above 500 K, with the Nad availability pos-
sibly limiting N2O formation.

3.4. NH3 oxidation on Ir(111)

Fig. 6shows the gas phase reaction products in the c
ing branch of the NH3 + O2 reaction on Ir(111) for differen
reactant ratios. The first and second heating were very s
lar to the cooling branch, and hysteresis was not observ

In the heating branch, the steady-state reaction start
∼500 K (ratio 1:1); in the cooling branch, it stopped at t
same temperature. This temperature decreased slightly
the O2 partial pressure was increased. For an NH3:O2 ra-
tio of 1:10, the steady-state reaction started at∼400 K in
the heating branch and stopped at the same temperatu
the subsequent cooling branch. Below 500 K, the reac
products were N2 and H2O. For the ratio 1:1, some H2 was
observed around 500 K as well, but the main H-contain
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Fig. 4. The effect of the NH3/O2 ratio on the selectivity of the surface and on the nature of the reaction products (heating 1). (a) TPR (0.5 K/s, 1× 10−7 mbar
NH3) and (b) TP-XPS (0.3 K/s, 5× 10−8 mbar NH3) for the NH3/O2 ratio 1:5; and (c) TPR (0.5 K/s, 1× 10−7 mbar NH3) and (d) TP-XPS (0.3 K/s,
5× 10−8 mbar NH3) for the ratio 1:10.
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Fig. 5. TP-XPS data showing NOad (400.0 eV) formation during NH3 ox-
idation for two different NH3:O2 pressure ratios (1:5 and 1:10, 0.3 K/s,
5× 10−8 mbar NH3).

product was always H2O. NO was formed at higher temper
tures, depending on the NH3/O2 ratio. For a ratio of 1:1, NO
formed above 800 K, whereas for a ratio of 1:10, it form
above 500 K and for a ratio of 1:5 it formed above 600 K

The results are similar to the results obtained for Ir(11
The temperature range where the reaction started
stopped was between 400 and 500 K for both surfa
Moreover, a change in N-selectivity also occurred at si
lar temperatures.

A significant difference between Ir(111) and Ir(110) w
that the reaction rate on Ir(111) increased much more
increasing O2 partial pressure. On Ir(111), the reaction r
was almost first order in O2 pressure, whereas on Ir(110
the reaction rate did not change significantly with increas
O2 pressure. This indicates that O2 adsorption and disso
ciation is a very important step on Ir(111), in contrast
what we found for Ir(110). This is in line with the resul
of TPD experiments presented in Section3.1, which showed
that chemisorbed oxygen is needed for NH3 ad dissociation.

We assume that the mechanism responsible for the
selectivity is similar on both Ir surfaces, because the
lectivity of NH3 oxidation on both surfaces showed simi
behavior for different temperatures and different NH3:O2
pressure ratios. The mechanism responsible for NH3 dissoci-
ation might be different because of the different reactivity
the surfaces. On Ir(111), we needed Oad for the initial NH3 ad
dissociation step, whereas on Ir(110), it proceeded als
the absence of oxygen. On Ir(111), the reaction rate
strongly depended on the O2 pressure and not on Ir(110).

3.5. The selectivity of the NH3 oxidation on Ir(110) and
Ir(111)

In Section1 several issues were mentioned that are
under debate. One of these was the mechanism of N2 and
NOad formation. For both reactions, two possible mec
nisms have been proposed, one involving only Nad and Oad
and the other involving NHx ad and Oad. In our previous
study in the absence of Oad, we showed[39] that N2 forms
via Nad + Nad rather than via NHx ad + NHx ad. In the pres-
ence of Oad on the surface, the NHad concentration is lowe
than in the absence of Oad [40], and a mechanism involvin
NHx ad species is not likely. N2 formation via a reaction be
tween NOad and NH3 adis also not very likely, because NOad
is observed only above 450 K, where the NH3 ad concentra-
tion is very low.

In earlier work we showed[40] that NOad formation oc-
curs via Nad + Oad rather than via NHx ad + Oad, because
the NHx ad concentration is negligible when the NOad for-
mation starts.Fig. 4 shows the same thing: NO formatio
starts when the NHx ad concentration is zero.

The difference in selectivity between Pt and Ir cataly
is not yet completely understood. In the model proposed
Bradley, Hopkinson, and King (BHK)[8] for Pt(100) NO
formation at low temperature and NO dissociation[3,29,
33] at higher temperature play a crucial role [Eqs.(5)–(9)].
NOad forms around 250 K on Pt(100) and dissociation st
at 350 K. TP-RAIRS experiments done by Kim, Pratt a
King [26] show ed that NOad was present on Pt(100) b
tween 250 and 500 K, in line with the BHK model.

In our measurements we monitored in situ all the surf
species during the reaction (NOad, NH3 ad, NHad, Nad and
Oad). Our results suggest that the BHK model cannot be
plied to Ir(110) or Ir(111). In their model NOad is observed
between 250 and 500 K, whereas in our measurements Nad
formation is observed only above 500 K. NHad, Nad, and Oad
coexist on the surface between 200 and 400 K and henc
principle, NOad could be formed. This suggests that the
is a kinetic limitation for the formation of NOad. The pres-
ence of NOad in the cooling branch, without dissociatio
indicates that NO dissociation does not occur below 400
In our experiment the surface was always covered withad
when NOad was present. Because Oad blocks NO dissocia
tion [8,13,14]it is also very unlikely that NO dissociates
this temperature regime under reaction conditions.

During the reaction, Ir(110) surface composition chan
at a certain temperature from NHx ad to Oad (Fig. 4). The ob-
served selectivity in the gas phase also changes from N2 to
NO, but the temperature at which this change takes pla
200 K higher than the observed change of surface com
sition. To explain this large difference, we need to look
some simple kinetic equations

(10)
d[N2]

dt
= kN2θ

2
N,

(11)
d[NO]

dt
= kNOθNθO.

If kN2 and kNO would have the same value, then (i) t
selectivity of the reaction (above the NO and N2 desorp-
tion temperature, i.e.,>600 K) would depend only on th
Nad and Oad (θN and θO) coverage, and (ii) the selectivit
change toward NO would occur at the same temperatu
the change of the surface composition. Our results show
this is not the case, so differences in thek values instead
of the coverages of the different species must be respo
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K
Fig. 6. TPR results for NH3 oxidation on Ir(111). The cooling branch for different NH3/O2 pressure ratios (1:1, 1:5, 1:10) is shown (heating rate 0.5/s,
1× 10−7 mbar NH3).
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ble for the observed difference between surface compos
and product selectivity. The experimental results can be
produced when we assume thatkN2 is larger thankNO, that
is, N2 formation is easier than NO formation. The tempe
ture dependence of thek values is described by the Arrh
nius equation,k = A0e−Ea/(RT ), wherek is a prefactor and
Ea is the activation energy. Because both N2 and NO for-
mation proceed via simple recombination reactions ofad
+ Nad or Nad + Oad [39,40] the prefactors are expecte
to be rather similar for both NOad and N2 formation [15].
In that case differentk values should be related to diffe
ences in activation energies. This leads to the conclu
that theEa is greater for NO formation than for N2 forma-
tion.

Our recently published study concerning the effect of Oad
on the NH3 ad chemistry on Ir(110)[40] gave more informa
tion on the activation energies for NO and N2 formation. N2
formation was observed around 600 K in TPD experime
Heating of a mixed NH3/Oad layer in the presence of O2(g)
resulted in the formation of NOad, starting around 450 K
These two observations suggest that NOad forms more eas
ily than N2. We also found that N2 formation is influenced
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by the presence of O2. In the presence of Oad, N2 forma-
tion occurs around 350 K, so in that case it is more easy
NOad formation.

In summary, we suggest that the difference betwee
and Ir surfaces during catalytic ammonia oxidation can
found in the lower activation energy for NO formation on
with respect to Ir. This contradicts earlier literature repo
in which the difference was explained in terms of NO dis
ciation[38].

4. Summary and conclusions

We studied the adsorption and dissociation of NH3 on
Ir(111). Ammonia does not dissociate on this surface,
defects created by sputtering can facilitate NH3 ad dissocia-
tion on this surface. Oad also facilitates NH3 ad dissociation
and NH3 adsorption on a sputtered surface and an oxyg
covered surface results in N2 formation around 500 K.

We also studied the steady-state NH3 oxidation reaction
on Ir(110) and Ir(111) under low-pressure conditions.
both surfaces, the steady-state NH3 oxidation reaction start
around 400 K (with the exact temperature depending on
NH3/O2 pressure ratio), the initial products being N2 and
H2O. The surface composition changes around 500 K f
NHx ad to Oad, but the selectivity of the products observed
the gas phase changes at a significantly higher tempera

An increase in O2 partial pressure greatly enhances
reaction rate on Ir(111)and enhances it by much less
Ir(110). This difference is explained by the fact that N3
dissociates on Ir(110) even in the absence of Oad, whereas
on Ir(111) Oad is needed for significant NH3 dissociation.

The different behavior of Ir and Pt catalysts during c
alytic ammonia oxidation is explained in terms of the d
ferent activity of these metals in NO formation. NOad forms
readily on Pt surfaces (above 300 K[26]), whereas on Ir
NOad formation occurs only above 450 K, in a large exc
of Oad. N2 is more easily formed under these conditions (Oad
lowers the activation energy of N2 formation) than is NO on
Ir(110), resulting in preferential N2(g) formation even when
the surface is Oad-covered.
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