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Abstract
This paper is a report of angle-resolved product desorption measurements in the course of catalyzed NO and N2O reduction on Pd(1 1 0).

Surface-nitrogen removal processes show different angular distributions, i.e. normally directed N2 desorption takes place in process (i)

2N(a) ! N2(g). Highly inclined N2 desorption towards the [0 0 1] direction is induced in process (ii) N2O(a) ! N2(g) + O(a). N2O or NH3

desorption follows the cosine distribution characterizing the desorption after the thermalization in process (iii) N2O(a)! N2O(g) or (iv)

N(a) + 3H(a) ! NH3(a) ! NH3(g). Thus, a combination of the angular and velocity distributions provides the analysis of most of surface-nitrogen

removal processes in the course of catalyzed NO reduction.

At temperatures below 600 K, processes (ii) and (iii) dominate and process (iv) is enhanced at H2 pressures higher than NO. Process (i)

contributes significantly above 600 K. Only three processes except for NH3 formation are operative when CO is used. Only process (ii) was

observed in a steady-state N2O + CO (or H2) reaction.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The catalytic removal of nitrogen oxides from automobile

exhaust has been achieved without definite knowledge of the

reaction mechanism. The surface-nitrogen removal steps are

still not clear because of the presence of several fast

pathways after slow NO dissociation. Thus, a deep insight

into the reaction mechanism will help us to improve the

catalysts for the following generations. Angle-resolved (AR)

product desorption measurements are useful for the analysis

of surface-nitrogen removal in the course of a catalyzed NO

reduction. This method is informative whenever any step

becomes rate-determining because the angular distribution

does not involve the reaction rate and is always related to the

desorption process [1]. Fortunately, surface-nitrogen removal

processes show different angular distributions of desorbing

products, i.e. normally directed N2 desorption takes place in

the nitrogen associative process (i) 2N(a) ! N2(g) [2,3].
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Highly inclined N2 desorption towards the [0 0 1] direction is

induced in the intermediate N2O decomposition process (ii)

N2O(a) ! N2(g) + O(a) [4–6]. N2O or NH3 desorption

follows a broad cosine distribution in process (iii)

N2O(a) ! N2O(g) or (iv) N(a) + 3H(a) ! NH3(a) !
NH3(g).

This paper reports AR-product desorption measurements in

the course of the catalyzedNOandN2O reduction on Pd(1 1 0).

A combination of the angular and velocity distributions

provides the analysis of all desorption processes involved in

these catalyzed reactions [1]. The intermediate N2O decom-

position mostly shares the nitrogen removal pathway in the

catalyzed NO + H2 and NO + CO reactions below 600 K. Only

three processes except for the NH3 formation are operative

when CO is used. The NH3 formation is enhanced at H2

pressures higher than that of NO.

2. Experiments

The apparatus had three separately pumped chambers

(Fig. 1) [1]. The reaction chamber was equipped with
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Fig. 1. Principle behind the apparatus for angle-resolved product desorption measurements with time-of-flight techniques. The inserts show the shape of the chopper

blade and the structure around a sample crystal and a gas doser. QMS (quadrupole mass spectrometer); MCS (multi-channel scalar); trigger (photocell and light-

emitting diode). The chopper house was pumped at about 7 m3 s�1. A top view of Pd(1 1 0) and its crystal azimuths are shown in the bottom.
reverse-view low-energy electron diffraction (LEED) and X-

ray photoelectron spectroscopy (XPS) optics, an ion gun, and

a quadrupole mass spectrometer (QMS) for angle-integrated

(AI) measurements. The chopper house, which had a

large pumping rate of about 7 m3s�1 for high angle

resolution [7], had a narrow slit facing the reaction chamber

and a cross-correlation chopper blade (see the insert in

Fig. 1). Another QMS was set in the analyzer connected

through a narrow tube for AR-product desorption and time-

of-flight analyses. The distance from the ionizer to the

chopper blade was 377 mm, and the selected time resolution

was 20 ms.
15NO (or 15N2O) was introduced through a doser with a

small orifice (diameter, 0.1 mm) about 2 cm from a sample

crystal [8], while D2 or 13CO was backfilled. Hereafter,

isotopes 15N and 13C are simply designated as N and C in the

text, respectively. The product N2, ND3, CO2, D2O, and N2O

signals were monitored in both AI and AR forms. The

desorption angle (polar angle, u) was scanned in the plane

along the [0 0 1] direction (see the insert in Fig. 1). The N2

signals in both QMSs were corrected by the contribution

due to the fragmentation of N2O. The pressures of reactant

gases were also corrected by their mass spectrometer

sensitivities.
3. Results

3.1. NO reduction

The steady-state NO reduction started around 500 K, was

maximized around 530 K, and decreased at higher tempera-

tures (Fig. 2). Below this optimum temperature, N2 desorbed

into inclined ways collimated around 418 off the surface

normal toward the [0 0 1] direction. The intensity varied in a

cos28(u � 41) form where u is the desorption angle (polar

angle) (Fig. 3a). At higher surface temperatures, the normally

directed N2 desorption was enhanced (Fig. 3b). The observed

desorption was deconvoluted by means of velocity analysis.

No Maxwell distribution component at the surface tempera-

ture was found in the velocity curve of N2 at the collimation

angle below 540 K (Fig. 3c). The translational temperature

calculated from the average kinetic energy was estimated to be

3540 K. Because of the wide distribution, the velocity curve

was deconvoluted into two components in the way previously

used [8]. The results are shown by broken curves. The

resultant faster component reached 5810 K, and the slower

one, 2200 K. On the other hand, the velocity curve at around

640 K significantly involved the Maxwell distribution

component at the surface temperature, even at the collimation
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Fig. 2. Surface temperature dependence of the AR-product signals at their

collimation angles in a steady-state 15NO + D2 reaction. The
15NO pressurewas

5 � 10�6 Torr and the pressure ratio of 15NO/D2 was 2. The spatial distribution

of desorbing products in each process is inserted on the right-hand side.
angle (Fig. 3d). This thermalized component was first

subtracted and the resultant distribution was again deconvo-

luted into two components as shown by the broken curves in

the figure. The desorption components at around 408 were

identical to those from the inclined component at 530 K. This

inclined component does not contribute the intensity at the

normal direction as seen at 530 K (Fig. 3a). In fact, the
Fig. 3. (a and b) Angular and (c and d) velocity distributions of desorbing 15N2 at dif

in Fig. 2. Typical deconvolutions are given by broken curves. The translational temp

presentation are drawn in the upper panel.
velocity curve analysis at various desorption angles indicates

that the faster component peaked at both the surface

normal and the inclined direction. The flux followed a

{x cos5 u + cos28(u � 40)} form where x is a parameter

indicating the relative intensity to the inclined component.

The value increased with increasing surface temperature.

The normally directed component is due to the associative

desorption of nitrogen adatoms [2,3]. Neither angular

nor velocity distribution is informative for the assignment

of the thermalized component. The results from the steady-

state N2O reduction in the next section will show that the

N2O decomposition cannot yield the thermalized component.

Thus, the thermalized component is likely to come from the

associative process of nitrogen adatoms.

One of the products, D2O, was desorbed in a cosine form and

showed a Maxwell velocity distribution at the surface

temperature, being identical to that in the N2O + D2 reaction

in the next section (Fig. 4). The amount of the other product,

ammonia, became significant when PD2
was higher than PNO.

The desorption of ammonia also showed a cosine angular

distribution and the Maxwell velocity distribution at the surface

temperature (Fig. 4a). These products are desorbed after

thermalization to the surface temperature.

Only the (1 � 1) LEED pattern was observed in a NO + D2

reaction at 5 � 10�8 Torr of NO with PNO=PD2
¼ 2 and 450–

800 K. The surface was in the reducing condition, yielding a

non-reconstructed (1 � 1) form [9].
ferent TS and u values in the steady-state
15NO + D2 reaction under the condition

erature of each component is inserted. The desorption angle u and the intensity
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Fig. 4. Angular and velocity distributions of desorbing (a) 15ND3 at TS = 550 K in the steady-state 15NO + D2 reaction at P15NO ¼ 5� 10�6 Torr and

PD2
¼ 1:3� 10�5 Torr, (b) 13CO2 at TS = 470 K in the steady-state 15N2O + 13CO reaction at P15N2O

¼ 3:3� 10�6 Torr and P13CO ¼ 0:3� 10�6 Torr, and (c)

D2O at TS = 470 K in the steady-state 15N2O + D2 reaction at P15N2O
¼ 3:3� 10�6 Torr and PD2

¼ 0:5� 10�6 Torr. The velocity distributions at the normal direction

are shown. Typical deconvolutions for CO2 are given by broken curves. The translational temperature of each component is inserted.
3.2. N2O reduction

The steady-state N2O reduction proceeded above 390 K

when hydrogen or deuterium was used as a reducing reagent

(Fig. 5a). The N2 formation increased steeply with increasing

surface temperature, reached a maximum at around 420 K and

then decreased at higher temperatures. The starting temperature

shifted to around 450 K when CO was used at

PCO = 0.5 � 10�6 Torr and increased steeply in a similar

way to that with D2 (Fig. 5b). The starting temperature

decreased to around 400 K with decreasing PCO, suggesting

that the starting point was determined by the CO(a) removal.

The product CO2 desorption sharply collimated along the

surface normal and its translational temperature was 1280 K at

the normal direction (Fig. 4b). The velocity distribution

involved the component from theMaxwellian distribution at the

surface temperature. The fast component after subtraction of

the thermalized one showed the translational temperature of

1610 K at the surface normal.

The angular distribution of desorbing N2 became slightly

broader at high temperatures from a cos28(u � 45) form at

410 K to a cos19(u � 46) form at 750 K (Fig. 6). The
collimation angle was invariant in this temperature range.

No changes were found in the velocity distributions in a wide

temperature range although the signal intensity decreased

significantly. Desorbing N2 showed translational temperatures

in the range of 2000–5000 K, identical to those in the NO + D2

reaction below 550 K. Neither the cosine distribution nor the

Maxwell distribution component at the surface temperature was

found in desorbing N2 in the N2O reduction.

The reaction kinetics was switched at a critical CO/N2O

pressure ratio, 0.03–0.08, depending on the surface temperature

(Fig. 7a). Below it (the active region), the reaction was a first

order in CO and negative orders above it (the inhibited region).

The reaction rate reached a constant value above the critical

point when D2 was used (Fig. 7b). The reaction clearly shows a

switching of the rate-determining step from CO (or D2)

adsorption to N2O adsorption at the critical point. Throughout

the kinetic transition region, however, the N2 desorption sharply

collimated along 458 off the normal toward the [0 0 1]

direction. No changes were found in the angular and velocity

distributions of desorbing N2 below and above the critical point.

In the steady-state N2O + CO reaction in the presence of

3 � 10�8 Torr of N2O, a c(2 � 3)-1D-O LEED structure was
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Fig. 5. Surface temperature dependence of the AR-product signals at their

collimation angles in a steady-state 15N2O reduction by (a) D2 and (b) CO.
15N2O, 3.3 � 10�6 Torr, D2 or CO, 0.5 � 10�6 Torr.

Fig. 6. Angular and velocity distributions of desorbing 15N2 in the steady-state 15N2

TS = 410 K and (b) TS = 750 K. Typical deconvolutions are given by broken curves. T

u and the intensity presentation are drawn in the upper panel.
observed when only N2O was introduced and the intensity of

the fractional order spots decreased with increasing CO

pressure. Around the kinetic transition point and above it, the

surface showed a clear (1 � 1) LEED pattern, suggesting that

the surface was free of oxygen. The surface was again in

the reducing condition, yielding a non-reconstructed (1 � 1)

form [9].

3.3. Adsorbed species

The surface species was confirmed to change sharply at the

critical pressure. The adsorbed species is O(a) or CO(a) for the

N2O + CO reaction because the reaction between CO(a) and

O(a) is very fast and the amounts of N2O(a) and N2(a) must be

very small in this temperature range because of their small heats

of adsorption. This situation is very similar to that in the CO

oxidation on noble metals. Thus, a pressure jump method can

be applied to determine the amount of CO(a) and O(a) [10].

The typical decay curves of the AR-signals of N2 at u = 438
and CO2 at u = 08 are shown as a function of time after stopping

of the CO supply (Fig. 8a). These curves were induced from the

inhibited region above the kinetic transition. Both the N2 and

CO2 signals showed a maximum. The CO2 signal decreased

quickly to the background after its maximum, whereas the N2

signal decreased slowly. The peak area of N2 before the

maximum represents the amount of CO(a) after a proper

sensitivity correction to the amount of CO2, whereas that of N2

after the maximum indicates the N2 formation on an initially

clean surface without removal of the deposited oxygen because

of the fast reaction of CO(a) + O(a). Indeed, this N2 was

constant over the temperature range from 500 to 400 K.
O + D2 reaction at P15N2O
¼ 3:3� 10�6 Torr and PD2

¼ 0:5� 10�6 Torr at (a)

he translational temperature of each component is inserted. The desorption angle
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Fig. 7. PCO and PD2
dependence of the AR-15N2 signal at the collimation angle at different TS values in a steady-state 15N2O reduction by (a) CO and (b) D2.

PN2O ¼ 3:3� 10�6 Torr. A kinetic transition is drawn by the vertical lines. Angular distributions of desorbing N2 in the 15N2O + CO reaction below and above the

kinetic transition at 470 K are shown. Very similar angular distributions of 15N2 were also observed in the 15N2O + D2 reaction.
The peak area below the CO2 curve represents the amount of

CO(a) under the steady-state N2O reduction, since the amount

of CO adsorption after stopping of the CO supply was

negligibly small and CO(a) is mostly removed as CO2 below

about 500 K [11]. The estimated CO(a) coverage was about one

fourth of a monolayer at TS = 470 K and PCO = 0.5

� 10�6 Torr. The value was referred to the temperature-

programmed desorption (TPD) curve from room temperature

[12]. On the other hand, the area under the CO2 decay curve

from the active region was very small, i.e. the CO2 signal

quickly decreased without a maximum. Thus, the CO coverage

jumped from a value of less than 0.05 monolayer (ML) to

0.25 ML at the critical pressure. It suggested that the surface is

mostly covered by CO above the kinetic transition, and the

amount of CO(a) affected the N2O dissociation rate, whereas

below the kinetic transition, the rate was affected by the amount

of O(a).
We also examined the N2 transient curves from the steady-

state N2O + D2 reaction (Fig. 8b). The peak area induced from

the D2 pressure above the kinetic transition was close to that

after the maximum above the transition in the N2O + CO

reaction, i.e. the surface was mostly clean, since the

temperature was too high for hydrogen adsorption. The other

product D2O signal was very small because of the cosine

distribution.

4. Discussion

4.1. Reaction pathways

The product N2 is commonly emitted from N2O(a) oriented

along the [0 0 1] direction in both NO + D2 (or CO) reaction

below about 550 K and N2O + D2 (or CO) reaction. However,

no N2O(a) has been confirmed in the course of the catalyzed
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Fig. 8. (a) Transient 15N2 and 13CO2 formation curves after stopping of the
13CO supply from the steady-state 15N2O + CO reaction at PN2O ¼
3:3� 10�6 Torr and PCO = 0.5 � 10�6 Torr in the inhibited region at

TS = 470 K. (b) Transient N2 formation after stopping of the D2 supply from

the steady-state N2O + D2 reaction at PN2O ¼ 3:3� 10�6 Torr and

PD2
¼ 0:5� 10�6 Torr. TS = 470 K. The decays of the AI 13CO and D2 signals

are also shown. The cross-hatched areas show the amount of N2 formation on a

clean surface without removal of O(a).
NO reduction by infrared reflection absorption spectroscopy

(IRAS) and sum-frequency generation (SFG) [13,14]. In fact,

the surface parallel N2O must be insensitive toward the

vibrational spectroscopy according to the surface selection rule

[15]. Furthermore, the amount of N2O would be very small

above 400 K because of the small heat of adsorption. Both the

desorption and dissociation of adsorbed N2O are completed on

Pd(1 1 0) below 160 K, showing a heat of adsorption less than

35 kJ mol�1 [6]. At temperatures around 100 K, a standing

form with the terminal nitrogen atom interacting with surface

atoms was found by IRAS after exposure to N2O [16].

However, this form is not the precursor of the inclined N2

emission because oxygen is deposited on the surface in the

N2O(a) dissociation. In the inclined N2 emission, the terminal

oxygen atom must interact with the surface metal. A suitable

lying form along the [0 0 1] direction as well as the standing

form on the terminal nitrogen was recently proposed by density

functional theory (DFT) calculations in a generalized gradient

approximation level [17]. This lying form was predicted to be

somewhat bent, bridging palladium-atom rows running along

the ½1 1̄ 0� direction.
Recent near-edge X-ray absorption fine-structure work at

around 60 K also supports the presence of [0 0 1]-oriented N2O

from the remarkable anisotropy in the polarization dependence

of the p resonance [18]. Furthermore, Watanabe recently

reported in his STM work that isolated N2O monomers were

oriented along the [0 0 1] direction at 14 K although at 8 K,

N2O formed clusters extending along the ½1 1̄ 0� direction [19].

The NCO(a) species found on Pd(1 1 1) and Pd(1 0 0) by IRAS

[13,14] has no direct relation to N2 desorption because the

inclined N2 desorption was observed even in the NO + D2

reaction as well as in the NO + CO reaction. In other words,

neither CO nor hydrogen is involved in the inclined N2

desorption process. This was also confirmed from the

observation of the same inclined N2 emission in both

N2O + CO and N2O + D2 reactions.

Only the inclined N2 desorption proceeds in the N2O + D2

(or CO) reaction in the wide temperature range studied, 400–

800 K. Therefore, the themalized (cosine distribution) compo-

nent of N2 in the NO + D2 (or CO) reaction should be formed in

the other processes, probably in the associative process of N(a).

The reason that desorbed N2 from the associative process is

largely thermalized is not currently clear. In the N2O

dissociation, the fragment N2 is repulsed by the nascent O(a)

which is more or less negatively charged on the metal surface.

High repulsive forces may be operative between the resultant

bulky ionic oxygen and the leaving N2. Indeed, a large amount

of energy, about 250 kJ mol�1, is released in the event of

N2O(a) ! N2(g) + O(a) [1,20]. On the other hand, in the event

of N(a) + N(a) ! N2(g), the desorbing (N–N) directly interacts

with the metal surface. CO2 is also repulsively desorbed along

the surface normal, consistent with the results in the CO

oxidation on Pd(1 1 0) [11]. On the other hand, the other

products, ND3 and D2O are thermalized before desorption.

The precursor for the inclined N2 emission is the lying

N2O(a) oriented along the [0 0 1] direction. The collimation of

desorbing N2 is determined by a repulsive force along the

ruptured N–O bond and the interaction between desorbing N2

and the surface. This scenario was already examined by DFT

calculations, which predict that the main component of the

reaction coordinate is along the N–O bond direction [17,20]. At

the transition state, the calculated N–O distance is very close to

the calculated reactant value [17]. The close distance between

the O(a) and N2 fragments at the transition state is the origin of

the strong repulsion between the two fragments after the N–O

bond is broken.

4.2. Kinetics relation

N2O(a) is highly reactive on clean Pd(1 1 0) and decom-

poses even at around 100 K [4–6]. To keep its decomposition

continuous, a reducing reagent is necessary to remove

deposited oxygen. Its steady decomposition is controlled by

either the reducing reagent adsorption or the dissociative N2O

adsorption. Below the kinetic transition point, the surface is

covered by O(a) and the amount of CO(a) (or D(a)) is very

small. The reducing reagent adsorption is rate-limiting,

consistent with the first order in CO or D2. Above the kinetic
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transition, the surface is covered by CO(a) and the amount of

O(a) is very small because of the fast CO(a) + O(a) ! CO2(g)

reaction. The surface above the kinetic transition is almost

clean when D2 is used. The N2O adsorption or dissociation is

rate-limiting, consistent with the negative order in CO or zeroth

order in D2. The angular and velocity distributions of desorbing

N2 remain invariant throughout this kinetic transition. These

distributions (desorption dynamics) are merely controlled by

the desorption process and not affected by the rate-determining

step.

It is interesting that the desorption dynamics of N2 in N2O

decomposition does not change when the surface species is

switched from O(a) to CO(a) or even under adsorbate-free

conditions. This also supports the occurrence of N2O

decomposition on clean parts of the surface. In fact, the

active surface showed the (1 � 1) LEED pattern without

super-structure spots. A Pd(1 1 0) surface is easily recon-

structed into the well-known (1 � 3)-O, c(2 � 3)-1D-O or the

c(4 � 2)-O structure when it is covered by different amounts

of oxygen. This reconstruction is due to the (1 � 2) or

(1 � 3) missing-row form stabilized by adsorbed oxygen,

which is converted into the (1 � 1) non-reconstructed form

when the oxygen is removed by CO or hydrogen above

360 K [9]. The N2O reduction in the present work always

proceeds above 400 K, and the surface structure is then

merely controlled by O(a) and CO(a). The surface can

provide clean (1 � 1) parts even below the kinetic transition

point because of the small amount of adsorbed oxygen. The

oxygen level must be below the 1/4 monolayer except for

very low CO pressures because the sticking probability of

N2O dissociative adsorption decreases below 0.1 above

400 K [16]. In fact, the decomposition of N2O is severely

retarded by the presence of O(a) [6,21].

The kinetic transition of the NO + CO (or D2) reaction is

not as clear as that of the N2O reduction. At 550 K, with

increasing PCO, the N2 signal at 408 increased steeply with a

slope of 1.8 and reached a steady level above the ratio of

PCO/PNO = 0.7. N2 was merely desorbed into the inclined

way over a wide CO pressure range. The overall reaction was

controlled by the NO dissociation. This dissociation was

affected by surface oxygen when the reaction was highly

sensitive to CO. After reaching the steady level, the NO

dissociation was affected by CO(a). On the other hand, at

640 K, the N2 desorption was fairly inclined at low PCO. At

high PCO, the N2 signal at u = 08 was enhanced, i.e. the

desorption including the normally directed and cosine

components became dominant.

Process (ii) N2O(a) ! N2(g) + O(a) on a clean Pd(1 1 0) is

insensitive to the surface temperature [6]. The steeply

enhanced N2O reduction observed below 500 K (Fig. 5) is

due to the removal of CO(a). The rate rapidly decreased after

the maximum because of the decreased sticking probability

of N2O. On the other hand, the steeply increased NO

reduction around 500 K (Fig. 2) is due to enhanced NO

dissociation. At higher temperatures, process (i)

2N(a) ! N2(g) becomes predominant because of the higher

activation energy.
4.3. Other surfaces and perspectives

It should be noted that the decomposition of adsorbed N2O is

sensitive to the surface structure. The N2O species is very

reactive on open surfaces, such as Cu(1 1 0), stepped Ni(5 5 7),

Ni(1 1 0), Ni(1 0 0), Rh(1 1 0), and Ir(1 1 0) [21–27]. The

decomposition proceeds at around 100 K, as described on

Pd(1 1 0), or even below it. Thus, it is reasonable that its steady-

state decomposition with a suitable reducing reagent is

controlled by either the N2O dissociative adsorption or the

deposited oxygen removal. In other words, ordinary kinetic

measurements at the steady-state are not informative for the

removal processes of N2O(a). On the other hand, the reaction

pathway through the N2O intermediate is not operative in the

deNOx process toward N2 on Pt(1 1 1), Rh(1 1 1), and Ir(1 1 1)

because no N2O is decomposed on these surfaces although it is

easily formed from N(a) + NO(a) on them [28–31]. On real

catalysts involving fine metal particles, there are many different

surface planes, which show their own reactivity as well as their

own pathways. Each plane may contribute from their unique

processes, and the overall reaction eventually proceeds after

several planes work cooperatively. Here, the surface transport

of N2O between different planes will play an essential role in

the total selectivity.

Product desorption from catalyst surfaces is the final process

of surface chemical reactions. Its properties must be

consistently characterized from both chemical kinetics and

reaction dynamics. Kinetics is concerned with the desorption

frequency (reaction rate), and dynamics deals with the energy

partition during an event [32]. AR-product desorption analysis

is informative toward surface-nitrogen removal processes

because of the different angular distribution in each removal

step. Velocity distributions help the above AR-product

desorption analysis on flat surfaces, whereas, on complex

surfaces, such as metal particles supported on oxides, the

velocity distribution may provide information about involved

pathways more than the angular distribution. Analyzing

desorbing products in state-resolved ways will yield direct

evidence of the presence of processes yielding products with

hyper-thermal energy [33]. The relaxation time of vibrationally

excited molecules is very short, in the order of 10�12 s on metal

surfaces [34]. In fact, the fragment product being desorbed has

been believed to be thermalized to the surface temperature

before emission. The inclined N2 emission from the N2O

decomposition is the first example of the collimated fragment

desorption in thermal decompositions [32]. Such desorption

with hyper-thermal energy will be found in thermal decom-

positions on nano-sized particles because of the delayed energy

relaxation. Energy analysis of desorbing products from nano-

particles would be worthwhile.

5. Conclusions

The reaction pathways of NO reduction on Pd(1 1 0) were

studied from the angular and velocity distributions of

desorbing products in the course of catalyzed NO and N2O

reduction. At temperatures below 600 K, processes (ii)
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N2O(a) ! N2(g) + O(a) and (iii) N2O(a) ! N2O(g) dominate

and process (iv) N(a) + 3H(a) ! NH3(g) is enhanced at H2

pressures higher than NO. Process (i) 2N(a) ! N2(g)

contributes significantly above 600 K. Only process (ii) was

observed in a steady-state N2O + CO (or H2) reaction.
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