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Abstract    

 

This paper reports on recent progress with angle-resolved desorption leading to 

structure-sensitive desorption dynamics. The sensitivity is exemplified in NO and N2O 

reduction on Pd and Rh surfaces. The energy partitioning in the repulsive desorption of 

hyper-thermal products into their rotational and translational modes is an indispensable 

concept to examine the structure of a reaction site from desorbing molecules because it 

connects the structure of a transition state with each energy of desorbed products. The 

extent of the energy partitioning will be derived from the desorption-angle dependences 

of both the rotational and translational energies at each vibrational state. Such energy 

analysis has never been completed for any thermal reactive desorption. A new type of 

measurement is thus proposed. Additionally, we discuss the inadequate use of the 

detailed balance principle in desorption dynamics, which has prevented desorption 

dynamics from being sensitive to surface structures. 

 

Key words: Spatial distribution, Transition state, Energy partitioning, NO reduction, N2 

desorption, Intermediate N2O  

 

 

 

 

 

High lights 

1. Energy partitioning (EP) at desorption is connected with transition state structures. 

2. Inclination of a transition state controls EP into rotational and translational modes. 

3. Site sensitive desorption dynamics requires angle-resolved work of all product 

energies. 

4. Use of detailed balance principle in desorption dynamics leads to wrong physics.  
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1. Introduction      

 

This review delivers a brief history of how the desorption dynamics of hyper-thermal 

products has become sensitive toward surface structures as exemplified in the studies of 

N2 desorption in NO reduction on Pd and Rh surfaces (best deNOx catalysts). A full 

review of deNOx catalysis is out of the scope of this paper since many reviews have 

already been published for the subject [1-5]. The structural analysis of a surface site is 

now nearly enabled from the desorption dynamics of hyperthermal products. Such a 

dynamical approach to the surface site was first tried with the spatial distribution of 

hyper-thermal products [6,7]. In last 10 years, the desorption angle dependence of the 

internal energy of desorbing product CO2 has been successfully analyzed [8]. 

Furthermore, the peculiar off-normal N2 desorption has been theoretically and 

experimentally analyzed [9-16]. The N2 desorption has become a model probe for 

desorption dynamics. These results have opened an avenue to desorption dynamics 

sensitive to surface structures and then provided a stage suitable to propose new 

desorption measurements in the next generation. Our former reviews [17,18] just 

summarized angle-resolved desorption (ARD) experiments for CO oxidation and NO 

reduction. Now it is clear that the product flux and both the translational and internal 

energies must be analyzed as functions of both the desorption angle (polar angle, θ, with 

respect to surface normal (Fig. 1)) and the azimuth angle because the energy 

partitioning (EP) into translational and rotational modes of emitted products affects both 

the spatial and energy distributions [8,9]. This EP connects product energies with the 

structures of a transition state (TS) just like gas-phase reaction dynamics [9,19]. No 

such energy analysis has ever been completed for any thermal reactive desorption. Thus, 

a new set of angle-resolved (AR) desorption measurements is proposed in Section 5. 

The desorption-angle dependence of EP is required for the structure analysis of the 

surface site including a TS. The lack of this angle dependence has long been masked by 

the inadequate use of the detailed balance principle (DBP) as explained in Section 6 

[9,20,21]. 

   

  In general, a chemical reaction must be characterized with respect to not only chemical 

kinetics (concerned with reaction rates) but also reaction dynamics (dealing with energy 

flows) because material conversions are always accompanied with energy repartitioning 

[14,19]. In other words, chemical kinetics hardly describes the whole story of any 

reactive desorption on a metal surface. However, the mechanisms of chemical reactions 

on metal surfaces have long been examined from the viewpoints of chemical kinetics. 

The resultant mechanisms are frequently short-lived because chemical kinetics 

describes the reaction rate in a phenomenological way as a function of the reactant 

coverage and surface temperature. Such chemical kinetics still continues to be used in 

the field of chemical engineering, solid catalysis, and electrochemistry. In the past, 

surface reaction kinetics had essential problems in describing the non-uniform reactivity 

of surface species with varying coverage. With the development of computers, the 

interactions between adsorbed species, as well as their movements, came to be handled 
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by Monte Carlo simulations on lattice gas models [22]. However, the passive status of 

surface chemical kinetics remains invariant due to the absence of the description of 

energy flows into different modes during reaction events.  

On the other hand, studies concerned with the dynamics of desorption processes were 

few before the pioneer work by Willigen in 1968 [23], probably because, before the 

1970s, it was widely believed that the energy flow from surface species to a metal was 

completed in the order of several femtoseconds [24], and then the analysis of the energy 

partitioning during desorption was impossible. Thus, the studies of surface reactions had 

shifted too much to chemical kinetics. Unfortunately, the understanding of reactive 

desorption dynamics has not been significantly improved, even after hyper-thermal 

products were confirmed in several desorption systems [25]. Indeed, the relaxation time 

of vibrationally excited admolecules is in the order of a picosecond on metal surfaces, 

as experimentally confirmed in the early 1990s [26]. This means that a desorption 

process has a chance to be studied at a dynamical level when products are emitted 

before relaxation, however, surface processes before desorption are hardly studied at a 

dynamical level because of the difficulties of energy analysis of nascent products on a 

surface. The dynamics of the combinative desorption of H(a), D(a), or N(a) on metal 

surfaces has been examined by means of state-resolved population analysis of desorbed 

H2, D2, or N2 by using resonance-enhanced multi-photon ionization time-of-flight 

(REMPI-TOF) [27,28] or laser-induced fluorescence (LIF) [29]. Dynamical behavior of 

their reverse processes (dissociative adsorption) has also been studied by means of 

seeded molecular beams (MBs) [28,30]. Our understanding of product desorption 

dynamics is, however, still far from that of gas-phase reactions [31]. 

In published studies of desorption dynamics, structural information of a surface site 

including a TS or intermediates is scarcely provided in contrast to similar issues 

routinely surveyed in gas-phase reactions. This lack of structural information is one of 

the reasons that dynamic studies have not become powerful enough to characterize 

surface reactions. It should be noted that most of the analyses of the internal energies of 

desorbing products have been performed in non-AR fashions [27,28] in which their 

independence of the desorption angle (or no anisotropy) is tacitly assumed, making 

desorption dynamics insensitive to surface structures. An anisotropy related to the site 

structure was first found in the spatial distribution of product CO2 desorption in 1989 

(Fig. 2) [17,32]. Indeed, in 2008, both the translational and rotational energies of 

product CO2 have been confirmed to be coupled with each other and to depend on both 

desorption and azimuth angles [8]. The anisotropic distributions of these quantities 

provide the information of surface structures. Thus, AR measurements for both 

translational and internal energies are essential to obtain surface structural information 

from desorbing products. It is fortunate that remarkable anisotropic distributions have 

been found in desorbing product N2 on the best deNOx catalyst surfaces (Fig.1) [18,33]. 

In the near future, we will have a suitable desorption model to deliver the angle 

dependences of translational and rotational energies, confirming EP in quantitative ways. 

This new desorption dynamics will be useful to examine the results from DFT 

calculations concerned with TS structures [30,34,35]. 
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2. Priority of Desorption Dynamics     

Generally, repulsive desorption is likely to be localized around a definite site because it 

is completed within a very short interval (in the order of a vibrational period) on a 

repulsive part of the potential energy surface (PES). Therefore, the structure of a 

desorption site can be analyzed in dynamical ways. On the other hand, it is difficult to 

analyze the structure of an adsorption site in similar ways. The interaction of incident 

species with a surface is initiated on every part of the surface, and its adsorption is 

unlikely to be completed near its impact place, since large amounts of energy are 

released during adsorption; then the resultant adspecies is mobile until it is stabilized on 

a final surface location.   

 

 

2. 1. Direct Approach to a Desorption Site        

 

A                                   w                                            “    v  

      ”                                                                        w       

its selectivity [36]. After the development of ultra-high vacuum techniques to keep a 

surface clean, the site has been identified or analyzed by means of combined methods of 

kinetic measurements with surface-sensitive techniques such as surface vibrational 

spectroscopy, X-ray photo-electron or absorption spectroscopy, diffraction methods, and 

scanning microscopy [37-44]. These modern methods provide structural information 

useful to construct a reaction site; however, their information is indirect (not always 

connected to the reaction site), because they are based on signals from non-reacting 

surface species. Even if surface spectroscopy can distinguish the signals of reacting 

species from those of non-reacting ones, the observed signals are still due to those 

before or after the related reaction event.  

It should be noted that a surface desorption site is not just a point without size; it must 

have some spread. As exemplified in Section 4, several surface atoms work 

cooperatively to complete one desorption event. Thus, a site structure will be described 

by means of the PES of the product desorption system. Such a PES can be constructed, 

e.g., by means of density functional theory (DFT) calculations. On experimental sides, 

we need to provide definite knowledge of the respective desorption process to 

theoretical work, and also to confirm the structure of the calculated PES through the 

dynamical behavior of nascent products. Especially, the latter has not been possible 

because of the lack of methods to examine the structure of the desorption site including 

a TS. In fact, many TS structures have been predicted in DFT work, however, no 

confirmations have been reported based on experiments [34,35]. Thus, we need a 
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method to directly analyze the structures of sites or active intermediates through the 

reaction itself, namely from their products before energy dissipation. No such 

confirmation can be performed by either chemical kinetics or surface spectroscopy. The 

importance of these viewpoints will be recognized in the NO reduction studies 

described in Section 4, where it is shown that the wrong reaction pathways of N2 

emission had long been accepted on both experimental and theoretical sides [12,13].  

In gas-phase reactions, methods for approaching the PES have been established, i.e., 

information on the TS conformation is deduced from the spatial and energy distributions 

of emitted products before energy dissipation for various collision energies [45] or by 

femtosecond spectroscopy during molecular transformation [46]. The TS structure is 

mostly examined from the distributions of both translational and rotational energies at 

each vibrational state when the products are emitted through a repulsive potential 

energy surface [19]. These modes are simultaneously excited and then strongly coupled 

with each other, resulting in the EP into translational and rotational modes. 

A similar EP may take place in repulsive desorption on a metal surface, however, its 

principle has not yet been quantitatively confirmed in thermal (reactive) desorption 

because of the lack of observed desorption-angle dependences of the rotational and 

translational energies of hyper-thermal products at each vibrational state. Indeed, the 

internal energies of desorbed products have been analyzed by means of REMPI, LIF, or 

infrared (IR) emission in non-AR           x         Y     k ’  AR-IR emission 

analysis [8]. These non-AR treatments have neglected the desorption-angle dependences 

of the flux and energy distributions. For reactive desorption on a metal surface, the 

relation of TS structures to EP into rotational and translational modes has been 

       z      Y     k ’  AR-IR work with nascent product CO2 in CO oxidation on 

Pd surfaces in 2008 [8]. His observations regarding angle-dependent rotational energy 

have opened an avenue toward the EP in repulsive desorption, leading to a new stage of 

structure-sensitive desorption dynamics. However, even in his AR-IR work, IR emission 

was still analyzed in a non-state-resolved way.  

 

 

2. 2. Short-Lived Intermediates      

Angle-resolved desorption (ARD) analysis, as it is surface-structure sensitive, is 

superior to other surface-sensitive methods for the detection of adsorbed intermediates 

with a short lifetime inaccessible to surface vibrational spectroscopy. For example, such 

conditions are met when the heat of adsorption (or the activation energy to 

decomposition or desorption) of the adspecies is below approximately 50 kJ/mol at 

surface temperature (TS) of 500 K; in this case a surface residence time is estimated to 

be in the order of a nanosecond by assuming first-order desorption. Under high vacuum 

conditions (below 0.1 Pa), such species can hardly be detected with surface 

spectroscopy because their relative coverage is below 0.0001. In the course of a 

catalyzed reaction, their detection becomes more difficult because of the presence of 

other reactants with higher adsorption heat. Good examples are found in the physical 
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adsorption of small molecules. Their adsorption bond energies are often below 50 

kJ/mol [47], hence their adsorption states can hardly be observed in spectroscopic ways 

above TS=500 K under a high vacuum due to too short residence time. Indeed, it is clear 

that the respective time domain is available only via desorption dynamics and is 

inaccessible via surface spectroscopy. Such situations may take place when surface 

residence times are in the order of 10 nanoseconds or less. The time required for fast 

adsorption and/or decomposition may be in the order of picoseconds close to the 

relaxation time of vibrationally excited admolecules [26,48,49]. The priority of ARD in 

such cases is due to the reactive desorption dynamics directly identifying surface sites 

or active intermediates. Thus, ARD and surface spectroscopy are complementary to 

each other in repulsive product emission because the former surveys active species at 

the exit of reactive desorption, whereas the latter monitors species at the desorption 

entrance. 

Active intermediates such as N2O(a) or (NO)2(a) on metal surfaces often have small 

either heats of adsorption or activation energies for decomposition. These adsorbed 

species can be observed only at low temperatures and pressures with surface 

spectroscopy[50-53]; such observations are not successful for N2O(a) in the course of 

the catalyzed NO reduction above 450 K [15,54,55], although it plays an important role 

as adsorbed intermediates yielding product N2 on the main pathway of NO reduction on 

Pd, Rh, or Ir surfaces [15,18]. (NO)2 on Cu(110) or Ag(111) is converted into N2O(a) 

and then to N2(g) [52,53, 56-58]. This species has been observed on Pd(111) at elevated 

NO pressures around 4×10
4
 Pa and room temperature [59]. The N2O formation vis such 

a dimer is likely to take place at high pressures.  

N2O(a) has also been confirmed to form under temperature programmed desorption 

(TPD) conditions from N(a) and NO(a) on Pt(533), Pd(110), Pd(211), and Rh(111) [60-

63]. However, the N2 emission from the decomposition of intermediate N2O(a) had not 

been accepted in NO reduction on Pd or Rh surfaces [1,64-66] for a long time after the 

earlier proposals [67-69]. This is due to the absence of both spectroscopic observations 

of N2O(a) and direct evidence of N2 emission from N2O(a) in the course of the 

catalyzed reaction above 450 K [54,55,70]. In fact, only ARD can directly confirm the 

contribution of N2O(a) decomposition by showing the peculiar spatial distribution of the 

final product N2 [14,17,18]. Before the ARD analysis of the product N2 at steady-state 

NO reduction [18], the lack of direct evidence of the N2 emission from intermediate 

N2O(a) had led to the wrong assumption that N2O(a) is formed in NO reduction on Pd 

or Rh surfaces, but in a bypath not yielding N2 [61-65]. Based on these insights 

provided by ARD analysis, the N2O(a) is now accepted as the pivotal intermediate 

leading to the final product emission on the main deNOx pathway as described in 

Section 4.  

 

 

3. Structure-Sensitive Desorption Dynamics   
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3. 1. Hyper-Thermal Products      

 

Some chemical reactions on metal surfaces emit products before thermalization to the 

surface temperature. The emission of such hyper-thermal products was first reported 

w    H( )+H( )→H2(g) on metal surfaces in 1968 [23], and it was later confirmed in 

  v        b     v                        ( )+ ( )→  2( )   ( )+ ( )→  ( )  

N( )+N( )→N2(g) and CH3( )+H( )→ H4(g) [17,25]. On the other hand, in 

dissociative desorption, only the decomposition of N2O(a) to N2(g)+O(a) was confirmed 

to emit hyper-thermal products [18]. Surprisingly, this decomposition emits fast N2 in 

two-directional (off-normal) ways on Pd(110), Rh(110), and Ir(110) (Fig. 1). For such 

fast desorption, the nascentproduct molecule must be formed on a repulsive part of the 

PES of the desorption event; i.e., the product is formed more closely to the surface than 

its equilibrium adsorption position. In such instances, the desorption is completed in a 

time interval comparable to a vibrational period. The resultant desorption yields hyper-

thermal (or energetic) products and is sharply collimated along the direction of the 

repulsive force, yielding the maximum flux position (collimation angle). The 

translational energy is also maximized at this angle. In such repulsive desorption, the 

hyper-thermal products may hold the structural information of the desorption site 

including a TS or intermediates emitting products even after leaving the surface 

[14,17,18]. The memory of this repulsive force is likely to be preserved in the physical 

quantities of each desorbing molecule in anisotropic ways. Each emitted product holds 

only a piece of surface-structural information, and the site (or intermediate) structure 

will be reconstructed by gathering these pieces over all of the desorption and azimuth 

angles. This approach is essentially the same as that in gaseous reaction dynamics to the 

PES [31,45,46]. Therefore, AR procedures are indispensable in the desorption 

measurements to obtain surface-structural information. In contrast, translational or 

internal energy measurements without AR procedures cannot provide any surface 

structure information [20,27,28,71-73]. In other words, it is difficult to obtain surface-

structure information when no azimuth-angle dependence is found in the AR signals of 

desorbed molecules.    

  Traditionally, reactive desorption has been classified into two categories, i.e., 

Langmuir-Hinshelwood type and Eley-Rideal one. In the former, all adsorbed reactants 

are equilibrated with the surface temperature before desorption as described above. In 

the other, pre-adsorbed species are directly attacked by incident reactants from the gas-

phase (including hot atoms or oriented molecules). In the latter case, the flux and energy 

of desorbed products must be examined in the same way as that above but at various 

fixed states of the incident reactants.   

 

 

3. 2. Energy Partitioning           

 

In repulsive desorption, the released energy is partitioned into the translational, 
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rotational, and vibrational modes of desorbed molecules as well as the surface phonon 

modes. The energy partitioning (EP) into the first two modes strongly affects the 

desorption-angle dependences of the product flux and energies because these modes are 

simultaneously excited in desorption and then are coupled with each other [8,9]. The 

rotational mode is likely to be excited when the TS inclines against the surface plane as 

explained below. A similar concept concerning the decomposition of bent TSs into their 

fragments is well-known for gas-phase reactions [19]. Namely, due to repulsive forces, 

operative from the counter product, the nascent fragment not only accelerates its 

velocity, but also starts to rotate due to a torque induced by the Pauli repulsion, which 

rapidly decreases with an increasing distance between the nascent and counter products. 

Thus, larger EP to the rotational mode yields lower translational energy. The apparent 

angular (velocity) and rotational energy distributions depend on the extent of this EP. In 

other words, the bent form of a TS can be examined from the emission angle 

dependence of the EP.       

In the repulsive desorption on a metal surface, a similar mechanism may be operative; 

i.e., the extent of the EP into the rotational and translational modes depends on both the 

inclination of the TS against the site plane and the repulsive forces exerted from the 

desorption site and/or the counter product. Similar EP is observed in the scattering of 

hot N2 on Ag(111) and Ni(111) surfaces [74-77]. There, the energy transferred into 

rotational modes depends on the angle of the inter-nuclear axis of the molecule against 

the surface normal. At standing or lying N2 on the impact, the energy transferred to 

rotation is zero and rises to a maximum at an intermediate angle. A similar energy 

transfer is expected in repulsive desorption, as sketched for a simplified TS of CO2 

formation in Fig. 3(a), i.e., a standing TS or a lying one is translationally excited in 

desorption, whereas an inclined TS is rotationally and also translationally excited. 

The inclination angle of a TS will be distributed around the most probable position, 

especially for the weak adsorption bonding where the bending motion easily occurs [78]. 

Thus, typical flux distributions are drawn in Fig. 3(b) for a simplified model involving 

only two characteristic components, i.e., excited rotational (with slow translation) and 

hot translational (with cooled rotation) components in normally directed repulsion. In 

the figure, the cosine distribution is assumed for the former rotational excitation and a 

cos
10

θ form is used for the latter translational excitation. The total flux ratio of the 

former to the latter is assumed to be unity. It is clear that the molecules desorbing along 

the surface normal have high translational and low rotational energies because of the 

predominant fast component, whereas the product emitting at large off-normal angles 

has lower translational and higher rotational energies. With an increasing desorption 

angle, the observed translational energy decreases and the apparent rotational energy 

increases, as observed with the product CO2 in CO oxidation on Pd(111) [8]. The 

translational temperature will even go below the surface value when the repulsive forces 

are highly converted into the rotational mode. It is reminiscent of the slow H2 molecules 

at large off-normal angles on Ni(111), in which the translational temperature goes down 

from about 1.5 times the surface value at the normally directed desorption to about 

70 % of the surface temperature at desorption angles above 60° [25].      
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For experimental confirmations of the EP model, it is worthwhile to consider how the 

translational and rotational energies vary under different conditions. In this model, the 

sum of both energies should be fairly constant at a fixed vibrational level, thus being 

independent of the desorption angle, the rotational energy level, and the azimuth angle, 

provided that the EP into the surface phonon modes is not significant. For this 

confirmation, both energies must be evaluated simultaneously in AR-fashions; i.e., AR-

TOF measurements of desorbed products are necessary at each rotational and definite 

vibrational state. On the other hand, when those energies are determined with frequently 

used non-AR-REMPI-TOF, this relation does not hold because the translational energy 

is overestimated at high J values (rotational quantum number) when the EP into the 

rotational mode is significant. In particular, the higher the rotational energy is, the more 

the apparent kinetic energy is overestimated. WithNamely, for a definite rotational level, 

indeed, the velocity of produced ions is widely distributed [27,28]. Under repulsive 

forces operative to desorbing products toward the surface normal direction, the resultant 

faster components (yielding sharper spatial distributions) are more collected than the 

slower ones (broader distributions) in non-AR-REMPI-TOF, where the detector (an ion 

collector) faces a sample surface from the vertical. Typical efficiency of the ion 

collector with an acceptance angle of ±20° [79] is drawn in Fig. 3(c) in which the 

product desorption is assumed to be collimated along the surface normal (no anisotropy), 

showing the distribution of a cos(θ) or cos
10

(θ) form. The flux on the vertical axis in the 

figure is already integrated over azimuth angles at each desorption angle. It should be 

noted that the ion collector with an acceptance of ±20° can receive only about 12 % of 

the total flux for the cosine distribution, and ca. 50 % for a cos
10

θ form (Fig. 3(d)). The 

received ion acceptance does not exceed 32 % for desorption with a form broader than 

cos
5
θ. Hence, a TOF curve with reduced slower components yields higher translational 

energy than that averaged over all desorption angles. This means that the product 

molecules at a definite rotation level moving along the normal direction (faster 

components) are more accepted by the collector than that of off-normal components 

(slower ones) with the same J value because the current non-AR-REMPI-TOF collects 

only the molecules desorbed within limited desorption angles around the normal 

direction. Typical examples will be discussed in Section 6-4. 

 

 

3. 3. Anisotropy in Energy Partitioning         

 

The anisotropic properties of emitted products are essential to obtain the information on 

surface structures through desorbed molecules. Remarkable anisotropy in the spatial 

distribution of hyper-thermal products as well as their translational energy was first 

observed with desorbed CO2 in CO oxidation on Pd(110)(1×1) by means of AR-TPD-

TOF (Fig. 2) [32,80]. The CO2 distribution is sharp (a cos
12

θ form) on the normally 

directed plane along the [001] direction and broad (a cos
2
θ form) on the plane 

perpendicular to it. This anisotropic CO2 distribution is also observed in a steady-state 



10 

 

NO+CO reaction [33]. With an increasing shift from the surface normal, the 

translational energy decreases more rapidly along the [001] direction than along the  

[11
_

0] direction (Fig. 4) [80]. At higher coverage, the kinetic energy is increased, and the 

anisotropy in the energy remains. These anisotropies in the flux and translational energy 

were proposed to be due to the anisotropy of the restricted motion of a TS parallel to the 

surface plane, which originates from the anisotropic structures around the desorption 

site; i.e., the surface-parallel motion of the TS prevails along the narrow troughs or 

facets because of the flat (111) structure [81]. In this reaction, the product CO2 is likely 

to form at or around the adsorption site of O(a) since the metal–O(a) bond is strong (i.e., 

this bond rupture is slowest) and CO(a) is highly mobile. The spatial distribution of the 

resultant CO2 desorption may be affected by the local structure around the oxygen 

adsorption site.  

Similar anisotropy is observed on Ir(110)(1×1) and Pt(110)(1×1) and also in off-

normal emissions on Pt(110)(1×2), Ir(110)(1×2), Pt(113)(1×2), and 

Pt(112)=[(S)3(111)×(001)] [17]. These (1×2) reconstructed surfaces commonly provide 

narrow and inclined facets with a (111) structure on which reactive CO2 desorption 

preferentially takes place. The CO2 desorption sharply collimates in the direction close 

to the local facet normal. It shows broad distributions on the plane (passing the 

collimation position) along the narrow facets whereas the distribution becomes sharp on 

the plane perpendicular to it. Anisotropic motions of the TS were again invoked in the 

CO2 desorption on a narrow facet to explain anisotropic distributions of the translational 

energy and flux. This model does not involve the contribution of the EP into rotational 

modes. 

In 2008, Yamanaka reported remarkable anisotropy in the rotational energy of 

product CO2 in CO oxidation on Pd(110) (Fig. 5) [8]. On Pd(110)(1×1), the rotational 

energy decreases rapidly with an increasing shift from the normal direction toward the 

[001] direction, whereas the value somewhat increases or remains almost invariant 

along the [11
_

0] direction. Thus, both the energies and product CO2 are emitted more on 

the normally directed plane along the [11
_

0] direction. 

Here, a new desorption model is required in which the anisotropies in both 

translational and rotational modes are simultaneously induced in a single desorption 

event. The above EP into translational and rotational modes is controlled by both the 

resultant repulsion and the inclination of the TS. Thus, the above anisotropies will be 

expected in both modes when the TS inclines in limited directions. An inclined form of 

the TS to CO2 formation has been predicted in DFT work on Pt(111) [82]. On 

Pd(110)(1×1), the TS to CO2 may incline somewhat toward either the [11
_

0] direction or 

in the opposite direction on the normally directed plane along the [11
_

0] direction. In this 

case, the product CO2 is emitted more onto this plane than onto that perpendicular to it. 

The flux distributions should be broader along the [11
_

0] direction than along the [001] 

direction, since two somewhat (oppositely) inclined components overlap along the [11
_

0] 

direction, and no repulsive forces are operative on the plane along the [001] direction. 

Eventually, the anisotropy of CO2 desorption on Pd(110) is affected by not only the 

anisotropic motion of the TS parallel to the surface plane but also the anisotropic EP.  
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The rotational temperature on the plane along the [11
_

0] direction may increase or 

remain invariant with the increasing desorption angle since the repulsion makes the 

inclined TS torque as well as accelerates its velocity. On the plane perpendicular to it, 

no excitations are expected in either mode; i.e., both the rotational and translational 

energies should decrease rapidly with an increasing shift from the normal direction, as 

actually observed. However, for quantitative confirmations of this EP model, angle-

resolved TOF measurements are required at each rotational state to examine the relation 

of the rotational energy to the translational energy at each desorption angle and 

vibrational level. Such experiments are not available at present with the product CO2, as 

explained in the next section. Nevertheless, these considerations strongly suggest that an 

approach to the structure of a TS becomes possible when the EP is quantitatively 

evaluated as a function of the desorption angle. In other words, the inclination of a TS 

will be examined from the angle dependence of EP, i.e., the velocity distribution of 

product molecules at each rotational state must be analyzed as a function of the 

desorption angle.  

Generally, this EP is likely to shift to the translational modes in combinative 

desorption yielding iso-                          N( )+N( ) → N2(g) and H(a)+H(a) 

→ H2(g), since their TS is likely to be parallel to the surface plane except for thermal 

drifts which result in small torque. Indeed, the observed rotational temperatures of 

desorbed products are often below the surface value even when both the vibrational and 

translational temperatures are much higher than the surface value [27-29,79]. On the 

other hand, the EP may shift more to the rotational modes in  ( )+ ( )→  ( )  

N2 ( ) → N2( )+ ( )       ( )+ ( ) →   2(g), since the inclined TS forms are likely.  

 

 

3. 4. Characteristics of the structure-sensitive desorption systems 

 

For further developments of ARD as structure-sensitive desorption dynamics (SSDD), 

the EP into rotational and translational modes must be quantitatively evaluated at 

various desorption and azimuth angles. For such an analysis, the emitted hyper-thermal 

products must be examined using a method that combines the performance of 

desorption-angle resolved + state selective + time of flight (TOF) techniques. State 

selection can be mostly performed by REMPI. The resultant ions can be transferred into 

the subsequent TOF measurements. However, AR-REMPI-TOF measurements have not 

yet been successful for thermal reactive desorption, although they are popular in gas-

phase reactions or electron- (or photon-) stimulated desorption on metal surfaces. There 

have been difficulties for thermal desorption. First, the product signals become 

extremely small after AR procedures. Second, no desorption systems have been 

properly selected for this purpose. Third, the necessity of AR analysis of the internal 

energy has long been masked by the inadequate use of DBP, as explained in detail in 

Section 6.  

The first point will be improved by inserting a collimator (with two slits and 
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differential pumping [83]) in the space between the ionization point of REMPI and a 

sample surface [9]. The related technical problems will be discussed in Section 5. The 

second subject is important to proceed to the next stage of SSDD, because no further 

progress is expected with the current probe desorption of H(a)+H(a)→H2(g) and 

CO(a)+O(a)→CO2(g), as explained below. Indeed, we still do not have an ideal model 

system providing the desorption-angle dependence of each physical quantity of hyper-

thermal products. Here, we consider how to select desorption systems suitable to 

exemplify the necessity of the concept of EP toward SSDD. A desirable desorption 

process should yield the following characteristics: (i) desorbing products with 

anisotropic distributions of their physical quantities; (ii) product molecules that can be 

state-selectively detected. This selection is performed by REMPI mostly before the TOF 

setup; and (iii) desorbing products with measurable EP into both rotational and 

translational modes.  

  According to these criteria, the selection of the combinative desorption of H(a) into 

H2(g) over copper surfaces has been unfortunate. This desorption does not satisfy items 

(i) and (iii). The spatial distribution of desorbed H2 is isotropic and the EP is largely 

shifted to the translational mode. Of course, we would be able to examine the 

orientation of the TS against the surface plane through the desorption-angle 

dependences of the rotational and translational energies even on a flat surface. However, 

no structural information on desorption sites can be derived from desorbing H2 (or D2), 

since their physical quantities (flux and kinetic energy) are isotropic over the surface 

plane [6,7]; i.e., the surface will behave as if it is structureless. Actually, such isotropic 

desorption is also found with CO2 on Pd(111) and Pd(100) [84,85]. The product CO2 

does not resolve item (ii). CO2 can be ionized via REMPI, but its state selectivity is very 

poor [86]. 

All three items (i-iii) will be resolved with the product N2 from either the associative 

              N( )+N( )→N2(g) on Pd(110) and Ir(110) or the decomposition of 

N2 ( )→N2(g)+O(a) on Pd(110), Rh(110), Rh(100), or Ir(110). Desorbed N2 itself has 

frequently been analyzed via REMPI-TOF in non-AR fashions [28,73]. In the former 

associative process, the N2 desorption is collimated along the surface normal, and its 

distribution is anisotropic as described above. This desorption is found in a steady-state 

NO+H2 (or CO) reaction on the non-reconstructed (1×1) form of Pd(110) [33], Rh(110) 

[87], and Ir(110) [15] at relatively high surface temperatures. The other N2 emission is 

peculiar, being two-directional on the normally directed plane along the [001] direction 

(or four-directional on Rh(100) along both the [001] and [010] directions). The 

desorption on Rh(110) or Pd(110) will be a good candidate because of the high product 

yield.  

No contributions of the energy partitioning into vibrational modes of desorbed 

products are considered in the above criteria, although hyper-thermal products often 

involve vibrationally excited molecules [27,28,73]. Experimentally, the relation between 

rotational and translational modes can be examined individually at each vibrational state 

because the energy required to excite a vibrational state is much larger than that for a 

rotational state. 
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4.  N2 emission in NO reduction           

  

The product N2 emission has widely been studied over many years due to the final 

process of catalytic deNOx treatments and also the reverse process of the rate-

determining step of ammonia synthesis [1,64,65,88,89]. The mechanism of catalytic NO 

reduction has been at last established by means of ARD analysis of both steady-state 

NO and N2O reduction in the presence of CO (or H2) on Pd(110), stepped Pd(211)= 

(S)[3(111)×(001) ], Rh(100), Rh(110) and Ir(110), as well as AR-TPD of NO or N2O-

covered surfaces [12-15,18,33]. 

Two N2 emission channels have long been considered in NO reduction on Rh and Pd 

surfaces. One is the well-k  w     b     v                N( )    N( )+N( ) → N2(g) 

prevailing at high surface temperatures. The other process works at temperatures below 

        600 K    N( )+N ( ) → N2 ( ) → N2(g)+O(a). The participation of NO(a) 

and N(a) in this pathway has been derived from the kinetic analysis of N2 production in 

transient procedures including TPD and also a steady state NO+CO reaction on Rh or 

Pd surfaces [67,68,90]. The role of N2O(a) has long been debated before ARD analysis. 

Although the chemical kinetics of the NO reduction suggested the presence of 

intermediate N2O(a), neither direct evidences of its decomposition to N2 nor 

spectroscopic signals due to N2O(a) were found in the course of the catalyzed reaction 

above approximately 450 K [54,55,70]. Therefore, the N2 emission from the 

intermediate N2O(a) was not accepted in NO reduction on these deNOx catalysts for a 

long time after the earlier proposals in 1978 [67,68]. In most of the review papers 

concerned with deNOx catalysis, the byproduct N2O was considered to be formed in a 

bypath not yielding N2 [1,64-66,91].  

More than one year after the report of AR-TPD-TOF work providing the ample 

evidence of intermediate N2O(a) emitting N2( )      (110) [92]  Z    ’            

argued the first identification of intermediate N2O(a) in a steady-state NO+CO reaction 

on Rh(111) at 480 K             b   v          “ x     v ”              
14

N
15

N when 

the reactants of 
14

NO + CO were quickly switched to a mixture of 
15

NO and CO while 
14

N2, 
14

N
15

N and 
15

N2 products were simultaneously monitored [93]. Referring to their 

kinetic (Monte Carlo) simulations based on a lattice gas model [94,95], they argued that 

the 
14

N
15

N was due to the decomposition of 
14

N-
15

NO like complex formed from 
14

N(pre-deposited)+ 
15

NO(post-dosed), although 
15

N2(g) was also significantly observed. 

These kinetic results are not enough to conclude that 
14

N
15

N comes from the short-lived 

N2O(a). Rather, these isotopic compositions of desorbed N2 should be explained by 

considering non-uniform reactivity of pre-adsorbed N(a) and post-deposited one in the 

   b     v                N( )+N( )→N2(g). The reason is as follows. (1) the 

   b     v                N( )+N( ) →N2(g) is already significant at 480 K on 

Rh(111) [96]. (2) Belton has already reported that the nascent product N2O(a) is merely 

desorbed as N2O without decomposition to N2+O(a) when the co-adlayer of 
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N(a)+NO(a) on Rh(111) is heated [61]. Similar nascent 
14

N
15

NO desorption without 

decomposition has been reproduced on Rh(111) with N(a)+N ( )    K     ’        

[93] although they proposed the NO dimer mechanism for N2O formation as described 

in next Section [98]. (3) no separation of the product N2 from the N-NO complex was 

successful from the N2 from the combination of N(a)+N(a). (4) N2O is molecularly 

adsorbed on Rh(111) around 100 K and desorbed in the subsequent heating without 

decomposition. Bowker suggested from his molecular beam work in a wide range of 

temperature that the small dissociation probably of incident N2O on Rh(111) is due to 

adsorption on structure defects [99].  

At elevated reactant pressures, isocyanate (-NCO) has been an intermediate candidate 

for a long time in the reaction of CO+NO on noble metals supported on oxides 

[100,101]. This species is observed in a steady-state NO+CO reaction even on Pd(111) 

by vibrational spectroscopy [54,102]. However, the pathway from this species to the 

final product N2 is unclear. It might be just a spectator.   

 

4.1. Intermediate N2O(a) yields N2 

  

The role of the byproduct N2O was unclear before the ARD analysis of the steady-state 

reduction of both NO and N2O [14,18]. It is now accepted that the intermediate N2O(a) 

yields the N2 on the main reaction pathway of NO reduction; i.e., this intermediate 

either decomposes emitting N2(g) in off-normal ways or desorbs as N2O(g) without 

decomposition. Its branching strongly depends on the experimental conditions, such as 

the kind of metal, the surface structure, the amounts of co-adsorbates and the surface 

temperature [18]. It should be noted that the heat of adsorption is only 35–50 kJ/mol, 

and the activation energy to decomposition is even smaller. Therefore, as described in 

Section 2.2, it is difficult to detect the signals due to N2O(a) with surface vibrational 

spectroscopy in the course of the catalyzed NO reduction above about 450 K [54,55,70]. 

Only ARD analysis has confirmed the participation of this intermediate in N2 formation 

through its peculiar spatial distribution.   

At low temperatures, around 60-120 K, and high NO coverage, the formation of 

N2O(a) via a dimer of NO(a) as (NO)2( )→N2O(a)+O(a) has been first derived on 

Ag(111) and Cu(110) by using reflection absorption infrared spectroscopy (RAIRS) and 

near-edge X-ray absorption fine structure (NEXAFS) [52,53,56-58]. This intermediate 

N2O(a) decomposes to N2 + O(a). On Rh(111) below 350 K, N2O(a) formation involves 

(NO)2 dimers from the second adsorption layer [97,98]. N(a) and NO(a) in the first 

adsorption layer do not participate in the N2O(a) formation at low temperatures, but at 

higher temperatures above 350 K, its formation from NO(a)+N(a) in the first adsorption 

layer has been confirmed by using isotope 
15

N and fast NEXAFS. Recent IR work at 

elevated NO pressures (4×10
4 

Pa), the dimer (NO)2 has been confirmed on Pd(111) 

[103]. The pathway of (NO)2(a) to N2O(a) is accompanied with N(a) formation. This 

remaining N(a) is likely to react with one of neighboring NO(a) to yield N2O(a), i.e., 

two N2O molecules are likely to be produced simultaneously via different pathways. It 
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will be difficult to differentiate these pathways to N2O at high pressures. However, the 

contribution originating from the (NO)2 dimer is unlikely for the N2O formation in the 

steady-state NO reduction above 450 K at low pressures, except for the surfaces with no 

ability of NO(a) dissociation [52]. 

 

In the literature, Tanaka et al. found the off-normal N2 emission in the AR-TPD of 

NO-covered Pd(110) in 1991 [104,105]. The N2 desorbed at around 490 K takes on a 

sharp off-normal distribution expressed by cos
46

(θ + 38°) toward the [001] axis. This 

finding was a turning point regarding these issues because this peculiar desorption has 

eventually been developed into a unique method able to separately determine the 

decomposition of intermediate N2O(a) to N2 in the course of catalyzed NO reduction. 

Using an isotope tracer, they confirmed that, on Pd(110) and stepped Pd(211), this off-

normal N2 comes from the reaction of NO(a) with N(a); i.e., the heating of a surface 

with 
15

N(a) and 
14

NO(a) results in the emission of 
14

N
15

N off normal and 
15

N2 along the 

surface normal [62,63]. They proposed a desorption-                   N ( )+N( ) → 

N2(g)+O(a), in which the product N2 is formed by a reaction with the anisotropic 

collision of moving N(a) with NO(a) without passing the intermediate N2O(a) [91,106]. 

Although a measurable amount of product N2O is found in the temperature range of the 

off-normal N2 emission, Tanaka et al. neglected the decomposition of intermediate 

N2O(a) to N2 without any explanation [92,107]. Indeed, at that time (in the 1990s), this 

reaction pathway, which does not involve the intermediate N2O(a), was widely accepted 

at low temperatures in the field of deNOx catalysis as described above 

[1,64,65,91,105,106]. Furthermore, from the absence of such off-normal N2 emission in 

subsequent cooling in the presence of H2 and NO, they argued that this off-normal 

desorption channel was not involved in the catalyzed NO reduction [62,63,91]. 

However, this argument does not take into account that, in general, there are differences 

in the reaction rate at a definite temperature between heating and cooling during 

temperature-programmed reaction (TPR) procedures because of the non-steady-state 

conditions in both directions. These different rates are caused both by the differences in 

the surface composition including adsorbates between the two procedures, and by the 

presence of a significant activation energy of the desorption process, yielding a product 

desorption rate depending on a heating or cooling schedule. In fact, the above 

differences in the N2 distribution completely disappear in the heating and cooling cycle 

under the well-controlled steady-state conditions (Fig. 6) [13]. The off-normal N2 

emission process is an important part of the catalyzed NO reduction.  

In the literature concerning the mechanistic studies of NO reduction on Rh surfaces, 

the conversion rate of gaseous N2O to N2 was frequently compared with that of NO to 

N2 [69,108,109]. The former N2O to N2 reduction is much slower than the latter NO to 

N2 one at low temperatures, since the surface is highly covered by NO(a), CO(a) or N(a), 

and then the adsorption rate of gaseous N2O is reduced because of the small heat of 

adsorption [110]. However, in the NO reduction, the intermediate N2O(a) is formed 

from NO(a) and N(a) on the surface without its adsorption process and then quickly 

either decomposes to N2 or desorbs without decomposition. No conclusive mechanism 
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was derived for the N2 emission from these comparisons because of the different 

pathways. 

 

 

4. 2.  Off-Normal Emission Pathway  

 

The above desorption-mediated reaction mechanism has been repeatedly excluded by 

reproducing the identical off-normal N2 emission in the AR-TPD-TOF of N2O-covered 

Pd(110) or Rh(110) in the absence of NO(a) and N(a) since 1999 [18,92,111-113]; i.e., 

N2O(a) decomposes below 200 K yielding off-normal N2. The off-normal N2 desorption 

shifts to around 490 K when TPD procedures start from NO-covered Pd(110) because 

the peak temperature is mostly controlled by the slow dissociation of NO(a), while the 

decomposition of N2O(a) is fast. Thus both NO(a) and N(a) are required to form 

N2O(a); however, the state of neither NO(a) nor N(a) affects the off-normal N2 emission.  

 In NO reduction at relatively low temperatures, N2 originates from the N2O(a) 

intermediate, which forms from NO(a) and N(a). The participation of short-lived 

intermediate N2O(a) in the N2 formation can be directly confirmed through the reactive 

desorption itself because of the peculiar spatial and velocity distributions (i.e., hyper-

thermal, two-directional, and concentrated on the plane along the [001] direction) 

[18,92,111,112]. In other words, only ARD analysis can confirm the reaction of 

intermediate N2O(a) to N2 in the course of catalyzed NO reduction. This peculiar 

desorption is also found in a steady-state NO + CO (or H2) reaction on Ir(110) and 

Rh(100) (four-directional on this surface) below about 600 K, indicating that the 

intermediate N2O(a) causes the off-normal N2 desorption [18,113]. All these imply that 

the N2O decomposition is the final process of N2 emission on the main pathway of 

deNOx processes on Pd, Rh and Ir surfaces. 

In a steady-state N2O+CO (or H2) reaction on Pd(110), Rh(110), or Ir(110), the 

product N2 is only emitted in two-directional (off-normal) ways on the normally 

directed plane along the [001] direction. These off-normalN2 emissions are observed at 

temperatures of 300-880 K when H2 is used as a reducer [113]. Of course, such off-

normal N2 desorption is reproduced in the AR-TPD of N2O-covered Rh(110), Rh(100), 

or Ir(110) below 250 K [18]. Among these surfaces, the N2 yield is the highest on 

Rh(110).  

  At high temperatures above approximately 550 K, the contribution of the N2 emission 

        N( )+N( )→N2(g) increases in the NO reduction on Pd(110), Pd(211), Rh(100), 

or Ir(110) because of the reduced amount of NO(a) and the high activation energy of the 

combination process (Fig. 7) [113-115]. The N2 desorption through this process is 

collimated along the surface normal on Pd(110)(1×1) and Ir(110)(1×1), showing a sharp 

angular distribution along the [001] direction and a broader one on the plane 

perpendicular to it [15,18].    

 

 

4. 3. Off-Normal Emission Mechanism            
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Recent studies of N2O(a) decomposition have provided new developments in SSDD and 

advanced analysis of the catalyzed NO reduction on Pd, Rh and Ir surfaces. Furthermore, 

DFT-GGA work has been essential in understanding the off-normal N2 emission. This 

section summarizes how this peculiar phenomenon has been analyzed.  

  A            T   k ’            -mediated mechanism, the anisotropic collision of 

moving N(a) with NO(a) leads to off-normal N2 emission [91,106]. Their mechanism, 

however, does not take into account the energy balance. Namely, the kinetic energy of 

the off-normal N2 reaches around 45 kJ/mol at the collimation position [92,111], 

whereas the thermal energy of desorbing NO(a) or moving N(a) is much lower, around 

8 kJ/mol at 500 K. The latter energy is therefore insufficient to yield the off-normal N2 

emission, hence the energy source causing the off-normal N2 desorption must be due to 

the formation of either an O–Pd or N–N b           N ( )+N( )→N2(g)+O(a) process 

(without N2O(a)). As for the direction of desorbed N2, Tanaka et al. have argued that the 

orientation of the reaction coordinate of the above process is responsible for the off-

normal N2 emission [62,91]. However, they have never explained their reaction 

coordinate although the process involves several surface atoms and two reactants: thus 

there are many variables leading to the N2 desorption that cannot be differentiated 

without theoretical considerations [62,63,91,106]. 

  The swing desorption of nascent N2 was proposed in 2002 by Kokalj within the 

framework of DFT-GGA [112,115] as a mechanism of its off-normal N2emission in the 

decomposition of bent N2O (bonded via terminal N and O atoms) oriented in the [001] 

direction on fcc(110) surfaces. The model has recently been elaborated for N2O(a) 

decomposition on Pd(110) and stepped Pd(211)=[(S)3(111)×(001)] [12,13]. In this 

mechanism, the released energy largely flows from the counter product O(a) to the 

nascent N2; i.e., the energy used for acceleration of nascent N2 mostly originates from 

the metal-oxygen bond formation (above 450 kJ/mol) [116]. Kokalj predicted two 

adsorption forms of N2O on Pd(110) as shown in Fig. 8(a). A standing form bonds 

through the terminal nitrogen to the surface atom (S-type) and a lying form is oriented 

along the [001] direction (L-type) [115,117]. The conversion between these two forms is 

facile because of the flat PES in between. The L-type was later confirmed by scanning 

tunneling microscopy at 14 K [118] because of the small heat of adsorption yielding a 

high mobility except for very low temperatures. The co-adsorption of the two forms was 

also confirmed with NEXAFS at 60 K [119].  

The L-type is apt to dissociate since the terminal oxygen is easily deposited on the 

surface [117]. This species is bound to the surface via terminal N and O atoms and is 

considerably bent (Fig. 8(b)(i)) because of the charge-back donation from the metal. 

The N2 emission starts by breaking the N–O bond in N2O(a). Immediately after this 

bond rupture, repulsive forces are operative between the nascent N2 and the counter-

product O(a) (Fig. 8(b)(ii)). At this moment, the N–Pd bond is not yet broken, i.e., the 

interaction of the N2 with Pd atoms is attractive. Then, the nascent N2 swings over the 

bonding metal atom passing the most stable standing form (Fig. 8(b)(iii)) to an inclined 

position on the opposite side and experiences repulsive forces from the surface (Fig. 
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8(b)(iv)). The sequential break of the terminal N–metal bond lets the nascent N2 

fragment finally leave the surface (Fig. 8(b)(iv)).  

According to DFT-GGA calculations, the N2–surface bond is the weakest when the 

molecular axis is at around 35° off normal during the N2-swing on Pd(110) and Rh(110) 

[13]. This indicates the enhanced possibility of the off-normal desorption when the N2 

fragment swings toward this angle. The resultant collimation angle will shift more off 

normal when the repulsive forces from the counter oxygen are strong enough. This 

model predicts larger off-normal angles with stronger repulsive forces from the counter-

oxygen atom. Thus, the collimation angle on Pd(110) may be smaller than that on 

Rh(110) or Rh(100) because the repulsion is expected to be stronger on rhodium than 

that on palladium, considering smaller work functions [120] and smaller lattice 

constants on rhodium; i.e., more polarized oxygen at shorter distances is formed on Rh 

surfaces.  

According to this model, the collimation angle on Ir(110) will be between the above 

two metals. Three-dimensional (3D) analysis of the product N2 desorption has recently 

been completed in steady-state N2O reduction on a (110)(1×1) form of Pd, Rh, and Ir. 

The off-normal N2 emission is commonly maximized on the normally directed plane 

along the [001] direction on Pd(110) [33], Rh(110) [16], and Ir(110) [15]. The 

respective N2 distributions at this azimuth are in a form of cos
n
(θ±θ0) with θ0=41-51° 

and n=20-50 on Pd(110), θ0=46-58° and n=8-12 on Ir(110), and θ0=60-70° and n=8-10 

on Rh(110), where θ0 is the collimation angle and n is the sharpness parameter. The 

sequence of the collimation angle, Pd(110) < Ir(110) < Rh(110), is consistent with the 

above intuitive prediction. These parameters are fairly insensitive to the surface 

temperature. 

 

 

4. 4. Potential Energy Surface of Swing Desorption   

 

The above considerations of the product emission in deNOx pathways have enabled the 

construction of the PES of the swing motion of nascent N2. The calculated PES will be 

useful to survey which orientation of the fragment reduces the adsorption bonding 

below the critical value for desorption. Thus, the PES of a N2O/Pd(110) system has 

been calculated during the swing motion by means of DFT-GGA. On this surface, the 

most stable (lying) N2O form is adsorbed on the top site, whereas N2O adsorbed at the 

bridge site is less stable [12,115,117]. The calculations, however, reveal that the energy 

of the transition state for the dissociation of top-bonded N2O is higher than that for 

bridge-bonded N2O. Top-bonded N2O is likely to first diffuse to a nearby bridge site and 

to dissociate there, because the respective cumulative energy barrier (for both diffusion 

to a bridge site and dissociation there) is smaller than the dissociation barrier at the top 

site. This is due to the movements of the counter-product oxygen; i.e., at the bridge site, 

O bonds directly to the stable bridge site, whereas at the top site, the O fragment 

          b                                         N−  b       broken, diffuses to the 

   b   b          .                       N−  b       b  k                v            
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(O and N2) individually bind to the surface and then experience large mutual repulsive 

forces. Due to these forces, the N2 swings over the adsorption site to the opposite side.  

In Fig. 9, the DFT-GGA calculated PESs are shown for the swinging of nascent N2 

over both the on-top and bridge sites (both for swinging along the [001] direction), 

where the minimum energy path (MEP) for the upright-N2 →  lat-N2 transition on 

Pd(110) is shown for top- and bridge-bonded N2. ΔE               ΔE = Esite − E0site, 

where E0site is the potential energy of the equilibrium upright N2 adsorbed at the site, 

Esite is the energy of a given configuration at that site, and site is either the top or bridge. 

For each point on the MEP curves, the corresponding structures are shown on the 

pertinent filmstrip (upper (lower) filmstrip corresponds to the bridge (top) site). The 

         w                        N−N−      b      gle t1, the tilt angle t2 between the 

N−      b                                          tc between the surface normal and 

the axis linking the N2 mass center with the adsorption site. For all but the first point on 

the MEP, the (t1, t2) angles are also stated. 

The resultant PES for the swing motion is considerably more repulsive for the bridge 

site, whereas the adsorption bonding of N2 is considerably stronger at the top site. The 

PES is repulsive enough to yield the desorption of N2 only at the bridge site, where the 

b                       →     z                    0.21  V                            

energy magnitude of N2.                                   b                       → 

horizontal transition of N2 is 0.1 eV smaller than the N2−metal bond strength, which 

implies that N2                      →     z                                       .    

seems plausible that, at the bridge site, the N2−metal bond is broken somewhere 

between the intersection of the MEP curve with the |Eads| line (lower bound) and the 

transition state (upper bound). The respective t1 and t2 angles are approximately 20° for 

the lower and 40° for the upper bound. If, instead of (t1, t2) angles, the angle between 

the surface normal and the axis linking the adsorption site with the center of the mass of 

N2 (angle tc, defined graphically in the inset of Fig. 9) is considered, then the respective 

tc values are in a range from approximately 30° (lower bound) to 50° (upper bound). 

This range is consistent with the N2 collimation angles    40−51°                   

observed on Pd(110).  

This swing desorption model also explains the distribution of product N2 from the 

decomposition of N2O(a) on stepped Pd(211)=[(S)3(111)×(100)] (Fig. 10(a)). In the 

report of AR experiments, the N2 desorptio                           25−31°            

toward the step-down direction (defined in Fig. 10(b)) in the AR-TPD of either N2O-

covered [121] or NO-covered Pd(211) [13,63]. In the former, the desorption peaks at 

around 110 K and in the latter case of NO, it is maximized at around 510 K since their 

rate-determining steps are different from each other as observed on Pd(110). Nearly 

identical distributions of the off-normal N2 emission are also observed in steady-state 

NO+D2 and NO+CO reactions on Pd(211) below about 550 K (Fig. 6) [12,13]. In these 

NO reductions, of course, the decomposition of intermediate N2O(a) emits the product 

N2. According to the above swing model, a suitable pre-dissociation state of adsorbed 

N2O should be oriented perpendicularly to the step-edge direction, such that the 

terminal oxygen atom can be deposited on step Pd atoms. On this stepped surface, N2O 
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adsorbs in S-type form through the terminal nitrogen atom bonded to the step-edge (Fig. 

10(b)) [12]. This adsorption form is, however, too far away to release the terminal 

oxygen atom onto the adjacent step-edge. Hence, the DFT-GGA calculations predicted 

that, in the course of dissociation, the N2O first diffuses from step-edge to the central Pd 

row on the terrace and then tilts toward the nearest step in the step-up direction (Fig. 

10(c)) and bends with the terminal O toward the bridge site at the step edge; as the 

bending increases the N–O bond concomitantly elongates and eventually breaks (Fig. 

10(d)) [12,119]. A similar dissociation was first proposed on stepped Pt(211) by Burch 

[123]. After the N–O bond cleavage the nascent N2 swings on the terrace toward the 

step-down direction due to repulsive forces from O(a) deposited on the step atoms (Fig. 

10(e)). The DFT-GGA calculated PES for the respective N2 swinging motion is shown 

in Fig. 11. Thus, the N2 desorption collimates at 40-51° off normal from the terrace 

normal direction in a way similar to that on Pd(110), yielding an angle 21-32° off 

normal from the (211) surface normal because of the 19.5° inclination of the (111) facet 

(Fig. 10(a)). The NN–O dissociation followed by the swing desorption of the nascent N2 

fragment enhances the rotational and translational energies of emitted products. It 

should be noted that several metal atoms directly interact with the reactant N2O(a), 

which dissociates and emits N2, indicating a spread reaction site. 

The swing desorption model therefore predicts a bidirectional inclined desorption of 

N2 on fcc (110) surfaces on the plane along the [001] direction, whereas on fcc (211), it 

naturally predicts, in agreement with experimental observations, a unidirectional 

inclined desorption of N2 in the plane along the [11
_

1
_

] direction, because N2O can 

dissociate only when it bends with its O atom toward the upper step. The combination 

of fcc (110) and (211) examples thus provides a strong confirmation of the swing-

desorption model.  

The dissociation of N2O(a) was frequently examined in several DFT-GGA studies on  

Rh(111), Rh(110), Pd(110), Ir(100), Pt(211), Pd(211), and Ni(755) [115,117,115-128], 

where the reaction was commonly treated as N2 ( )→N2(a)+O(a). These calculations 

evaluated the minimum-energy path of the N2O(a) dissociation on the PES. Such static 

calculations are unable to describe the actual dynamics, because during the 

decomposition of N2O(a), a large amount of energy is released, which ejects the N2 

from the surface; i.e., in AR-TPD experiments, product N2 with high kinetic energy is 

emitted in the decomposition of N2O(a) on Pd(110) [92,111], or hyper-thermal N2 is 

observed even below the desorption temperature of N2(a) on Rh(110) [129], indicating 

the formation of energetic N2 directly from N2O(a), i.e., the N2 desorbs before being 

thermalized on the surface.  

The above swing desorption model partitions the energy received from the repulsive 

force into the translational and rotational modes and then predicts that the velocity of N2 

is maximized at the collimation position and decreases with the increasing shift from it. 

On the other hand, the rotational energy is minimized at the collimation angle and 

increases with the increasing angle shift, keeping the sum of both rotational and 

translational energies constant. Thus, the desorption-angle dependences of the 

translational and rotational energies of the above N2 will be useful for confirmation of 
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the EP model when both energies are simultaneously determined with AR-REMPI-TOF.  

 

 

4. 5. Selectivity of NO Reduction 

 

In the field of deNOx catalysis, one of the goals is to minimize the formation of harmful 

byproduct N2O with elevated greenhouse effects [1,108,130-132]. The selectivity to 

N2O at low temperatures has been considered to be controlled by either the 

disproportionation of NO(a)+N(a) toward N2O and N2 or the re-adsorption of emitted 

N2O and its subsequent reduction to N2. The former disproportionation was proposed in 

the kinetic analysis of transient N2 formation in a high vacuum, as described above, and 

the latter readsorption/reduction came from TPR work at high reactant pressures (above 

1×10
−2

 Pa) [1,69,70,108,125-127]. In these treatments, the decomposition of 

intermediate N2O(a) (before desorption) toward N2 has been omitted. At high 

temperatures, the combinative process of N(a)+N(a) contributes to the N2 formation, 

Keeping with such understanding, many modifications of catalyst surfaces, as well as 

different combinations of metals and supporting materials, were examined to suppress 

the yield of byproduct N2O [1,130,133-139]. The reported selectivity of the NO + CO 

reaction to N2O is in the order of Pd(111) > Pd(100) > Pd(110) [133-13135,140] or 

Rh(111) > Rh(100) > Rh(110) [136]. As this model neglects the decomposition of the 

intermediate N2 ( )               w          x                w : “                   

run the NO dissociation faster (at high NO coverage) and are more selective for N2 

b                 N        v     ” [135 136]. T    does not explain the extent of N2O 

formation itself. Furthermore, the reactivity of N(a) depends remarkably on the surface 

structure, i.e., the combinative desorption of N(a) on Rh(100) [113] is much slower than 

that on Rh(111) [96] or Rh(110) [87]. The above confirmation that the N2O(a) 

intermediate plays an essential role in the main pathway to N2 suggests new approaches 

toward innovative deNOx catalysts. Modifications of catalyst surfaces should be 

designed toward the state of N2O(a) before desorption although the amount of N2O(a) is 

too small for evaluation in the course of catalyzed NO reduction. 

 On Ag(111) and Cu(110), N2O(a) is formed from (NO)2(a) at high NO coverage. 

This pathway has not been confirmed to contribute to the N2 emission in the catalytic 

NO reduction at working temperatures above approximately 450 K at low pressures, as 

explained in Section 4.1. As described above, recent vibrational spectroscopy work has 

confirmed the formation of adsorbed (NO)2 dimer at high NO pressures [103]. The 

contribution to the N2 formation through these dimers at high pressures will be a next 

research subject to be challenged. There, it is not easy to differentiate the N2O formation 

pathways since the process of (NO)2→N2O(a)+N(a) may induce another N2O formation 

   N( )+N ( )→N2O(a) in the presence of surrounding NO(a). Desorption dynamics is 

not useful for the N2O formation before N2 desorption. 

On flat as well as stepped surfaces of Pt, Pd, or Rh, N2O is easily formed as 

N( )+N ( ) → N2O(a) as confirmed in TPD procedures of NO-covered surfaces when 

N(a) is deposited [60-63]. According to this mechanism the selectivity at low 
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temperatures is mostly controlled by branching of the intermediate N2O(a) into 

decomposition and desorption. The extent of this branching strongly depends on the 

surface temperature, the kind of metal, its surface structure and the amounts of co-

adsorbed species including N2O(a) itself [17].  

In general, the selectivity to N2O must be smaller when the intermediate N2O(a) 

easily dissociates; i.e., the dissociation tendency should be in the inverse order of the 

selectivity to N2O. In fact, N2O(a) desorbs without dissociation on Pt(111) [141], Ir(111) 

[142], Rh(111) [99], Ni(111) [143], and probably Pd(111) [144]; note that on these (111) 

surfaces the dissociation may proceed only on structural defects [99]. On the other hand, 

on open surfaces such as Pd(110), Ir(110) [145], and Rh(110) [17], N2O(a) easily 

dissociates at around 100 K in the subsequent heating, thus emitting N2. It also 

dissociates, to a small extent, below 100 K on Rh(100) [146] and Pd(211) [121]. No 

dissociation takes place on Pd(100) [113]. Furthermore, deposited O(a) modifies both 

the heat of adsorption of N2O(a) and its activation energy to decomposition 

[18,129,147,148]. This makes the N2 desorption spectra in the TPD of N2O-covered 

surfaces complex [18,149,150]. Thus, the selectivity to N2O is affected by many factors.      

  At high temperatures, the total selectivity toward N2O is largely affected by increased 

contributions from the combination of N(a)+N(a) to N2. This has been confirmed by 

ARD analysis since the N2O(a) decomposition emits N2 in off-normal ways, whereas 

the combinative desorption of N(a)+N(a) shows the normally directed desorption. On 

Pd(211) (Fig. 6), at higher temperatures the AR N2 signal at -31° decreases rapidly, 

whereas the AI-N2 signal decreases slowly. On Pd(110) (Fig. 7), the AR N2 signal at 40° 

decreases above 550 K and that in the normal direction decreases more slowly above 

650 K.   

 

 

5. Developments of Structure-Sensitive Desorption Dynamics        

 

Now it is clear how SSDD can be developed to an advanced stage. This will be 

performed by measuring all the energies of desorbed hyper-thermal products as well as 

their fluxes as functions of both the desorption and azimuth angles. No such 

measurements have ever been completed for any thermal reactive desorption because of 

the extremely small signals after AR procedures and the unsuitable selection of 

desorption systems as described in Section 3-4. New kinds of measurements are 

therefore required in the form of angle-resolved, state-specific and time-of-flight 

analysis. The new method must be able to evaluate the desorption-angle dependence of 

the EP into rotational and translational modes at fixed vibrational states. Such analysis 

is already popular for gas-phase reactions by means of velocity-selected crossed-MBs 

combined with AR-REMPI-TOF [31]. On metal surfaces, similar measurements have 

been performed in electron- (or photon-) stimulated desorption ion angular distribution 

(ESDIAD)-TOF by using short pulses of electron (or photon) beams [151,152] or in the 

scatterings of simple molecules, such as N2 or H2, by using short-pulsed MBs combined 

with REMPI-TOF [74-77,153]. In these experiments, no differential pumping is used in 
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front of a detector. 

  In the ESDIAD-TOF, emitted products are ionized near (several mm from) a sample 

surface with REMPI, and the resultant ions are detected on a position-sensitive screen in 

a time-resolved way. This will provide the AR-TOF of ions produced at each rotational 

state. Thermal reactive desorption cannot be examined in this way, since no such 

desorption pulses short enough for TOF measurements are provided. In the latter, the 

molecules scattered on a sample surface are ionized far (around 2 cm) from the surface, 

also with REMPI in an AR-way. There, in order to examine the desorption-angle 

dependence, the laser focus point (i.e., the ionization place) is transferred in the lobe of 

desorbed products on an arc around the cross point of the incident MB and the surface 

plane [76,153]. Referring to the timing of the MB pulses, the flight time of the 

molecules scattered on the surface is measured from the MB gate to the laser focus 

point. The observed time involves the flight time from the MB pulse gate to the surface 

and from the surface to the laser focus point + the surface residence time for product 

desorption. This method works only for simple scatterings since the observed flight time 

includes the surface residence time of reactant-product conversion. This TOF method is 

not applicable for reactive desorption because the surface residence time of product 

desorption is in a wide range up to the order of a millisecond or more, depending on the 

surface temperature and the activation energies for desorption of incident reactants and 

desorbed products [154]. TOF measurements are usually performed with a time 

resolution of a few microseconds. In order to avoid the ambiguity due to the surface 

                                    T F      b                                          ’  

leaving the sample surface. The above mobile laser focus method has recently improved 

by using two lasers and ion imaging techniques [155].  

For AR-REMPI-TOF measurements of reactive desorption, the ionization place must 

be far from the sample surface, probably around 40 mm. This distance is important 

because it strongly affects both the signal intensity and the angle resolution, as well as 

the performance of differential pumping of the space between the scattering (reaction) 

chamber and the analyzer (ion collector). The signal intensity would be decreased by 

about three orders of magnitude as compared with that in non-AR fashion [156]. The 

performance of the angle-resolved procedures for thermally desorbed molecules has 

already been evaluated by Kobayashi and Tuzi [83]; i.e., at least two slits between the 

analyzer and scattering chambers (i.e., totally, three rooms) and a high pumping rate of 

the space between these slits are absolutely necessary. This collimator must be 

constructed between a sample surface and the ion collector. Thus, the velocity 

distribution of desorbing ionized products is determined from TOF measurements 

through a field free region. It will be important to construct a compact collimator and a 

good vacuum around the ion collector because of the highly sensitive REMPI method.   

For desorption with symmetric (isotropic) distributions around the surface normal 

axis, the current non-AR REMPI-TOF can be converted into an AR-usage by 

constructing an ion collector with adjustable acceptance angles. As explained in Section 

3-2, the acceptance of product ions yielded by REMPI is limited around the normal 

direction. AR-TOF at a fixed desorption angle may be numerically extracted from non-
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AR-TOFs at different acceptance angles without large signal reduction due to AR-

procedures. This simplified method is worthwhile to be examined for hydrogen 

desorption.  

Reaction conditions in ARD work must be carefully considered. We can reproduce 

the hyper-thermal product desorption of 2H(a) → H2(g), 2N(a) → N2(g), or N2O(a) → 

N2(g) + O(a) on several metal surfaces, under either steady-state or non-steady-state 

conditions. Both conditions have their own advantages. Under steady-state conditions, 

the signals due to background gases become significant because of the presence of 

reactants at pressures (mostly) much higher than those of the products due to a small 

surface area of the sample crystal. This background value must be subtracted from the 

observed signals. Thus, for ARD under steady-state conditions, extremely high pumping 

rates are required on the collimator between the two slits separating the reaction 

chamber and the analyzer [83,157]. 

ARD work has frequently been performed with catalyzed reactions under non-steady-

state conditions by means of modulated molecular beams (MMBs), TPD, TPR, or 

pressure jumps [17]. The signals from the products after AR procedures are so small 

that their detection sensitivities are frequently enhanced by modulation or transient 

techniques. For example, the supply of reactants is modulated to increase their detection 

sensitivity by using locking-amp techniques. The resultant reactant density on the 

surface will vary periodically. This may cause the reactant coverage to change 

throughout the conditions critical for chemical kinetics. In fact, no kinetic transition has 

ever been found in the CO oxidation by MMBs, although the kinetic transition itself is 

well reproduced in the steady-state CO oxidation on noble-metal surfaces [17,158]. The 

kinetic transition takes place at a definite CO/O2 pressure ratio in a wide range of 

surface temperatures, and both the CO2 desorption dynamics (spatial and velocity 

distributions) and its chemical kinetics (reaction orders and activation energy) behave 

differently below and above the transition point. The product desorption dynamics 

derived from MMBs will provide some ambiguities due to the reaction condition 

averaged over the scanned stages. Similar difficulties may occur when the modulation 

method is used for NO reduction by H2 on Pd(110), Pd(211), or Rh(100). There is a 

critical kinetic transition where the N2 emission channel switches sharply with 

increasing H2 pressure (or surface temperature) from the decomposition of intermediate 

N2 ( )→N2(g)+O(a) to the associative process of nitrogen adatoms 2N( )→N2(g) or to 

removal as ammonia [12,13,18]. In the former, the N2 emission is off normal (two-

directional), whereas in the latter, the product is desorbed along the surface normal or 

disappears. Without attention to these conditions, the modulation methods would 

provide desorption dynamics averaged over the above phenomena.  

 

 

6. Inadequate Use of the Detailed Balance Principle            

 

T    B      b               : ”    q    b                                 

distinguishable macroscopic state and its reverse rate must be equal for a quantum 
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equilibrium because the principle comes from the second law of thermodynamics. For 

non-equilibrium, the DBP is applied for only quasi-equilibrium parts where the forward 

and reverse transition probabilities connecting two quantum states are equal. A similar 

principle, microscopic reversibility demands that if one reverses individual trajectories 

of elementary steps in space and time they must follow exactly the same trajectory. In 

other words, the same potential energy curve governs the interaction of a molecule-

surface system regardless of whether the molecule is approaching the surface or leaving 

the surface [160]. These are all believed to be valid at equilibrium and we do not 

criticize this balancing. It should be noted that nobody obtains dynamic parameters 

controlling adsorption or desorption at equilibrium.   

  These principles have frequently been invoked in the field of desorption dynamics 

irrespectively of the above conditions; i.e., the DBP has often been invoked at far from 

equilibrium conditions. Especially, it has frequently been used in the desorption 

dynamics of hydrogen molecules on Cu surfaces, resulting in the unreasonable 

assumption of the desorption-angle independence of the internal energy of desorbing H2 

(or D2) (without experimental confirmation) [20,21,27,28,30,79,161]; i.e., the use of this 

principle leads to the omission of the angle dependence of the EP into the rotational and 

translational modes in repulsive desorption because it partly replaces the parameters 

from non-AR desorption data with those derived from incident-angle-resolved 

adsorption data.  

 

 

6. 1. Assumed Detailed Balance   

 

It should be noted that the balance at equilibrium holds between the forward rate and the 

reverse one at each elementary step and not between their rate parameters (for example, 

the activation energies) for both directions. Similarly, the balance holds for the energy 

flows in both directions and not between parameters controlling the energy flows (for 

example, the energy partitioning). No proof has been found that justifies the use of 

adsorption parameters (such as the incident-angle dependence of an adsorption rate) 

instead of desorption parameters (such as the desorption-angle dependence of flux) of 

the reverse process [21,23]. Even if these replacements could be assumed, the current 

use of the DBP far from equilibrium is not justified because of the remarkable 

dependences of dynamic parameters on the desorption angle, surface structures, and 

amounts of surface species as explained below. 

Actually, these adsorption (or desorption) parameters must be determined under 

conditions where adsorption is much faster than desorption (or vice versa). Generally, 

there are large differences in the experimental conditions between these two cases, for 

example, in the amount of surface species, the reaction (or surface) temperature, and the 

free energy decrement induced in each elementary process even when no surface 

structure changes. In the currently prevailing use of the DBP, these differences are 

neglected and the observed adsorption (or desorption) parameters are assumed to be 
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invariant even when the prevailing process shifts from adsorption to desorption or vice 

versa. Thus, use of the DBP for adsorption and its reverse desorption eventually leads to 

the supposition that dynamic parameters such as energy partitioning or distributions of 

product flux or energies (for the whole desorption as well as each component (if any)) 

remain invariant regardless of surface conditions.  

This invariance is noticeably inconsistent with experimental facts. Some examples 

disputing this supposition are given below. In the literature, the spatial distribution of 

hyper-thermal products was first noticed to depend on the coverage of reactants (CO(a) 

+ O(a)) with CO2 desorption in CO oxidation on Pd(111), Pd(100), and Pd(110) 

[17,162]. The spatial distribution of desorbed CO2 commonly becomes sharp, and its 

kinetic energy increases when the reactant coverage increases (Fig. 4). This is caused by 

compressed surface lattices of CO(a) and/or O(a) [17]. On Pt(111) and stepped Pt(332),  

two CO2 desorption components (hyperthermal and thermal) differently contribute to 

the total product formation, depending on oxygen coverage and the surface temperature 

[163]. A remarkable example of the coverage dependence is found in the spatial 

distributions of product N2 in the decomposition of N2 ( )→N2(g)+O(a) [18]. The 

distribution is sensitive to the N2O(a) coverage on Rh(100), Pd(110), Ir(110), and 

Rh(110). On Rh(100), the N2 desorption is four-directional (off normal) with small N2O 

coverage (Fig. 12) [16,146]. With increasing N2O(a) coverage, the N2 desorption is 

accompanied by an additional component directed along the surface normal. This new 

component becomes major with high coverage. On Pd(110), Rh(110), and Ir(110), the 

two directional (off-normal) N2 desorption is observed only at small N2O(a) coverage 

[18,145]. 

        Y     k ’  AR-IR emission analysis [8], reporting angle-dependent 

rotational energy, invalidates the above supposition. In fact, before his work [156], the 

internal energies of hyper-thermal products had been examined via REMPI-TOF, LIF, or 

IR emission in non-AR fashions [27-29,71,72,164,165]. The non-AR procedures neglect 

the desorption-angle dependences of both the internal and translational energies. 

Third, in several desorption systems, remarkable anisotropy is found in the spatial 

distribution         b                   x       ( )   ( )+ ( ) →   2(g) on 

Pd(110)(1×1), (ii) N2 ( ) → N2(g)+ O(a) on Pd(110)(1×1), Rh(110)(1×1), 

R (100)(1×1)       (110)(1×1)      (   ) 2N( ) → N2(g) on Pd(110)(1×1) and 

Ir(110)(1×1) [14,17,18]. In these desorption systems, the symmetry of reaction sites or 

the orientation of intermediates is more or less memorized in the spatial distribution of 

desorbed products. Desorption dynamics must include some parameters that describe 

surface structures.  

It is worthwhile to consider the reason it took such a long time (over half a century) 

to notice the inadequate use of the DBP in desorption dynamics. There seem to be two 

main reasons, i.e., (1) non-AR analysis of the rotational energy and (2) incomplete 

examinations of the DBP with the adsorption/desorption of H2 (or D2) on copper 

surfaces. The wrong presupposition has not been critically examined even after the 

population in each energy state of desorbed H2 or D2 has been analyzed by means of 

REMPI (in non-AR fashions). It is unfortunate that the applicability of the DBP was 
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examined only in H2 (or D2) adsorption/desorption on Cu(111) because this is not 

suitable as a proof system to examine desorption dynamics, as explained in Section 3-4.  

Measuring the AR-TOF of desorbed species at each rotational state remains difficult 

experimentally speaking; therefore, there have been no simultaneous examinations of 

the rotational and translational energies versus the desorption angle. Instead, angle-

independent rotational (or internal) energy has been tacitly assumed by using non-AR 

rotational energy distributions within the framework of the DBP. The desorption-angle 

dependence of the internal energy was first reported in 2008 by means of spectrum 

analysis of the IR emission from nascent CO2 after AR procedures, but that work was 

still performed in a non-state-resolved way [8,156]. The confirmation of significant 

angle dependence of the rotational energy clearly shows inadequate use of the DBP but 

does not provide quantitative analysis of the desorption-angle dependence of the EP to 

rotational and translational modes. The desorption-angle dependence of the rotational 

energy would be more remarkable if the energy were analyzed in AR and state-selected 

ways. 

The necessity of the concept of EP into the rotational and translational modes did not 

seem to be strong enough to perform new ARD experiments for the internal energy. 

Examination of the DBP had been limited to the adsorption/desorption of H2 or D2 on 

Cu(111) in which the translational energy exceptionally remains invariant with an 

increasing desorption angle. This might mislead to the angle-independent rotational 

energy without experiments. The translational energy seems invariant when the EP 

largely shifts to the translational mode. Indeed, it is unfortunate that the applicability of 

the DBP has not been examined with other desorption systems except for H2/Cu, since 

EP into the rotational and translational modes is well known in gas-phase reaction 

dynamics [19].  

 

 

6. 2. Confusion over the Detailed Balance Principle         

    

Current use of the DBP originated from Willigen’  model for the angular distribution of 

desorbing H2 in the reverse process of activated (dissociative) adsorption [23]. There, 

the PES for dissociative adsorption of H2 is assumed to have a barrier only along the 

surface normal (a flat barrier model). In this treatment, the internal energy modes of 

incident H2 and desorbing H2 are frozen, and only the normal velocity component of 

incident H2 is assumed to be effective to surmount the activation energy barrier to 

dissociation. In the reverse process, the nascent H2 jumps over this energy barrier to 

vacuum at the moment of association of H(a)+H(a). Here, it is assumed that the 

desorbing molecules hold the kinetic energy they had held before adsorption. In other 

words, desorbing species are only molecules with energy high enough to surmount the 

adsorption barrier. No other molecules with lower kinetic energy are involved.  

Thus, the well-k  w  W       ’   q                         b      w       v   b  

replacing the desorption-angle dependence of the flux of hyper-thermal product H2 with 

the incident-angle dependence of the activated adsorption probability. This replacement 
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DBP has been extended to rotational and vibrational modes [20,28,79,161,166]. The 

extension was performed by replacing some dynamic parameters derived from AR-

adsorption data with similar parameters obtained from non-AR desorption data (or vice 

versa) in the framework of the DBP [21]. The resultant model yields a high kinetic 

energy of the molecules emitted at large off-normal angles because the molecules at 

large incident angles must have a high kinetic energy to surmount the activation barrier 

because of the relatively small normal-velocity components. However, the observed 

translational energy of H2 either decreases with the increasing desorption angle (on 

Ni(111)) or remains fairly invariant (on Cu(111) or Cu(100)) [25,27,28] (never 

increases!). 

As described above, a similar decreasing kinetic energy is observed in the associative 

desorption of CO(a)+O(a)CO2(g) on Pt(111) [167] and Pd(110) [17] or 

N(a)+N(a)N2(g) on Pd(110) [18]. This remarkable inconsistency has apparently been 

dissolved by inserting a width parameter into the desorption parameters within the 

framework of the DBP [21,27,28,79,161]. The origin of the width parameter comes 

from the simulation of the dependence of the sticking probability on the internal and 

translational energies of incident H2 as well as the incident angle. It apparently provides 

a distribution of the activation energy barrier height for H2 adsorption in the dissociation 

probability curve versus the total energy of the incident molecules. However, its 

physical meaning remains unclear, since no explanations have been found for its use as 

one of the desorption parameters. Thus, the width parameter behaves as a buffer 

function, because the energy distribution of desorbed products is tacitly assumed to be 

independent of the desorption angle. Although such treatments with the DBP make 

explanations consistent, they also make the physics of the repulsive desorption 

ambiguous. 

 

 

6. 3. Re-Examination of Hydrogen Desorption    

 

In the past, the EP into the rotational and translational modes in repulsive desorption 

had a chance to be noticed, since the relation of the translational energy to the rotational 

energy was frequently discussed after non-AR-REMPI-TOF measurements of D2 (or 

H2) desorbing from Cu(111) [79,161]. The velocity of desorbing D2 at each rotational 

(J) state and vibrational (v) state is widely distributed, and then the average translational 

energy is calculated. The results are partly reproduced from the data in Ref. 79, as 

plotted against the rotational energy at the ground vibrational (v=0) and first excited 

(v=1) states (the open symbols in Fig. 13). Similar results were reported for H2 

desorption on Cu(111) [161]. The data designated by the closed symbols have been 

reanalyzed 21 years after the former evaluations [166]. The new results were shifted 

upward by about 0.13 eV after the careful reanalysis of the raw data. It should be noted 

that, although the general feature remains invariant, there are large differences in the 

translational energy at small J values. In the former evaluations in 1993, the 
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translational energy first increased with increasing rotational energy below J=5 and then 

decreased above J=6. These dependences have long been explained within the 

framework of the DBP by using the dependence of the dissociation probability of 

incident D2 on its rotational energy; i.e., the rotation below J=4 inhibits the dissociative 

adsorption by means of a steric hindrance, and the rotational energy above J=6 

enhances the dissociation, reducing the translational energy necessary for dissociation 

[21,27,79]. These explanations have long been indispensable for maintaining the 

validity of the DBP. Here, the above desorption phenomena are surprisingly explained 

by means of the concepts for adsorption. Neither desorption nor energy partitioning in 

repulsion is involved. The steric (orientation) effect due to rotation is unlikely in 

repulsive desorption, although it is well-known as rainbow scattering in the adsorption 

direction [74-77]. The analysis revised in 2014 shows that the dependence below J=4 

becomes unclear because of the scattered data.   

On the other hand, with the EP model, the released energy in repulsive desorption is 

partitioned into different modes of desorbed species. At fixed vibrational states, the 

remaining energy is mostly partitioned into the rotational and translational modes, since 

the mass of D2 is much smaller than that of metal atoms, suggesting more elastic 

repulsions. With this model, the sum of the translational and rotational energies should 

be nearly independent of the rotational state at a definite vibrational state. With 

increasing rotational energy, the translational energy is expected to linearly decrease 

with a slope of -1 (the blue line in Fig. 13). Actually, the averaged kinetic energy 

decreases with a slope of -0.4 for the ground vibrational state (v=0) above J=5 in both 

former and new analyses. The results are similar at the first excited vibrational state, 

yielding a slope of -0.4, except for J<5. The observed slopes are far from the expected 

value of -1. 

 This may be due to the translational energy averaged over the limited desorption 

angles (i.e., the acceptance angle of the used ion collector is limited to about ±20° [79]). 

In non-AR-REMPI-TOF, the translational energy is overestimated at higher rotational 

energies when the EP into the rotational and translational modes is operative, because 

the slower components with a definite rotational energy are more broadly distributed. 

The fraction of the slower components around the normal direction is decreased as 

compared with that at off-normal angles. The ion collector will receive the faster 

components more than those averaged over the whole angle. The resultant translational 

energy is overestimated more at higher rotational energies. Thus, the observed 

translational energy must decrease with increasing rotational energy more slowly than 

that with the expected slope in the EP model. The slope of the kinetic energy against the 

rotational energy must shift toward the expected value of -1 after AR-REMPI-TOF 

work. The kinetic energies at v=1 are generally smaller than those at v=0, indicating 

smaller repulsive forces, and the resultant EP will be different from that at v=0. In this 

case, coupling the rotation with the vibration will become more important than that at 

the ground state.  

At small J values, the translational energy largely shifts from the EP model, since it 

should increase as the rotational energy decreases. The explanations of the translational 

energies at these small J values are troublesome in both the DBP and EP models. The 
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translational energy at small J values might be underestimated for two reasons: first, the 

energy is underestimated more at lower rotational energies by non-AR-REMPI-TOF, as 

explained above. Second, inadequate corrections may be due to the high background 

signals at small J values, especially below J =3. There are two peaks in a TOF spectrum 

at fixed J values. The fast component comes from desorbed D2, and the slow one is due 

to the background gas at the same J value. These components partly overlap in TOF 

curves because the population at small J values in the ground vibrational state is 

relatively high in the background gas. In fact, there are some differences in the reported 

data from different laboratories [28,79,161,166].  

In the case of D2 or H2 desorption on Cu(111) and Cu(110), the population at each 

rotational state decreases rapidly with increasing rotational energy [168]. This means 

that the released energy is highly transferred into the translational modes, yielding 

apparently angle-independent kinetic energy. The rotational energy, however, may 

increase at large off-normal angles even though the population is very small. This point 

should be quantitatively re-examined after AR internal energy measurements.  

 

           

7. Summary   

 

This review summarizes how angle-resolved desorption (ARD) has become surface-

structure sensitive in the studies of NO and N2O reduction. It also shows how 

inadequate use of the detailed balance principle (DBP) has prevented desorption 

dynamics from being sensitive to surface structures. The following points are 

emphasized.  

1. The structure sensitivity of desorption dynamics is based on the anisotropic 

distributions of the energies and flux of hyper-thermal products.  

2. Anisotropy is induced by either asymmetric structures around a desorption site or 

anisotropic energy partitioning (EP) in the repulsive desorption of hyper-thermal 

products into their translational and rotational modes. The extent of this EP is largely 

controlled by the orientation of a transition state against the surface plane. 

3. Some results from ARD are inconsistent with current use of the DBP, in which the 

desorption-angle dependence of the internal energies is omitted. By this assumption, the 

usage of DBP makes the physical meaning of each desorption parameter related to 

surface structures ambiguous.   

4. All of the energies of product molecules, as well as their flux, are examined as 

functions of desorption and azimuth angles in the next generation of ARD. For such 

analysis, new angle-resolved desorption measurements are proposed. 
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Figure Captions 

 

Fig. 1. Three-dimensional spatial distribution (on polar coordinates) of desorbing 

product N2 in a steady-state NO+D2 reaction on Pd(110) at 500 K. Reproduced from 

data in Ref. 33. Simulated distribution forms on the plane along the [001] direction are 

also given. Similar 3D distributions are observed in a steady-state N2O+D2 (or CO) 

reaction or in the TPD of a NO (or N2O)-covered surface [18]. Desorption angle θ and 

azimuth angle ϕ on Pd(110) are defined on the left. A top view of the Pd(110)(1×1) 

surface is also shown on the bottom.  

 

Fig. 2. (a) The first observations of azimuth-angle dependence of the AR-CO2 signal on 

Pd(110) under TPD conditions at low CO(a) and O(a) coverage. The desorption angle is 

fixed at θ=25°, and the azimuth angle (ϕ) varies. The curve is drawn to guide the eye. 

(b) Three-dimensional CO2 distribution (on polar coordinates) constructed from the 

angular distributions along the [001] and [11
_

0] directions. Reproduced from the data in 

Ref. 32. This distribution is also observed in a steady-state NO+CO reaction [33].  

 

Fig. 3. (a) An energy-partitioning model in repulsive desorption. Arrows show repulsive 

forces exerted from reaction sites. A standing or lying TS is translationally excited, 

whereas an inclined TS torques at the desorption. (b) Flux simulations of two 

desorption components with cos
10

(θ) (hot translation) and cosine (hot rotation) forms 

normalized to the same total flux. A typical aperture of ±20
o
 for non-AR-REMPI 

measurements is indicated [79], whereas the non-accepted part is shadowed. (c) The 

respective fluxes accepted by the ±20
o
 aperture are given by the colored areas below the 

two curves (a given total flux (integrated over azimuth angles) equals the area below the 

respective curve over the whole [0
o
,±90

o
] range). It is evident that the sharper the 

angular distribution the larger percentage of the total flux is accepted by the ±20
o
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aperture; the respective percentages of accepted flux are given in (d) for angular 

distributions cos
n
(θ) as a function of sharpness parameter n.   

 

Fig. 4. Translational temperatures of CO2 in CO oxidation on Pd(110) under TPD 

conditions vs. the desorption angle on the normally directed plane along the [001] and 

[11
_

0] directions. P1-CO2 peaks at 420 K and P3-CO2 at 290 K. The latter is formed in 

response to higher reactant coverage yielding higher translational temperatures. 

Reproduced from data in Ref. 80. 

 

Fig. 5. Rotational temperatures of CO2 evaluated from infrared emission spectra from 

the desorbing product in a steady-state CO oxidation at 600 K on Pd(110)(1×1) as a 

function of the desorption angle along the [001] and [11
_

0] directions. The CO pressure 

is higher than that of O2 yielding a Pd(110) (1×1) form. Reproduced from data in Ref. 8. 

 

Fig. 6. (a) Angular distributions of desorbing 
15

N2 on the plane along the step-up 

direction (defined in Fig.10) in the catalyzed NO reduction on Pd(211) at 500 K. The 

steady-state 
15

NO+D2 reaction was established at PNO=1.5×10
−5

 Pa and PD2=2.9×10
−5

 

Pa. The signals observed in the direction of the increasing desorption angle (from the 

negative region to the positive) are designated by closed symbols and those in the 

decreasing desorption angle by open symbols. A typical deconvolution into cos
20

(θ+30) 

and cos
1.6

(θ+3) forms is indicated by broken curves. Only the former component 

remains below TS=480 K; the latter becomes predominant above TS=520 K. Solid lines 

indicate the summation. (b) Surface temperature dependence of angle-integrated (AI) 

product signals and AR 
15

N2            −31°            (           tion angle) in a 

steady-state 
15

NO+D2 reaction with PNO=1.5×10
−5

 Pa and PD2= 1.2×10
−5

 Pa. The 

temperature was increased stepwise to 800 K and then decreased. AR-N2 signals 

observed in the direction of the increasing surface temperature are designated by filled 

squares and those in the downward direction by open squares. For clarity, only AI 

signals in the direction of increasing temperature are shown. AI-N2: ▲;  2 :○; N2 :◊; 

ND3:▽; and AR-
15

N2: ■  □. R               R  .13 w              . 

 

Fig. 7. (a) TS dependence of AR signals of products at the collimation positions in a 

steady-state 
15

NO + D2 reaction on Pd(110) at PNO = 6.7×10
-4

 Pa with the pressure ratio 

of PNO/PD2 = 2. (b,c) The bottom figures show angular distributions of desorbing 
15

N2 

along the [001] direction at 530 K and 640 K. Typical deconvolutions indicated by 

broken curves are based on the velocity distribution analysis. The ordinate was 

normalized to the maximum at 530 K. Reproduced from Ref.114 with permission. 

 

Fig. 8. (a) Adsorption forms of N2O and N2 on Pd(110) derived from DFT-GGA. The 

dotted circle indicates the size of a N2                         v       W    ’      . 

The numbers indicate the distance in nm units. (b) Proposed N2 emission from N2O(a) 



 

 

    

 

 

 

decomposition. (i) The bent N2O is oriented along the [001] direction. (ii) After the N–O 

bond cleavage, large repulsive forces (indicated by golden arrows) are induced between 

the nascent N2 and the counter-product O(a). (iii) The nascent N2 swings over the 

bonding metal atom and (iv) subsequently                  “ w    w   ”—an energy 

barrier for the substantial titling of the N2 away from the surface normal (see Fig. 9)—

due to which it finally desorbs. The N2 fragment desorbs around the weakest N–metal 

bonding position.    

 

Fig. 9. The PES of the swing motion of nascent N2 on Pd(110), shown as the MEP for 

the upright-N2 →     -N2 transition on Pd(110) for top- and bridge-bonded N2; ΔE is 

           ΔE =Esite − E0site, where E0site is the potential energy of the equilibrium 

upright N2 adsorbed at the site, Esite is the energy of a given configuration at that site, 

and the site is either top or bridge. Adsorption bond-strengths, |Eads(site)|, of top- and 

bridge-bonded N2 are also indicated. The inset on the right of the MEPs graph shows the 

                  N−N−      b          : t1 ≡                b  w    N−N       −N 

axes, t2 ≡                b  w        N−      b                                tc ≡     

angle between the surface normal and the axis linking the N2 mass center with the 

adsorption site. The (t1, t2) angles are also stated for each point on the MEP (except the 

first one). Reproduced from Ref. 12 with permission. Structures corresponding to each 

point on the MEPs are indicated in the corresponding filmstrips.  

 

Fig. 10. (a) Top and side views of stepped Pd(211), definition of crystal axes, and 

definition of the desorption angle, θ. The step-up direction is perpendicular to step-edge 

along the positive θ angles (and vice-versa for the step-down direction). Adsorption 

structures of the N2O intermediate as predicted by DFT calculations: (b) the most stable 

adsorption form, (c) adsorption form on the (111) terrace, (d) transition state structure 

    NN−          tion, and (e) the swing motion of product N2           N−  b    

cleavage, followed by desorption. Adopted from from Ref. 12 with permission. 

 

Fig. 11. MEP for the upright-N2 →     -N2 transition along the [11
_

1
_

] direction on 

Pd(211). Each point on the MEP corresponds to a respective structure shown on the 

filmstrip. Note that the flat-N2 (last structure) does not correspond to a local minimum 

on the PES but was constrained to the bridge position (actually the axis of N2 was 

constrained in the [11
_

1
_

] direction for the whole MEP); if this constraint is lifted, then 

the N2 relaxes by displacing the N atom at the step-edge bridge site to a step-edge top 

    . T            w                        N−N−      b          t1 and the tilt angle t2 

b  w        N−metal bond and the local (111) surface normal. For all but the first point 

on the MEP, the (t1, t2)                       . ΔE is defined analogously as in Fig. 9. The 

horizontal blue dashed line indicates the desorption energy (Edes) of the upright N2. 

Reproduced from Ref. 12 with permission.   

 



 

 

    

 

 

 

Fig. 12. Spatial distributions (on polar coordinates) of desorbing N2 in TPD procedures 

of N2O-covered Rh(100). The desorption peak (β2-N2) appears at around 85 K. The 

initial coverages are also given. Reproduced from Ref. 146 with permission. 

 

Fig. 13. Mean translational energy of D2 versus rotational energy on Cu(111). The mean 

translational energy determined from the non-AR-REMPI-TOF at each rotational state 

and different vibrational states is plotted against the rotational energy estimated from 

quantum number J.  The solid blue line shows only a slope expected from the EP model 

(no meaning in the absolute values). Reproduced from the data in Ref. 79 (open 

symbols) and Ref. 166 (closed symbols). The position of J=5 is indicated by the vertical 

dashed-dotted line. 
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