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Abstract—A review of experimental data on the desorption of excited molecules that are the products of het-
erogeneous catalytic reactions is given. It is shown that the sharply peaked spatial distributions of desorption
flows (SDDFs) are observed in many systems. The translational energies of the products (T;,) are much higher
than the surface temperatures. A correlation of SDDF parameters and T, is found. The excitation of interna
degrees of freedom (vibrations and rotations) is weaker. The vibrational and rotational temperatures (T,;, and
T,o0) Obey thefollowinginequalities: Ty, > Ty > Tyt OF Ty 2 Tyip > Tron @Nd T = Toyr- Model sfor the description
of the desorption of excited molecules are considered. New data on the active sites for anisotropic and stepped

surfaces, from which desorption occurs, are discussed.

INTRODUCTION

In 1968, van Willigen published apaper [1] describ-
ing the spatial distribution of desorbing hydrogen mol-
ecules diffusing through flat metallic membranes. This
distribution was sharply peaked along the normal to the
surface. He proposed a model based on the principle of
microscopic reversibility to explain this phenomenon
by the excitation of the translational degree of freedom
along the surface normal. That paper stimulated further
studies of desorption dynamics.

It was assumed earlier that the temperature of des-
orbing molecules is equal to the temperature of a sur-
face. The sharply peaked spatial distributions of the
desorption flow (SDDF) of molecules suggest that
these molecules have excessive trandational energy;
that is, thereisrepulsion of moleculesfrom the surface.
This was first confirmed by Dabiri et al. [2], who car-
ried out direct measurements of the velocities of des-
orbing hydrogen molecules, and by researchersin other
laboratories for other systems [3-10].

Further attempts were made [ 11-13] to detect aniso-
tropic SDDF on anisotropic surfaces. However, early
attempts failed probably because those studies con-
cerned hydrogen desorption.

In 1989-1990, M atsushima detected SDDF ani sot-
ropy [14] and the so-called collimated (directed at a
certain angle to the surface) desorption of CO, mole-
cules [15] formed in CO oxidation on Pd(110) and
Pt(110) surfaces. These studies made it possible to
determine the localization of active sites and their sym-
metries.

Several processes of the Langmuir—Hinshelwood
type are known that are accompanied by the emission
of trandationally excited molecules. 2H,;, — H,,
2Nads - NZ’ Nads + Oads - NO! Cads + Oads - CO,
Coads + Oads - COZ? CH3,ads +Hads - CH41 and

N,O,4 — N, + O,.. All thesereactions, except for the
last one, are recombinative desorption processes. The
reverse processes (dissociative chemisorption) occur
with high activation energies.

Of course, no information can be obtained if mole-
cules stick to the surface after their formation and are
thermolyzed. Unfortunately, many processes behavein
thisway.

The use of modern spectroscopic methods based on
laser-induced fluorescence (LIF), resonance-enhanced
multiphoton ionization (REMI), electron-induced fluo-
rescence (EIF), and others made it possible to measure
the excitation of the internal degrees of freedom of des-
orbing molecules.

Recently, the results of SDDF measurements and
the excitation of the internal degrees of freedom of the
molecules formed by the Eley—Ridea mechanism
[6, 16, 17] were published.

Analysis of the excited states of molecules leaving
the surface provide information on the dynamics of an
elementary act that precedes desorption and, in some
cases, information on the active sites for the reaction.

1. EXPERIMENTAL METHODS

For SDDF measurements, desorbed molecules
should be detected at different angles of their emission
from the surface. For carrying out a heterogeneous pro-
cess, various methods are used: reactant supply onto the
surface by their diffusion through metallic membranes
(DMM), molecular beams (MB), temperature-pro-
grammed desorption/reaction (TPD/TPR), steady-state
catalytic reaction (SSCR), and others.

Thefirst of these methods was widely used to study
the desorption dynamics of hydrogen, which readily
penetrates through membranes at high temperatures
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Fig. 1. Space-resolved TPR spectra for CO oxidation on
Rh(111) (a) observed at different angles (¢, deg) to the sur-
face normal and (b) the integral spectrum [20].

[18]. In this case, a rather intense desorption flow can
be obtained, making it possible to accumulate the sig-
nal and measure SDDF, the vel ocities of molecules, and
distributions over the internal degrees of freedom. Ear-
lier, this method was only applied to hydrogen, but it
can be extended to oxygen on silver and carbon monox-
ideoniron.

Modulated molecular beams were used to study the
kinetics and dynamics of fast heterogeneous processes
[19]. This method was applied to SDDFs of CO,, H,0,
HD, and other molecules, although the surface concen-
trations of these reactants under these conditions
remain unmeasured. Thisuncertainty isdueto theinter-
ruption of the incident beam. Therefore, this method
failsto detect the “kinetic transition” (a drastic change
in the process rate given certain concentrations of reac-
tants), which is characteristic of CO oxidation on plati-
num-group metals.

Rettner and coworkers were the first to use beams
of atomic hydrogen for SDDF measurements of prod-
uctsin Eley—Rideal reactions: H + Cl,,, — HCI [6],
H + D, — HD, D + Hy,, — HD [16], H +
CHCH; 4 — CH,, D + CD; o, —> CD, [17]. The
advantages of this method are the existence of acertain
momentum parallel to the surface and the high potential
energy of atoms resulting in sharply peaked SDDFs.
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The first of these factors is very useful for the elucida-
tion of the reaction mechanism.

Space-resolved TPD/TPR methods are widely used
for SDDF measurements because they are applicableto
the processes with Langmuir—Hinshelwood mecha-
nisms over a wide range of temperatures and surface
concentrations.

Typical TPR spectra with the spatial resolution of
CO, formed in thereaction of CO oxidation on Rh(111)
at different emission angles are shown in Fig. la
together with the integral spectrum (Fig. 1b) [20]. Itis
seen from this figure that the (3,-form peak in the inte-
gral spectrum is much lower than for 3,, but it has about
the same height if desorption is measured along the nor-
mal to the surface. This means that the SDDF of [3,
form is more sharply peaked along the normal than the
SDDF of (3, form. SDDF parameters can easily be
obtained by analyzing the spectraregistered at different
angles of molecule emission.

Morerecently, Matsushimaand coworkers[21] sup-
plemented this method with the measurements of the
velocities of desorbing molecules using an desorption
beam chopper with cross-correlation. Figure 2 shows
the schematic of this setup. It consists of three indepen-
dently evacuated chambers. The main chamber is a
standard ultrahigh vacuum system equipped with
instruments for LEED and XPS analyses, a quadrupole
mass spectrometer, argon gun, and a gas inlet. A
monocrystalline sample is mounted on the manipul ator
that allows one to vary the angle relative to the surface
normal for desorption measurements. The chopper isin
an intermediate chamber with windows connecting it
with the main chamber and with a measuring chamber.
Thelatter contains a high-sensitivity mass spectrometer
working in a pulse-count regime. To provide high rates
of CO, and H,O evacuation, cryogen panelsare used in
the intermediate and measuring chambers.

In addition to the above-mentioned advantages, the
TPD/TPR method has some limitations. Experiments
are carried out in the regime of temperature increase
accompanied by decreasing surface coverage, which
can in turn lead to surface reconstruction. Thus, the
apparent features may include dependences on the
reactant concentrations, temperature, and surface struc-
ture.

Recently, SDDF measurements were carried out in
the regime of a steady state process. This became pos-
sible due to modifications in apparatus by using the
systems with a high pumping rate and some other
units [22].

The above overview of the methods is very short.
For more detailed information on SDDF measure-
ments, see the review paper by Comsa and David [23].
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Fig. 2. Schematic of a setup for SDDF measurements and the measurements of the vel ocities of desorbing molecules[21]: theinsert
(a) showsthe configuration of the chopper disk, LEED isthe low-energy el ectron diffractometer, QM Sisthe quadrupol e mass spec-
troscopy, XPSisthe X-ray photoelectron spectrometer, TMP is a turbomolecular pump.

2. MAIN FEATURESAND MODELSDESCRIBING
SPATIAL AND ENERGY DISTRIBUTIONS
OF DESORBING MOLECULES

2.1. One-Dimensional Model and Spatial Distributions

Van Willigen [1] derived the following equation
based on the principle of microscopic reversibility:

/1, = [(€ + cos’¢) exp(—etan’d)]/[ (€ + 1) coso] W

where |, and | are the intensities of a desorption flow
along the normal to the surface and at angle ¢ to the
normal, respectively; € = E/KT,,; is the activation
energy of adsorption; k is the Boltzmann constant; and
Tes IS the surface temperature.

Note that this equation transforms into the well-
known Knudsen equation at € = 0:

/1, = cosd, 2)
which is correct for evaporation and nonactivated
adsorption.

The following simple empirical equation is fre-

quently used for SDDF description:

/1, = cos'¢. (3)

Thisisarather accurate approximation of Eq. (1), espe-

cially for high values of n. Aswe showed in [24], there

isasimple expression relating n and €, asillustrated in
Figs. 3and 4:

n=2¢+1. “4)

From now on, we will use Eq. (3) and other similar for-
mulas to describe the SDDFs of gases and analyze the
regularities, because these formulas are simple and
clear.
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The relationship between E, and n is easy to obtain
from Eq. (4):

E,=~KTy(n—1)/2. (5)

Comsa and David [25] found that the following
equation provides a more correct description of SDDF:

I/, = (1-a) ©
x{[(e+ coszq)) exp(—stan2¢)] /[(e + 1) cosd} +acosd
or, inasimpler form;

I/l, = (1—a)cos'¢ +acose. (7

These equations were obtained by summing Egs. (1)
and (2) or (3) and (2) with coefficients (1 —a) and athat
characterize the contributions of the sharply peaked
distribution and the cosine Knudsen distribution to the
flow intensity along the normal to the surface. The typ-
ical example of the observed distribution [26] described
by thismodel is shown in Fig. 5.

Van Willigen and Comsa’'s models use the classical
Lennard-Jones understanding of the activated disso-
ciative chemisorption of gases. The one-dimensional
potential of theinteraction of molecule AB with the sur-
faceis shown in Fig. 6 as a combination of two curves
corresponding to the molecular and dissociative
adsorption. The resulting potential energy curve hastwo
maxima separated by an activation barrier (point X). If
the top of the barrier is above the ground state of mole-
cule AB in the gas phase, adsorption is activated. In the
case of desorption (when the molecule moves from
point X to infinity), the molecule acquires excessive
trandational energy. If the desorbing molecule is
trapped in a potential well corresponding to the molec-
ular state after overcoming the potential barrier, then it
|oses excess energy and desorbs with athermal velocity
according to the Knudsen law.
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Fig. 3. Curvesdescribed by van Willigen equation (1) at dif-
ferent values of parameter € = E /KT (solid lines) and their
approximation by empirical functions of the ocos"p form
(dashed line): (1) e=2,n=4.9; (2) e=5,n=10.8; (3) € = 10,
n=20.7; and (4) e = 30, n= 60.8.

Equations (1) and (6) correctly describe SDDF from
flat isotropic surfaces, but the one-dimensional model
contradicts experimental measurements of the mole-
cule velocities desorbed at different angles to the sur-
face normal [23] and to some estimates of E, [11, 12,
27-29], aswill be seen from further discussion.

This model accommodates three main assumptions:
the principle of microscopic reversibility, the one-
dimensional potential, and the consideration of only
tranglational energy, whereas other degrees of freedom
of desorbing molecules are neglected. The two latter
assumptions lead to considerable disagreement
between the model and experiments. It has recently
been shown that E, depends on the internal degrees of
freedom, especially on the vibrational energy [30].
Moreover, many examples of anisotropic and inclined
SDDFs were found.

Nevertheless, the one-dimensional model is often
used in estimating E, because there are no experimental
or theoretical data on the dependences of the excitation
of internal degrees of freedom on the angle of molecule
desorption from the surface, and SDDFs and molecule
distribution over velocities are assumed to be depen-
dent on E,.

Numerous data have been obtained from measure-
ments of SDDFs and molecule velocities on various
isotropic surfaces. The desorption of CO, as a product
of CO oxidation has been studied in most detail. Many
papers have been devoted to the desorption of hydrogen
and nitrogen. There some data on other gases: O,, CO,
NO, HCl, Cl,, H,0, N,0, NH;, and CH,. These datafor
the processes occurring via the Langmuir—Hinshel-
wood mechanism (areaction in the adsorbed layer) are
collected in Table 1. It contains the results for the sim-
plest cases when desorption flows have the maximal

Fig. 4. Dependence of n on € = E /KT calculated from the
approximation of Eq. (1) by empirica functions of the
acos"P form (points) and the linear dependence n = 2¢ + 1
(line) [24].

intensity in the direction of the normal to the surface
(normal distributions). These flows are described by
Egs. (3) or (7), depending only on the polar angle ¢
between the normal to the surface and the velocity vec-
tor of a desorbing molecule.

2.2. The Role of the Precursor Sate

As can be seen from Table 1, Eq. (7) frequently
describes the observed SDDFs more accurately than
Eq. (3). This can be explained by the fact that adsorp-
tion—desorption processes often occur viathe precursor
state [ 77], which is analogous to physical adsorption. If
some of the desorbing molecules remain in the precur-
sor state for a time sufficient for relaxation, they leave
the surface with thermal velocities and their SDDF is
described by Eg. (2), that is, by the Knudsen law.

It has been shown in numerous experiments that, for
SDDFs describable by Eq. (7), fast molecules are char-
acterized by the sharply peaked distribution, whereas
thermolyzed mol ecules are characterized by the Knud-
sen distribution.

Thus, SDDF makes it possible to estimate the con-
tribution of the precursor pathway to the desorption
rate.

Thevaueof ain Eq. (7) determinesthe contribution
of the molecules desorbed through the precursor state
only for the molecules that |eave the surface along the
normal. In this case we are interested in their fraction b
in the overall flow F from the surface. For an isotropic
surface, F can be described by the integral [46] in
spherical polar coordinates:

/2

F = 2n[1singdg), 8)
0

KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Fig. 5. SDDF described by the Comsa model for CO, mol-
ecules formed by CO oxidation on Pt(111) at 550 K [26]:
(1) approximation of experimental data by Eq. (7) with
n= 8.3 and a = 0.35 and (2) contribution of the Knudsen
(cosine) distribution (Eq. (2)).

where the polar axis coincides with the surface normal.
After substituting the expression of | from (7) into
Eq. (8), we obtain

2
F= ZTIIOJ’[(l—a)cos"q) +acosf]sinpdd. (9
0

In this approximation, integral (9) can be taken in the
explicit form

F = 2ml,[2+a(n—1)]/(n+ 1), (10)

and the value of b is determined by the ssimple formula

2/m

| U
2mal, [ cosd sing dpCI/F
ol [ cospsing ] a

a(n+1)/[2+a(n-1)].

The values of b calculated by formula (11) are
showninFig. 7 intheform of dependencesof b onafor
several values of n. It is seen that b is much higher than

21 /2
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Fig. 6. Potentia of the interaction U of the AB molecule
with the surface as a combination of two Lennard—Jones
curves corresponding to molecular (AB) and dissociative
(A + B) adsorption.

aespecidly at high values of n. For ingtance, at n =40-80
and a = 5%, which isamost impossible to determinein
SDDF measurements, b is 50—70%!

2.3. The Surface Relief, Anisotropy,
and Directed Desorption

Models considered in the previous sections and the
corresponding equations referred to ideal smooth flat
surfaces. If asurfaceisnot of thissort (e.g., apolycrys-
talline surface), SDDF becomes broader. The approxi-
mation of such distributions by Egs. (1) or (3) gives
effective values of parameters n(n,) and €(€.¢), which
are underestimated compared to thetrue valuesn,,,. and
€,ue COrresponding to the ideal smooth surfaces.

Kidslyuk and Bakuleva[78] proposed amodel for the
description of SDDF for the case of rough surfaces.
This model considered a quasiflat surface consisting of
flat elements each characterized by its polar angle a,
which characterizes the deviation of the local normal to
the average normal to the surface, and by angle p
between the chosen direction on the surface and the
projection of thelocal normal to the surface. For an ele-
ment of the surface, SDDF was described by Eqg. (3)
applied to the local normal. In this case, SDDF can be
described in the following form:

J’de f(a, p)[sind sina cos(p —p,) + cos cosa] "da

— 0 0
I“0_ 2n 12

, (12)

dp [ f(a, p)cos'ada
el

wheref(a, p) isthe distribution function of elementary
areas, and p, is the azimuthal angle of observation. For
anisotropic surface, thisdistribution function wasinde-
pendent of p (in[78], p was used instead of ).
KINETICS AND CATALYSIS Vol. 43
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To study the effect of isotropic surface roughnesson
SDDF, we considered substantially different distribu-
tion functions f(a) and calculated the dependences of
Nt ON Ny, at the roughness coefficient y ranging from
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Table 1. Parameters of spatial distributions of molecules desorbing along the normal to the surface and trandlational temper-
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atures (Ty,)
System Methods and processes Teufs K Ty, K Equation n Ref.

D,/Ag(111) TPD 190 - (7) 8 [27]
2Dy —> D,

H,/Cu(100) DMM 1100 - (3) 5 [11]

H,/Cu(110) 2H 4 — Hy 1100 - (3) 25

H,/Cu(111) 1100 - (3) 6

HD/Cu(100) MB, SSCR 850 - (3) 5 [12]

HD/Cu(110) H, + D, — 2HD 800-1100 - (3) 25

HD/Cu(310) 850 - (3) 55

H,, D,/Cu(111), Cu(100) DMM, VM [28]
2H 4 — Hy 1000 4000 (3) 8+1
2D 4 — D» 1000 4000 (3) 8+1

H,, HD, D,/Cu(111) MB, DMM [29]
2H,4s — Hy 370 - (3) 14
2D 4 — D» 600 - (3) 12
Hags + Dags — HD 800 -~ (3) 10

H,/Fe(paly) DMM 900 - (3) 65+1.0 [1]
2Hqyys —> Hy

H,/Fe(100) TPD 420 - 7 20+0.1 [31]
2Hags — Ho

H,/1r(poly) TPD 460 - (3) 11+0.2 [32]
2Hys — H;

H,/Ni(poly) DMM 900 - (3) 10+2 [1]
2Hqyys —> Hy

D,/Ni(111) DMM, VM 1143 1840 (3) 4%1 [4]
2Hags — Hp

HD/Ni(111) MB, SSCR 700 - (3) 254 [33]
H, + D, —= 2HD

H,/Ni(111) DMM 925-1225 - 2 1 [34]

H,/Ni(110) 2H,4s — H> 925-1225 - 2 1

H,/Ni(111) TPD 320430 - (3) 45 [35]

H,/Ni(110) 2H 4 — Hy 320430 - (3) 12

H,/Ni(111) TPD 290 - 2 1 [36]
2H,4s — H> 370 - (3) 45

D,, HD/Ni(110) TPD, SSCR, VM [37]
2H,4s — D> 350 500 (3) 3.0+05
H, + D, — 2HD 500 750 (3) 3.0+£05

H,/Pd(poly) DMM 900 - (3) 40+05 [1]
2Hqyys —> Hy

D,/Pd(100) DMM, VM 360 360 2 1 [38]
2D 4 — Ds 360 1030* (7) 10

HD/Pt(111) MB, SSCR, VM [39]
H, + D, — 2HD 570-1200 2T (7) 5

HD/Pt(557) MB, SSCR, VM [40]
H, + D, — 2HD 500-1170 | 0.75Tg,¢ (3) 2

KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Table 1. (Contd.)
System Methods and processes Teu» K Ty, K Equation n Ref.
D,/Si(100) TPD 825 - 3) 4-5 [41, 42]
2Dys —= Do
D,/Si(100) TPD 650 - (3) 5+1 [43]
2D —> D;
N,/Ag(111) TPD 406, 443 - 3) 75+5 [44]
2Nggs —= N
N,/Ag(110) TPD 520 - @) 12+1 [45]
2Nggs —> Ny
N,/Cu(111) MB, TPD, VM 700 21000 (3) 28+1 [10]
2Nggs —> Ny
N,/Fe(poly) TPR 770 - (7 44+16 [46]
2NOys — N, + O,
N,/Ir(poly) TPR, VM 500 3000 + 1000 3) 12+ 2* [47]
2NOys — N, + O,
N,/Mo(poly) TPD 1200 - (7 44+16 [46]
2Nags — Ny
N,/Pt(poly) TPR 500 - 3) 10+ 3* [48]
2NOys— N, + O,
N,/Rh(111) SSCR, VM 620 2280 - [9]
NO + H, — 1/2N, + H,0 800 2700 (7 25+5
1000 3200 - -
N,/Ru(001) SSCR, VM 900 3150 (3) 7+3 [49]
2NH; — N, + 3H,
N,/W(110) TPD 1600 - 3) 3.0+£05 [50]
N,/W(310) 2Ngs — Ny 1400 - 3) 10+02
0,/Ag(110) TPD 600 - 3) 4 [45]
20,35 —= O
O,/1r(poly) TPR 1100 - @) 35+15 [46]
2NOys— N, + O,
O,/Pt(111) TPD 600-1000 - 3) 20+ 05 [51]
2045 — O,
O,/Pt(poly) TPR 1100 - (3) 16+£02 [52]
2NOys — N, + O,
O,/Pt(113) TPD [53]
20,45 — Oy 700-900 - 2 1
Oy ags— O 140-200 - 2 1
CO/Ir(poly) TPD, VM 530 505 + 170 3) 1.1+02 [47]
CO,s — CO 620 820 + 180 3) 11+02
CO/Ir(poly) TPR 570-820 - 3 2-3 [54]
Cads + Oggs —> CO
COINi(111), (110) TPD - - 2 1 [13]
CO,s —= CO - - 2 1
CO/Pt(111) TPR [54]
Cags T Oys— CO 800-100 - (3) 2
CO/Pt(poly) TPD 600 - (3) 11+02 [52]
CO,s —= CO
KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Table 1. (Contd.)
System Methods and processes Teuts K Ty, K Equation n Ref.
CO/Pt(paly) SSCR [55]
Cags T Oxs— CO 1190 - 3) 27+10
Cys + 1120, — CO 1190 - 3) 45+15
CO/Rh(111) TPR 520-700 - 3) 15 [54]
Cags + Oygs —> CO
CO/W(100) TPD/TPR [56]
COys — CO 320-360 - (3) 1.0+05
Cags T Oxs— CO 700940 - 3) 4+1
940-1100 - 3) 3x1
1100-1500 — 3) 15+05
CO/W(poly) TPR 900 - (3 35+04 [57]
Cags t Oggs —> CO
NO/Ir(poly) TPD 350 500 + 300 3) 12+03 [47]
NOys — NO
NO/Pt(111) SSCR 550-1100 - 3) 15 [58]
NH; + O, — NO + H,0
NO/Rh(111) SSCR, VM 600 1450 @) 238 [59]
NO, + H, — NO + H,0 800 1860 3 15
1000 2030 3) 12
HCI/Au(111) MB, SSCR, VM 300 200-300 3) 14+03 [6]
Hags + Clgs — HCI
CO,/Pd(111) MB, SSCR 570 - 2 1 [60]
CO + 1/20, — CO,
CO,/Pd(111) SSCR, VM 500 1750 + 100 (7 5+1 [61]
CO + 1/20, — CO,
CO,/Pd(111) TPR 230 - 3) 2040 [62, 63]
COyys + Oyys —= CO, 270 - 3) 12-25
400-500 — 3) 4-8
CO,/Pd(100) TPR 120 - 3) 15+2 [64]
COps + Oggs —> CO, 240 - 3) 13+3
290 - 3) 11+3
350 - 3) 81
400 - 3) 71
CO,/Pd(100) SSCR, VM 460 1300-1600 (7 11+2 [65]
CO + 1/20, — CO, 550 1500-1700 (7 11+2
700 1600-2100 (7 11+2
CO,/Pt(111) MB, SSCR 450-950 - 3) 6 [66]
CO + 1/20, — CO,
CO,/Pt(111) MB, SSCR 90 - 3) 12+1 [67]
CO+0— CO,
CO,/Pt(111) TPR 160 - 3 13-19 [68]
CO,ys + Oygs — CO, 260 - 3 8-10
CO,/Pt(111) MB, SSCR 470, 580 - 7 7+1 [69]
CO + 1/20, — CO,
KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Table 1. (Contd.)
System Methods and processes T, K Ty, K Equation n Ref.
CO,/Pt(111) SSCR, VM 145 2030 (3) 8 [5]
CO + 1/20, — CO, 210 1290 (3) >10
250 1500 3) >10
330 1910 (7 9
CO,/Pt(111) MB, SSCR 550 - (7 75 [26, 70]
VM 550-800 AT gt (7 89
CO + 1/20, — CO,
CO,/Rh(poly) TPR 280 - (7 8 [71]
COyys + Oyys —= CO, 410 - (7
COy, ogs —> CO, 120 - 2
CO,/Rh(111) TPR 400 - (7 15+3 [20]
COyys + Oyys —= CO, 500 - (3)
CO,/Rh(111) MB, SSCR 500 1170 (7) . [72, 73]
VM 550 1370 - -
CO + 1/20, — CO, 600 1650 - -
CO,/Rh(110) TPR 200 - (3) 12+2 [74]
COyys + Oygs —= CO, 300 - (3 51
400 - (3 3.0+05
450 - (3) 20+05
CH,/Cu(poly) TPR, VM 520 6000 + 1000 (3) >60* [75]
CH3, ags + Hags —= CHy
CH,/Mo(poly) TPR 870 - 3 50 + 20* [46]
CH3, ags * Hags —> CHy
CH,/Pt(111) TPR 240 - (3) 37 [76]
CH3 ags + Hags — CHy

Note: TPR—temperature-programmed reaction; TPD—temperature-programmed desorption; DMM—diffusion through a metallic mem-
brane; MB—molecular beams, SSCR—steady-state catalytic reaction; VM—velocity measurements.
* The values of n calculated taking into account the surface roughness according to the plot on Fig. 8 for y=1.1.

1.01-1.20(Fig. 8). Anaytical expressionsfor thevaueyin
Table 2 were determined from the equation [78]

2 2

0 0
y =10 f(a)dO(D/EIJ' f (a) cosador] (13)
0 b 0 O

by substituting various distribution functionsinto it.

As can be seen from Fig. 8, the dependences of ny
on N, are largely determined by the value of y and
change insignificantly with a change in the form of
functionf(a). Thus, acorrect study of SDDFispossible
on rough surfaces, although the roughness coefficient
should be rather low (<1.10), which is characteristic of
annealed surfaces.
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Kidlyuk et al. [57] experimentally studied the effect
of surface relief on SDDF for the recombinative des-
orption of CO from the polycrystalline tungsten surface
characterized by scanning tunneling microscopy
(STM). The results agreed very well with the above
model of the rough surface.

Anisotropic SDDFs were discovered by Matsush-
ima for CO oxidation on the stepped Pd(110) surface
[14]. In that case, the maximal intensity of the desorp-
tion flow was observed along the surface normal. How-
ever, in contrast to more complex cases, SDDF also
depended on the azimuthal angle Y. The distributions
were sharply peaked in the direction [001] and rather

broad in the direction [110].
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Fig. 7. Dependence of b on a calculated by formula (11) for
various values of n.

In 1990, M atsushimadiscovered the collimated des-
orption of CO, moleculesin CO oxidation on the recon-
structed Pt(110)(1 x 2) surface [15]. The maximums of
SDDF were observed at certain angles to the surface
normal.

More recently, several researchers observed differ-
ent cases of anisotropic and collimated desorption [57,
79-84].

To describe SDDF in cases of anisotropic and colli-
mated desorption, the following empirical equations
were proposed [85, 86]:

2 . 2
1/1, = (cosg)n(esw) +msny) (14)

/1y = (cos(p —d,))" sy Fmsne) (15)

Fig. 8. Dependence of N ON Ny e at different values of y
[78]. Models are numbered similarly to those in Table 2.

where ¢ is the polar angle, | is the azimutha angle
with respect to the step direction, ¢, is the collimation
angle (a polar angle between the normal and the direc-
tion corresponding to the maximal SDDF intensity),
and n and m are the exponents determining the sharp-
nessof SDDF inthe planesthat are parallel and perpen-
dicular to the direction of steps.

Figure 9 shows anisotropic and collimated SDDF
measured by Matsushima and coworkers [14, 15, 80].
Note that both wings of the collimated distribution
(Fig. 9b) are also anisotropic. They are approximated
by Eg. (15) withn=12 and m= 6 in thedirections[001]

and [110], respectively.

Table 3 collects data for the processes occurring on
stepped surfaces via the Langmuir—Hinshelwood

Table 2. Distribution functions of elementary surface areas and expressions for the roughness coefficients

Model Distribution function* Roughness coefficient
A 0<a<a a
1 f(a) = 0 y = =2
Ep, a>ag sinag
B(ay,—a),0<a<a 2
2 f@=0 " ° yo %
,a>0 2(1—cosay)
Ca,0<sa<a 2
3 f(a) = 0 v = %
Ep, a>a, 2(agsinag + cosog—1)
Da(ay,—0),0sa<a 2
4 f(a) = Pa(a,—a) 0 y = _ Og
,a >0, 6(2sinag + 0yCcost,—0g)

* A, B, C, and D are the normalization constants.

KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Fig. 9. (a) Anisotropic and (b) collimated distributions in CO, desorption in CO oxidation on the (110)(1 x 1) and (110)(1 x 2)

surfaces of platinum-group metals [14, 15, 80].

mechanism where anisotropic and collimated distribu-
tions were observed.

2.4. Trandlational Energy of Desorbing Molecules

The measurements of velocity distributions of des-
orbing molecules provide information on the process
dynamics. Although SDDF islargely determined by the
ratio of the normal component of the vel ocity to thetan-
gential component, one should avoid estimating E,

No. 5 2002
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from sole spatia distributions, which are sensitive to
the state of the surface. SDDF can broaden because of
surface roughness as a result of argon ion bombard-
ment, oxidation reactions, surface reconstruction, and

other factors.

Some general features of the velocity distributions
of desorbing molecules have been determined experi-
mentally. Thetranslational temperature T,, of molecules
isusually higher than the surface temperature Ty, ;. The
apparent velocity distributions of molecules can be
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Table 3. Parameters of anisotropic and collimated spatial distributions of molecules desorbing from stepped surfaces and
their translational temperatures

M easure-

System Methods and processes ment plane Teurfs K Ty, K n ¢, deg Ref.
N,/Pd(110) |TPR [81, 87]
NO,s —= 1/2N, + Oy O 490 - 46 +38
I 490 - 14 +38
O 490 - 4.2 0
I 490 — 4.2 0
2Nggs — N, O 460 - 67 0
O 540 - 4+1 0
lsNadS + 14NOadS I N2 + OEIJS D 490 - 20 + 5 138
SSCR
2NO + 2H, — N, + 2H,0 O 600 - 1 0
N,/Pd(110) |TPR,VM [88]
NO,ys — L/2N, + O s O 490 2700 28 41
O 490 1300 28 41
O 490 - 5 0
N5Oqis — Ny + Oy O 140 2700 60 +43
O 140 1300 60 43
O 140 - 3 0
O 152 1930 50 43 [89]
O 152 580 - 43
SSCR, VM O 350-750 2660 28 41 [90]
6NO + 4CO — N, + 2N,0 + 4CO, O 350-750 1300 28 41
O 350-750 - 5 0
N,/Pd(210) |TPR [91]
Nags+ NOggs— Ny + Oy O 470-510 - 20 -25...-30
I 510 - 1 0
2Nggs — Ny O 470 - 4 0
N,/Rh(533) | TPR [82]
NO,ys — L/2N, + Oy O 450 - 4 -15
0 600 - 4 -15
CO/Pt(110) |MB [84]
1x2) Cqyst+ 1720, — CO O 650 - 50+5 32
NO/Ag(110)| TPR O 520 - 5+1 0 [45]
Nggs+ Oxgs — NO I 520 - 40-50 0
520 - 40-50 17
CO,/Ir(110) | TPR [79, 80]
1x1) Cyst+ 1120, — CO I 380 - 10 0
O 380 - 35 0
CO,/Ir(110) I 380 - 7 0
1x2) O 380 - 18 +26
CO,/Pd(110)| TPR, VM O 460 2400 10+2 0 [92-94]
COyyst Oyys —= CO, O 420-460 1350 10+2 0
I 420-460 1350 |[3.0+05 0
O 350 1520 10+3 0
I 350 1520 |4.0+05 0
O 290 1750 15+3 0
I 290 1750 8+2 0
O 230 2000 20+ 4 0
I 230 2000 15+2 0
O 170 2240 25+5 0
I 170 2240 20+5 0

KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Table 3. (Contd.)

System Methods and processes n':/leﬁ?spl)f;e Teurfs K Ty, K n ¢, deg Ref.
CO,/Pd(110)| SSCR, VM [gg_ 5370]
CO + 1/20, — CO, 0 450-460 | 1300-2400| 10-20 0
4CO + 6NO —= 4CO, + N, + 2N,0 0 540 - 15+3 0

I - 1330 3 0
CO,/Pd(110)| SSCR [87]
4CO + BNO — 4CO, + N, + 2N,0 0 490 - 9 0
g 600 - 4 0
CO,/Pt(110) | TPR, VM g 310 1450 12 + +25 [94, 98]
COpys+ Oygs —> CO, O 410 1450 |[12+2 | 23
SSCR, VM g 500-550 (1700 + 100 6-9 +25
CO + 1/20, — CO, g - 1500 6-9 0
CO,/Pt(112) | TPR, VM O 400 1210 8 25 [99]
COpis+ Opgs —> CO, 0 400 1330 12 10
0 300 1240 8 -25
O 300 1240 12-14 8-13
U 230 1100-1500| 8-17 16-2
CO,/Pt(113) | TPR, VM 0 235400 1320 12-15 | 21-25 | [83,85,
CO.4+ Oge = CO, 0 |235400| 1150 | 9-13 |-15..—17/100-10]
I 360-370 - 6-7 0
I 280-300 - 7-10 0
SSCR, VM g 555 2100 7 -20
CO + 120, —= CO, 0 555 1650 7 22
CO,/Pt(557) | TPR [104, 105]
COpys+ Ogge —> CO, O 300-450 - 14 3
COqs+ 120, zg— CO, O 160 - 12 -7
SSCR, VM - -
CO + 1/20, — CO, - 500-780 | 1200-2300

Note: SDDFs are approximated by the equation I/l = cos($ — d), where ¢ is the collimation angle relative to the global surface normal
and signs [0 and || refer to the planes in which SDDFs were measured (normal and parallel to the steps). Abbreviations are the same

asinTable 1.

divided into two components: the Maxwell distribution
corresponding to the surface temperature,

f,(r) = rlexp(=Mr?/2kT g) ,
and the modified Maxwell distribution,

fo(r) = rlexp[~(r —ro)*/g7,

(16)

(17)

which describes fast molecules.

In Egs. (16) and (17), f,(r) and f,(r) are the velocity
(r) distribution functions, M is the molecular weight, k
is the Boltzmann constant, r, is the velocity of the des-

KINETICS AND CATALYSIS Vol. 43 No.5 2002

orption flow, and g is the parameter determining the
width of distribution.

The trandational energy of fast molecules is deter-
mined by the formula
T, = [ELT2K,

where [EELIs their average translational energy.

Thevan Willigen model postulatesthat the barrier is
one-dimensional in the direction to the surface normal.
It is assumed that only molecules possessing sufficient
kinetic energy in the direction of normal are capable of

(18)
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Fig. 10. Velocity distributions of CO, molecules at Tg,; =
460 K and different desorption angles relative to the surface
normal under conditions of the active regime (see section
3.2) of the steady-state reaction of CO oxidation on Pd(110)
[86]. Dashed lines show the deconvolution of distribution
into high-energy and low-energy components. The contri-
butions of low-energy (thermal) molecules are shown in
parentheses.

overcoming the barrier and adsorbing. According to the
model and the principle of microscopic reversibility,
the average trandational energy [E[Jdesorbing along
the normal can be estimated as follows [72]:
(E = E,+ 2KTg,;. (19)
Formulas (18) and (19) provide an estimate of the
activation energy of adsorption E,:
Ea = 2k(TtrIZI - Ts.]rf) ) (20)
where T, ;isthe translational temperature of molecules
desorbing aong the normal to the surface.

For the distributions of fast molecules concentrated
along the surface normal, the maximal transational
temperature is observed along the surface normal. For
off-normal desorption, it is observed in the direction of
the collimation angle ¢,. For slow molecules, T, = T,
independently of the velocity vector of the desorption
molecul es. Examplestaken from[86, 100] are shownin
Figs. 10 and 11.
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Fig. 11. Dependence of (a) the translational temperature
and (b) the flow density of CO, on the desorption angles
under conditions of CO,y, + O,gs — CO, TPR on
Pt(113) at Tg, s = 300 K registered in the direction perpen-
dicular to steps [100]. Dashed lines shows the deconvolu-
tion of SDDF into two peaks. Surface coverages by molec-
ular oxygen and carbon monoxide are 8 = 0.3 and 8 =

0.15, respectively.

Formulas (5) and (20) can be used to obtain the
dependence of T,,;onnand Tg,; for fast molecules des-
orbing along the surface normal [106]:

TtrD = Tsurf(n+3)/4' (21)

Although Egs. (1), (3), (6), and (7) successfully
describe the SDDFs observed, the one-dimensional
model absolutely incorrectly predicts the dependence
of the trandational energy of desorbing molecules on
the angle of their velocity vector. According to this
model, only the normal component of the trandlational
energy isimportant for overcoming the activation bar-
rier. Therefore, the trandlational temperature of mole-
cules desorbing at an angle ¢ to the normal should be

To(9) = Tyo/cos’¢.

Thismeansthat the translational temperature should
increase with an increase in ¢. In fact, the reverse
dependence is observed (Fig. 12) [73]. No example of
increasing T,, with an increase in ¢ was found in exper-
iments.

The results of measurements of the velocities of fast
desorbing molecules in the form of maximal values of
T, dong the normal or at acollimation angle are shown
in Tables 1 and 3.

(22)
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2.5. From the Two-Dimensional Model
to Multidimensional Models

The discussion below mostly refers to the H,/Cu
system, which isaclassical example of direct dissocia
tive activated adsorption, which was studied both theo-
retically and experimentally in most detail [30].

As was shown in the preceding sections, the van
Willigen one-dimensional model, which takes into
account only the trandlational energy, has some limita-
tions and does not provide a correct description of the
velocities of desorbing molecules on the angle of their
emission from the surface, nor does it correctly
describe anisotropic and directed desorption. All these
limitations are due to the assumptions that neglect the
structure of the surface and internal degrees of freedom
of desorbing molecules.

Therole of vibrational degrees of freedom in direct
dissociative activated adsorption can be estimated for
the simplest case of a diatomic molecule with an axis
parallel to the surface. Thetwo dimensional potential of
such a system is qualitatively shown in Fig. 13 [107],
where one coordinate (2) is the distance of a molecule
from the surface, and the other is the distance (Y)
between the atomsin a molecule.

At high values of Z, the potential energy surface is
determined by the potential of interaction of atomsin
the gaseous molecule. At high values of Y, it corre-
sponds to the interaction of adsorbed atoms with the
surface. The barrier isbetween two valleys. The adsorp-
tion—desorption dynamics is the most sensitive to the
topography of this transient region, especialy to the
position of a saddle of the activation barrier marked
with a cross.

If the saddle is at the entrance of the adsorption
channel, then the initial trandational energy is more
efficient for dissociative chemisorption than the vibra-
tional energy (see Figs. 13a and 13b). Considering the
reverse trgjectories according to the principle of micro-
scopic reversibility, we obtain that energy released in
the course of desorption mostly transforms into the
tranglational energy of a desorbing molecule.

The opposite situation occurs when the saddle is at
the exit of the channel. Theinitial vibrational excitation
of a molecule is favorable for overcoming the barrier
(Fig. 13c), and the translation energy is inefficient
(Fig. 13d). In this case, according to the principle of
microscopic reversibility, we obtain that most of the
energy of desorbing molecules transforms into its
vibrational excitation.

In 1985, Harris and Andersson [108] calculated the
potential of interaction for the H,/Cu system based on
the full energy of the H,Cu, cluster (Fig. 14). This
potential includestwo regions.  isthe entrance channel
that controls the trajectories of H, molecules approach-
ing the surface and II is the exit channd that deter-
mines the state of adsorbed atoms H. The calculated
height of the barrier is~1 eV. Thisvalueis much higher
than the 0.3-0.4 eV obtained in adsorption measure-
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Fig. 12. Dependence of the average translational energy
((ED on the angle of CO, desorption formed under condi-
tions of steady-state CO oxidation at different temperatures
of the Rh(111) surface: (1) experiment [73] and (2) predic-
tion by the van Willigen model (Eqg. (22)).

ments carried out by Balooch et al. [12], but it is rather
close to the results of desorption measurements
(0.87 eV) carried out by Comsa and David [28].

The direct experimental method for the determina-
tion of E, is possible when the supersonic molecular
beam is directed to the surface at a certain angle and
controlled by the kinetic energy of molecules. Note that
supersonic molecular beams are characterized by very
narrow, quasi-monoenergetic distributions of transla-
tional energy of molecules [19]. This method makes it
possible to determine the probability of adsorption (the
sticking coefficient S) depending on the energy of col-
lision and the angle of an incident beam.

Results obtained by this method at different incident
angles often depend on the normal trandational energy
E associated with the momentum of molecules normal
to the surface.

In 1989, two groups of researchers published data on
the dissociative adsorption of H, on single crystal copper
surfaces [109, 110]. They carried out measurements at
different incident angles and varied the trandational
energy of the beam by changing the nozzle temperature.
Figure 15 shows data obtained by Anger et al. [109].
Both groups observed a drastic increase in the sticking
probability with an increase in the normal energy of
beamed mol ecul es in agreement with the predictions of
the van Willigen model.

The main limitation of the model used in [109, 110]
isthat both the translational and vibrational energies of
beamed molecules are proportional to the nozzle tem-
perature. This effect prevented the researchers from
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Fig. 13. Two-dimensional potential of the diatomic molecule with the surface at different positions of the saddle (a—d, see text)
[107]. The cross marks the position of the activation barrier (saddle).

elucidating the role of vibrational excitation in adsorp-
tion.

The use of inert diluent in molecular beams made it
possible to overcome this limitation. Rettner et al.
[111] applied this method and obtained more complete
datafor the direct dissociative chemisorption of hydro-
gen on copper. Figure 16 shows the results of measure-
ments of the initial sticking probability S, of deute-
rium on Cu(111) for molecular beams with transla-
tional energies of up to 0.85 eV, vibrational
temperatures of up to 2100 K, and incident angles
ranging from 0° to 60°.

These data obtained in a broad range of experimen-
tal conditions revealed the strong dependence of S, on
both E; and the vibrational temperature T, Therefore,
these factors were both important for overcoming the
activation barrier.

In arecent experimental study [112], Rettner et al.
showed that the vibrational energy also plays a notice-
able role in the dynamics of activated adsorption—des-
orption processes.

Attempts have been made to extend theoretical
description to the multidimensional model. Calcula-
tions carried out in [113] showed that important
dynamic effects are lost if one considers the fixed ori-
entation of a molecule. Engdahl et al. [114] compared
dynamic calculations of the H,/Cu system in two and
six dimensions and concluded that al six degrees of
freedom of a hydrogen molecule should be considered
when comparing the activities of different faces of cop-
per single crystals.

3. REACTIONS OCCURRING VIA
THE LANGMUIR-HINSHELWOOD MECHANISM

3.1. Desorption of Products
along the Normal to the Surface

Hydrogen. The spatial distributions for the recom-
binative desorption of this gas on the surfaces of Fe, Ir,
Ni, Pt, and Pd are rather broad (n = 1-5) and can be
approximated by Egs. (1) and (3). The values of E,
obtained for these metals using this approximation are
rather low (<10 kJmol) [31, 32, 34, 36-38, 40, 115]
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and correspond to the values calculated from kinetic
data and the isosteric heats of adsorption [31, 115].
More sharply peaked SDDFsobserved in earlier studies
[1, 33-35, 39, 40] and, correspondingly, higher values
of E, were not confirmed. They can be explained by the
effect of carbon, sulfur, and other admixtures [34, 38].

Sharply peaked SDDFsof hydrogen are observed on
the surfaces of copper and silver [11, 12, 27-29]. The
dissociative adsorption of hydrogen is practically not
observed on these surfaces under ordinary conditions
because of high activation energies[116].

The values of E, (kJ/mol) for hydrogen on different
faces of copper calculated on the basis of the van Will-
igen model with data presented in Table 1 are 19-29
[29] and 22[11] for Cu(111), 7 [11, 12] for Cu(110), 28
[28] and 15-18 [11, 12] for Cu(100), and 15-19 for
Cu(310). These data largely agree with those obtained
from the sticking probability measurements of H, and
D, using supersonic molecular beams[12], but they are
much lower than the independent estimates E, = 40—
70 kJmol [27, 117-124].

The estimate of E, according to the van Willigen
model for D,/Ag(111) isaslow as5 kJmaoal. Such alow
activation barrier cannot explain the absence of the dis-
sociative adsorption of hydrogen on silver. A relatively
broad SDDF observed for this system points to the fact
that the translational energy of desorbing molecules
along the normal islower than expected. In this system,
some of the excess energy possibly transforms into the
excitation of the internal degrees of freedom [27].

The results of hydrogen SDDF on Si(100) have
recently been published [41-43].

Attempts have been made to detect the anisotropy of
hydrogen SDDF on Cu(100), Cu(110) [11], and
Ni(110) [35], but distributions registered at different
angles were the same within the experimental error.
Thus, no information was obtai ned on the surface struc-
ture from hydrogen SDDFs. This can be explained by
the fact that a hydrogen molecule is formed rather far
from the surface when two hydrogen atoms should
moveto the distancethat is substantially longer than the
bond distance in the H, molecule to be formed. As a
result, hydrogen atoms “lose their memory” of the sur-
face site structure. A similar lack of structural sensitiv-
ity is expected in the case of the recombinative desorp-
tion of nitrogen and oxygen.

It has been found recently [32] that the presence of
coadsorbed CO significantly affect H, SDDF. In the
absence of CO, the SDDF of hydrogen is described by
the Knudsen law. In the case of desorption from the
layer of coadsorbed CO and H,, the SDDF of hydrogen
concentrates along the normal to the sample surface. A
model has been proposed to explain this “focusing”
effect.

The measurement of velocities of hydrogen mole-
cules desorbed from Cu(111), Cu(100) [28], Ni(111) [4],
Ni(100) [37], and Pt(111) [39] reveded only the fast
component, whichischaracterized by T,, = (1.5-4.0) Tg.
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Fig. 16. Theinitial sticking probability §, of D, on Cu(111)
for beamswith akinetic energy of upto0.85eV and avibra-
tion temperature of up to 2100K: (1) 0°, (2) 30°, (3) 45° and
(4) 60° [111].
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Fig. 17. Spatia distribution of desorbing N, moleculeswith
an Ag(111) surface saturated with adsorbed nitrogen atoms
[44]. The approximation is by Eq. (3) with n=75; for com-
parison, cosine Knudsen distribution is shown.

On the clean Pd(100) surface, hydrogen desorption
occurred with thermal velocities (T, = Ty,¢), but the fast
component appeared in the case of sulfur admixtures
[38].

In the rare cases when SDDF measurements were
carried out simultaneously with the measurements of
trandational energies of desorbing hydrogen mole-
cules, the values of E, calculated by Egs. (5) and (20)
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coincide. An exception is the early work by Lin and
Somoarjai [40] on the recombinative desorption of HD
from Pt(557), where the translational temperature of
molecules was lower than the surface temperature.

Nitrogen does not dissociate on most metals except
for molybdenum [46], tungsten [50], and some others
because of the high activation barrier [125]. For that rea-
son, nitrogen desorption is studied on the surfaces with
preadsorbed atomic nitrogen [10, 44] or in systems
where surface reactions generate nitrogen: 2NO,y, —>
N, + O, [46-48, 88, 90], NO + H, — 1/2 N, + H,0O
[9], 2NH; — N, + 3H, [49], and 2N,O,s —>
2N, + O, [88, 90].

Murphy et al. [10, 44] observed extremey sharply
pesked SDDFs of nitrogen on copper and silver. Figure 17
shows the results obtained for N,/Ag(111) [44]. In this
case, data were described by Eq. (3) withn=75 £ 5.
Very sharply pesked SDDFs were also found for
N,/Cu(111) withn =28 + 1 [10] and N,/Rh(111) with
n=25 £ 5 [9]. Estimates made for these three systems
using the van Willigen model and simple formula (5)
gave thefollowing values of E,: 130 =20, 85 + 15, and
90 + 30 kJ/moal.

On the polycrystalline samples of Pt [48] and Ir
[47], we obtained much lower values than for Rh: n =
4+1andn=3.0x0.5, respectively; E,=7x1andE,=
4 +1 kJ/mol, respectively. Thisfact can be explained by
the roughness of polycrystalline surfaces, which results
in the broadening of SDDFs and a corresponding
decrease in the value of n [78]. The values corrected
considering surface roughness (y=1.1) aen=12 =2 (Ir)
and n = 10 = 3 (Pt), and the corresponding values of
activation energiesareE, =22 +4 and 18 £ 6 kJ/mol. It
is noteworthy that T,, of N, molecules desorbed from
iridium was 3000 £ 1000 K [47], which corresponds to
an E, value of 40 + 15 kJ/mol calculated using formula
(20). Thisseemsto be abetter estimate of the activation
barrier, because the direct measurements of velocities
of desorbing molecules are almost independent of sur-
face roughness. Moreover, the value of E, explains the
absence of dissociative adsorption on iridium.

Broad SDDFs of nitrogen were observed on iron
and molybdenum [46], ruthenium [49], and tungsten
[50]. Thisis not surprising because the values of E, for
nitrogen on these metals are rather low. For the
N,/W(310) system, Cosser et al. [50] observed Knud-
sen SDDF corresponding to nonactivated adsorption.

In addition to [47], the velocities of desorbing N,
molecules were measured on Rh(111) [9], Cu(11l)
[10], and Ru(001) [49] (see Table 1). Only for ruthe-
nium did the values of activation energies obtained
from SDDF and the rate measurements agree with each
other. For other metals, substantial differences are
observed.

Oxygen readily dissociates on clean surfaces of
most metals. The SDDF of recombinatively desorbed
oxygen observed by the TPD/TPR methods on Pt, Pd,
and Ir [47, 51-53] are broad (n = 1-2) and correspond
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to alow value of the activation barrier E, < 4 kJ/mol.
The velocities of desorbing O, molecules for pread-
sorbed and preabsorbed oxygen on Rh(111) were mea-
sured in [126]. In both cases, the results coincided,
pointing to the existence of a common activated com-
plex in the desorption of surface and subsurface oxy-
gen.

CO and NO. When these gases are adsorbed in
molecular form, their SDDFs are accurately described
by the Knudsen law [13, 35, 47, 48, 52, 56, 127, 128],
which confirms the nonactivated chemisorption of
these molecules. However, SDDF are more sharply
peaked when these molecules are the products of heter-
ogeneous processes. Cy + Oy —> CO [54-57],
Cads+ :UZOZ - CO [55], N02 + H2 — NO + Hzo
[59], and 4NH; + 50, — 4NO + 6H,0 [58]. For illus-
tration, Fig. 18 shows SDDFsthat are measured for CO
molecules preadsorbed on the platinum surface and for
the product of reactions Cys + Oy — CO and Cy +
1/20, —= CO[55]. Gibson et al. [59] measured simul-
taneously SDDF and the velocities of NO molecules
that were the product of the reaction NO, + H, —»
NO + H,0 and found that T, > T, and n > 1.

H,0, N,0, NH;, HCI. There few papers devoted to
the SDDF measurements of these molecules as prod-
ucts of the following processes: H, + 1/20, — H,0
on Pt(111) [129] and Rh(111) [130], NOs + Ny —>
N,O on Pd(211) [91] and Pd(110) [131],4CO + 6NO —
2N20 + N2 + 4C02 on Pd(llO) [90], 2NO + 5H2 I
2H20 + 2NH3 on Pd(llO) [67], and Hads + Clads I
HCl onAu (111) [6].

SDDFsfor these gases were very close to the Knud-
sen distribution, and the velocities of desorbing mole-
cules (when they were measured [130]) were very close
to thermal.

M ethane. SDDF measurements of methane recom-
binative desorption (CH; s + Hygs —> CH,) were car-
ried out on Pt(111) [76], polycrystalline Mo [46], and
polycrystalline Cu [75]. In al cases, sharply peaked
SDDFs of methane were observed. We estimated E,
(kJmol) for these three systems using the van Willigen
model: 35 £ 5(Pt), 50 £ 20 (M o), and 32+ 5 (Cu), which
were rather close to the results of experiments on the
dissociative adsorption of methane on metal surfaces
from supersonic molecular beams [132-134].

The observed sharply peaked SDDFs of methane
can be explained as follows. The adsorbed reactants,
methyl and atomic hydrogen, are very closeto the metal
surface (at a distance of 1 A). The diffusion of H is
much faster than CH; . Methane is probably formed
onthesitesoccupied by CH; 4. The methane molecule
is rather large (its Van-der-Waals radius is 2.6 A).
Therefore, the surface repulses it to produce a sharply
peaked SDDF.

Only one study is known [75] where the average
velacity of methane mol ecule desorption aong the nor-
mal to the surface was measured. Thetrandational tem-
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Fig. 18. Spatial distributions of CO flow in the (1) molecu-
lar desorption and in the reactions (2) C,4s + Oyqs — CO
and (3) C,ys + 1/20, — CO on aplatinum surface [52, 55].
Dashed lines show the approximation of the experimental
data by Eq. (3) with (1) n=1, (2) 2.7, and (3) 4.5.

perature was 4000 + 2000 K in that case. It corresponds
to E, = 34 + 16 kd/moal calculated by Eqg. (20) and does
not contradict the estimate made above on the basis of
SDDF and the van Willigen model.

Carbon dioxide. The dynamics of CO, desorption
as a product of CO oxidation on the single crystal sur-
faces of Pt, Pd, Ir, and Rh was studied in more detail
than for other gases [5, 20, 26, 60—74].

Normal SDDFs (Table 1) were mainly observed on
the (111) faces. In some studies, CO, desorption was
studied for the (100) surface. Some data are available
for the anisotropic Rh(110) surface for which isotropic
SDDF of CO, was observed [74].

Note that CO, SDDFs were measured using two
methods: (1) TPR of preadsorbed reactants and steady-
state reaction at constant partial pressures of reacting
gases and (2) constant-intensity molecular beams.

Asin the case of CO and NO desorption, the SDDF
of CO, molecules from the preadsorbed CO, layer fol-
lowed the Knudsen law [68, 71].

When CO, wasformed by oxidation reactions, more
sharply peaked distributions and higher trandational
temperatures of desorbing moleculeswere observed. In
these cases, SDDF was often described by Eq. (7) [5,
20, 26, 62, 70, 72, 73].

Ascan be seenfrom Table 1, in TPR experiments, the
desorption forms of CO, were observed at 120-500 K,
whereas the steady-state oxidation of CO occurred at
T > 450 K. Although there is some overlap in these
temperature ranges (450-500 K), such important
parameters as surface concentrations may differ con-
siderably in some experiments carried out by the meth-
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Fig. 19. Spatial distributions of nitrogen molecules desorbing in the decomposition of NO on Pd(110) in the TPR regime according
to (a) [88] and (b) [87]. Curves approximating the experimental data (points) are the linear combinations of functions (dashed line)
described by Eq. (15) with (8) n = 28, ¢ = 41°; (b) n=46, ¢, =38° and Eq. (3) with (&) n=5and (b) n=4.2.

ods of TPR and steady-state processes. Therefore, we
compare similar experiments.

The more sharply peaked distributions observed by
the TPR method compared to the steady-state reaction
are explained by the higher concentrations of reactants
and lower temperatures, which are characteristic of
TPR[62].

Unfortunately, few systems were independently
studied by different research groups.

A surprising result obtained by Engel and Ertl [60]
and demonstrating the applicability of the Knudsen law
for the CO/Pd(111) system was not confirmed in amore
recent study by Matsushima and coworkers [61-63],
who observed the high values of n = (4-8) at approxi-
mately the same temperatures and n = 40 at lower tem-
peratures.

The greatest number of papers were devoted to CO,
desorption from Pt(111), but the results obtained by dif-
ferent authors differ substantially. The value of n mea-
sured in [5, 26, 66—71] ranges from 67 [66, 69, 70] to
13-19 [68]. TPR experiments usually gave higher val-
ues of n.

3.2. Anisotropic and Off-Normal Spatial Distributions

Spatial distributions of gases desorbing from
stepped single crystal surfaces are much more complex
(see Table 3) than those observed on flat surfaces.
SDDFs obtained on stepped surfaces provided new
information on the dynamics of product formation and
surface active sites and their symmetries.

A classical example of anisotropic SDDF was
observed for the reactive desorption of CO, from
Pd(110) [92—94]. Noticeable anisotropy was observed
more recently for both SDDF and for the distribution of
velocities of molecules desorbing from stepped sur-
faces [15, 79, 80, 87, 91, 98, 101, 102, 135]. These

effects appear due to the anisotropy of the potential of
interaction between the surface and a desorbing mole-
cule when the motion of the product molecule along the
steps is easy and the motion across the steps is
restricted.

As noted above, directed desorption described by
Eqg. (15) often takes place. In that case, the maximal
intensity is observed at a collimation angle ¢, to the
surface normal. Thereason for that isthe collimation of
the desorption flow along the directions of local nor-
mals (corresponding to step and terrace planes) rather
than to the average normal to the surface [15, 79]. This
case is especialy interesting from the standpoint of
identifying active sites from which reaction products
desorb.

Table 3 compiles data on anisotropic and off-normal
SDDFs and the velocities of N,, CO, and CO, mole-
cules desorbing from metals.

Nitrogen. Recently, two groups of Japanese
researchers published interesting data on N, desorption
from Pd(110) [81, 87, 88]. For nitrogen formed in NO
decomposition in the TPR regime, both groups
observed sharply peaked (n = 20-46) symmetric spatial
distributions at an angle of £40° to the global surface
normal. This angle virtually coincides with the direc-
tion of local normals to inclined (111) terraces
(Fig. 19). Simultaneously, a small amount of nitrogen
desorbing along the global normal to the surface was
observed. Analogous results were obtained for the
steady-state reaction NO,, + COys — 1/2 N, + CO,
at Ty, = 500-620 K [90] (Fig. 20).

In the temperature-programmed decomposition of
adsorbed N,O on Pd(110), almost the same distribution
of desorbing nitrogen molecules was observed,
athough inclined “wings’ were narrower (n = 60)
(Fig. 21) [90], which is probably explained by the
lower temperature (152 K) of the process. The fact that
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Fig. 20. SDDF of N, moleculesin the [001] plane observed in the course of the steady-state reaction NO + CO — 1/2N, + CO,
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Fig. 21. SDDF of f3;-N, in the TPR regime from Pd(110) after the preliminary adsorption of N,O [90].

SDDFs of nitrogen observed in three reactions are
almost identical suggests that N,O, is an intermediate
product of NO decomposition formed by the recombi-
nation of NO,y and N4 [89].

Nitrogen moleculesformed in thereaction N,O,y —
N, + O, have a high energy because the process is
highly exothermic, AH =-190 kJ/mol [135].

Direct measurements of the velocity distributions of
nitrogen molecules[88, 90] formed on Pd(110) in three
processes (TPR of decomposition 2NO,4, — N, + O,,
N,O,s —= N, + O, and the steady state reaction
6NO +4CO — N, + 2N,0 + 4CO,) revealed aunique
effect: two fast components with T, = 580 and 1930 K
[89] (Fig. 22). Kobal and Matsushima [89] assumed
that these components correspond to the first and
ground vibrational levels of the nitrogen molecule dif-
fering in energies by 0.28 eV. Thus, the total energy of
the N, molecule is distributed between the vibrational
and trandlational degrees of freedom: the higher value
of one of the energy types corresponds to the lower
value of the other.

The SDDF of “N'>N formed in the reaction "N +

“NO, — NN + O,y at 460 K on Pd(110) was
directed at angles +38° to the global surface normal in
KINETICS AND CATALYSIS Vol. 43

No. 5 2002

the direction [001], although the recombinative desorp-
tion of >N, only observed at temperatures higher than

600 K was directed along the normal to the surface and
described by Eqg. (3) with n=6-7 [87].

These facts provide evidence for the fact that the
recombinative desorption of nitrogen occurs on the bot-
tom of “trenches’ or on the “ridges’ of stepped sur-
faces, whereas the formation of N, in the decomposi-
tion of N,0,4 occurs via another pathway. One could
assume that, in the second case, the reaction occurs on
inclined terraces. However, in the regime of the steady-
state reaction 6NO + 4CO — N, + 2N, 0 + 4CO,, the
SDDF of CO, is directed along the normal to the sur-
face, pointing to the fact that the Pd(110) is not recon-
structed (the steps are too narrow to lead to collimated
desorption). However, in this case, nitrogen desorption
occurs at the same angles as in the case of N,O decom-
position (Figs. 20 and 21).

Matsushima and coworkers [88-90] proposed the
following interesting mechanism of collimated desorp-
tion of nitrogen in the decomposition of N,O. They
assume that the N,O molecule is positioned across the
steps on Pd(110) as shown in Fig. 23. When the N-O
bond dissociates, the oxygen atom moves from aridge
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Fig. 23. N,O binding to Pd(110) [89].

to the bottom of a trench and imparts additional
momentum to an N, molecule in the direction [001],
resulting in N, desorption in the off-normal direction.

Ikal and Tanaka also measured nitrogen SDDF on
Pd(211) [91] and Rh(533) [82] in the TPR regime of
reactions 2N s — N, N+ NO s —> N, + O, and
2NO,s —> N, + O,. Asin the case of the Pd(110) sur-
face, desorption along the surface normal in the recom-
bination of nitrogen atoms and the directed desorption
of nitrogen were observed in two processes.

Nitrogen monoxide. Tanaka and coworkers [45]
obtained interesting results for the recombinative des-
orption of NO on Ag(110). The desorption at an angle
of 17° to the surface normal was observed in the [001]
plane parallel to the steps, athough in the perpendicu-
lar [110] plane, SDDF had a maximum in the direction
of the surface normal (Fig. 24). Note that in al other
cases described in this section, the opposite picture was
observed. This is explained by the deviation of local
step normals from the global surface normal.

The authors of [45] explain this unexpected result as
follows. As they have shown earlier [136] by STM,
oxygen adsorbed on Ag(110) forms (-Ag—O-),, rows.
The recombination of nitrogen and oxygen atoms may

KISLY UK

occur intwo ways (Fig. 25): the recombination of nitro-
gen with oxygen atoms inside the row and with termi-
nal oxygen atoms. In the former case, oxygen atoms are
bound with two silver atoms and form a symmetric
structure in the direction [001], and the desorption of
NO occursin the direction of the surface normal. In the
second case, oxygen is bound to only one silver atom
and the structure becomes asymmetric in the [001]
direction, resulting in the off-normal emission of NO.

Carbon monoxide. Recent results obtained by
Walker and King [84] for CO SDDF in the reaction
Cys+ 1/20, —= CO on Pt(110)(1 + 2) at 650 K are
showninFig. 26. Thisspatial distribution hastwo sharp
symmetric peaks directed at angles +32° to the global
surface normal and approximated by the expression
cos(¢p + 32). Some small contribution of the cosine
Knudsen distribution is also observed. It is likely that
the reaction mainly occurs on inclined terraces.

Carbon dioxide. The anisotropic and directed des-
orption of CO, formed in CO oxidation on stepped sur-
faces was mostly studied by Matsushima and cowork-
ers[14, 15, 79, 80, 83, 85, 86, 90, 94, 96, 98-104, 135].

The anisotropic SDDFs of CO, were first observed
in CO oxidation on Pd(110) [14]. Analogous results
were obtained on the unreconstructed Ir(110)(1 x 1)
surface [80]. In both cases, narrow distributions in the
plane perpendicular to the steps and broader distribu-
tions in the direction parallel to the steps were
observed. On the other hand, in the desorption of CO,
from Rh(110), SDDF anisotropy was detected for none
of the desorption forms at 170-500 K [74].

The spatial distributions of CO, molecules desorbing
from reconstructed 1r(110)(1 % 2) [80] and Pt(110)(1 x2)
[15, 94, 98] surfaces were more complex. They had two
anisotropic maximums at angles of +23°-25° to the
surface normal in the plane perpendicular to the steps.
Moreover, under some conditions, desorption along the
normal to the surface was observed. These recon-
structed surfaces consist of narrow (111) terraces.
These microfacets are inclined in opposite directions at
+35° to the (001) axis [15, 94]. The maximums of
SDDF were observed in directions that are close to the
local normals of the terraces. These maximums are
anisotropic: they are narrow in the plane perpendicular
to the steps and broader in the parallel direction.

Figure 27 shows data on the above reaction under
steady-state conditions on Pt(110) [98]. In the steady-
state reaction of CO oxidation, the so-called kinetic
transition [137] is observed at certain critical pressures
of CO. At a critical pressure, the reaction rate drasti-
cally decreases, and CO retards the process at higher
pressures. The range below the critical pressure is
called active, and the range above the critical pressure
iscalled inhibited. At the critical pressure, the effect of
site switching is observed. Inthe active zone (at low CO
pressures), the reaction largely occurs on the inclined
terraces of the reconstructed Pt(110)(1 x 2) surface as
isevident from collimated CO, desorption. Intheinhib-

KINETICS AND CATALYSIS  Vol. 43

No. 5 2002



DESORPTION DYNAMICS OF THE PRODUCTS

(a)

omfe =30

0.75

0.50

0.25

625

0 15 30 45 60

o

15 30 45 60
¢, deg

Fig. 24. Spatial distribution of NO molecules desorbing from the [p(2 x 3)-N+ p(2 x 1)-O]Ag(110) at 520 K in the directions
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Fig. 25. Two pathways of the reaction of nitrogen atoms
with terminal and nonterminal oxygen atoms in the
(—Ag—0-), sequences [45].

ited range after the critical transition, the SDDF of CO,
drastically changes and becomes directed along the
normal to the surface. This is probably explained by
surface reconstruction to form the Pt(110)(1 x 1) pat-
tern and the occurrence of the reaction at the bottom of
trenches. Figure 28 illustrates the formation of CO, on
the reconstructed and unreconstructed Pt(110) surfaces.

Recently, a series of papers have been published on
the formation of CO, on the stepped surfaces of Pt(113)
[83, 85, 100-102], Pt(112) [99, 135], and Pt(557)
[104]. These surfaces are characterized by monatomic
steps (001) and terraces (111) of different widths: (113) =
(92(111) % (001), (112) = (5)3(111) % (001), and (557) =
(9)6(111) x (001).

The results abtained on these three surfaces by the
space-resolved TPR method have general features. The
spatial distributions of desorbing CO, molecules from
these surfaces are anisotropic, asymmetric, and
inclined to the surface normal. They depend on the azi-
muthal angle and on the surface concentrations of reac-
tants (B¢ and 8,). The SDDF in the plane parald to
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Fig. 26. SDDF of CO formed in thereaction C,g4s + O,gs —>
CO on Pt(110)(1 x 2) at Tg,s = 650 K [84]. The solid line

approximating the experimental dataisalinear combination
of functions described by Eq. (15) withn=50, ¢, = 32° and

Eq. (2).

the steps is directed along the normal to the surface. It
becomes sharper with an increase in the surface con-
centrations of CO and oxygen, and the value of n
increases from ~6 to ~14 [101, 102, 135].

The distributions in the plane perpendicular to the
steps observed on Pt(112) at different 8, and at atem-
perature of 400 K [99] are asymmetric at low O, or
high 6, and can be approximated by the equation I/1, =
dcosd(d + 25) + vcos'*($p — 10) (where d and v are con-
stant coefficients. Thus, CO, desorption is collimated
along the directions close to the local normals of ter-
races (111) and steps (001).
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CO pressures at which measurements were carried out: (b) 7 x 107, (c) 5 x 107, and (d) 3 x 107 torr [98].

On the Pt(557) surface [104], two processes of CO,
formation were found. These are the reactions of
adsorbed CO molecul es with adsorbed oxygen atoms at
200-500 K and with oxygen molecules at temperatures
below 200 K. In thefirst process, CO, desorption s col-
limated along the direction that is close to the local nor-
mals of terraces (111). In the second process the direc-
tion isopposite with an angle of 7° relative to the global
normal. These data suggest that the two cited processes
occur on different active sites.

The SDDFs of CO, on the Pt(113) surface were
measured both under TPR conditions [100-103] and in
the steady-state oxidation of CO [83, 85]. The SDDFs
of CO, heavily depend on the CO pressure and have
completely different shapes in the active and inhibited

ranges of the steady-state process (Fig. 29). Inthiscase,
we clearly see the effect of site switching. Figure 30
shows the structure of unreconstructed (Pt(113)(1 x 1))
and reconstructed (Pt(113)(1 x 2)) surfaces. In the
active range, collimated desorption of CO, at an angle
of +22° to the surface normal is observed, which
roughly coincides with the local normal to the terraces
(112) (+29.5°). In the inhibited range, collimated
desorption is mostly observed at an angle of —20°,
which is close to the direction of the local normal to
steps (001) (-25.2°). In the genera case, SDDF in the
plane perpendicular to the steps is approximated by the
linear combination of functions cos’(¢ — 22) and
cos’ (¢ + 20).
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Fig. 28. The formation of CO, on Pt,Pd(110)(1 x 1) and Pt(110)(1 x 2).

As can be seen from the above examples, the SDDFs
of CO, molecules formed in CO oxidation are rather
sensitive to the structure of stepped surfaces and pro-
vide information on the active sites of the surface.

L et us consider the conditions under which informa-
tion on the surface structure can be obtained from the
SDDF of CO, molecules.

The physical adsorption of CO, on the surface of
noble metals occurs at temperatures below 110 K, and
the equilibrium distance of the adsorbed molecule from
the surface is ~3 A. The CO, molecule formed by the
reaction between CO and O should be repulsed by the
surface. This is associated with the fact that chemi-
sorbed reactants and the activation barrier are much
closer to the surface than the physically adsorbed CO,
molecule. The CO, molecule has an almost ellipsoidal
shape, 3.8 A inwidth and 5.2 A in length; that is, steps
and terracesthat are 3.8 A in width will hardly shift the
collimation angle of CO, desorption from the global
surface normal.

Indeed, the SDDF of CO, formed on the unrecon-
structed stepped surfaces of Pt(110), Pd(110), Rh(110),
and Ir(110) are directed along the global normal to the
surface, because the width of stepsin this case is too
small.

On the other hand, onthe Pt(110)(1 % 2), Ir(110)(1 x2),
Pt(112), Pt(113), and Pt(557) surfaces, the desorption
of CO, is collimated in the directions to the local nor-
mals of terraces. In these cases, except for Pt(113), the
width of inclined terraces (111) isthree atoms or more.
Thus, we may assume that the width of three atomsis
minimal for the collimated desorption of CO, in the
direction of theloca normal. Thisalso explainsthe dif-
ficulties in detecting CO, desorption from monatomic
steps, although the reaction can occur on these steps.
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3.3. Three Most Important Characteristics
of Desorption of Translationally Excited Molecules

Based on numerous experiments, Matsushima for-
mulated three physical characteristics, which can be
determined from SDDF measurements and the mea-
surements of kinetic energies of reactively desorbed
CO, molecules[7].

The effect of reactant surface concentrations on
SDDF wasfirst observed for CO, formed on Rh(111) in
the TPR regime [20]. More recently, it was shown that
this phenomenon istypical of the reactive desorption of
CO, on other surfaces: Pd(111) [62, 63], Pd(100) [64],
Pd(110) [93], and Rh(110) [74]. On these surfaces, sev-
eral TPR peakswere observed. Thelower the peak tem-
perature, the sharper the SDDF of CO, and the higher
Ty (Fig. 31 and Tables 1 and 3).

One could assume that this effect is due to the sur-
face temperature, but the van Willigen model (Eg. (20))
predictsthe opposite result: asmall linear increasein T,
with anincreasein Tg,, which was experimentally con-
formed in the steady-state reactive desorption in several
systems: D,/Ni(100) [37], N,/Rh(111) [9], NO/Rh(111)
[59], CO,/Pt(111) [70], CO,/Pt(133) [138], and
CO,/Pd(110) [97]. Thus, the surface temperature can-
not explain this effect.

Matsushima provided other explanation based on
the lateral interactions in the overlayer. With an
increase in the surface concentration of reactants, the
lateral interactionsincrease and product CO, molecules
experience greater repulsion from the surface, resulting
in more sharply peaked SDDFsand higher kinetic ener-
gies of desorbing CO, molecules.

SDDF anisotropy and the distribution of the veloc-
ities of desorbing molecules are aso important charac-
teristics of the reactive desorption of translationally
excited molecules. Thisis dueto acertain symmetry of
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Fig. 29. (a) Dependence of the rate of CO, (Wcoz) formation on (1) terraces (111) and (2) steps (001) of Pt(113) on Pcg under

steady-state conditions at 573 K and P02 =3 x 107 torr [83]. The dashed straight line shows the kinetic transition. (b) 3D image
of the CO, SDDF in polar coordinates.
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Fig. 30. CO, formation on Pt(113)(1 x 1) and Pt(113)(1 x 2).
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active sites on a number of stepped surfaces (Table 3).
It was not detected on flat surfaces.

In the oxidation of carbon monoxide on platinum-
group metal surfaces, the diffusion of adsorbed CO
molecules to adsorbed oxygen atoms probably occurs,
because the mobility of CO is much higher than the
mobility of oxygen atoms [139]. Therefore, the forma-
tion of CO, occurs at the sites of oxygen adsorption.

On the unreconstructed Pd(110) surface, chemi-
sorbed oxygen is between three palladium atoms [ 140,
141], as shown in Fig. 28. These sites are open in the
direction along the steps and shielded by palladium
atoms in the perpendicular direction. Such an environ-
ment probably causes the anisotropy of the momentum
of adesorbing CO, molecule, because its motion in the
perpendicular direction to steps is constrained. The
same mechanism explains the anisotropy of SDDF
observed in CO, desorption from siteson theterraces of
stepped surfaces.

The orientation of active sites was first deduced
from the SDDF of CO, from the reconstructed
Pt(110)(1 % 2) surface[15]. Indeed, this surfaceis espe-
cialy convenient for studying the orientation of active
Sites, because it consists of terraces with the (111)
structure and terrace normals deviate from the global
surface normal to the opposite sides along the direction
[001] (seeFig. 28).

On this surface, four TPR peaks were observed for
CO, inthetemperature range 170400 K and the SDDF
of CO, at low surface concentrations of CO (high tem-
peratures) has two maximums at +24° with respect to
the global normal in the plane perpendicular to the
steps [94].

The tranglational temperature under these condi-
tions also reaches a maximum at collimation angles
corresponding to the maximum of the desorption flow,
and T, > Tg, Thisfact is evidence for the desorption
of trandlationally excited molecules.

These data suggest that the reaction occurs on
inclined terraces (111) where oxygen atoms are
adsorbed. The sites for oxygen adsorption are between
three platinum atoms [15, 142, 143] as on the flat
Pt(111) surface [144-146].

On the other hand, at high surface concentrations
(low temperatures), the analysis of SDDF reveals the
presence of another anisotropic component whose
maximum of the desorption flow is observed in the
direction of the global surface normal [15, 142, 143].
This carbon dioxide isformed on the bottom of surface
“furrows’.

If the structure of the platinum single crystal surface
isideal, then triatomic terraces (111) on Pt(110)(1 x 2)
should be inclined to the angles of £35° relative to the
plane of thissurface. In fact, the upper atoms are shifted
toward the bulk, and the atoms of the second layer are
shifted parallel to the surface, and the angle of terraces
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o=0°

12cl60180

Signal

Fig. 31. The TPR spectrum of CO,: (a) integral and (b)
space-resolved in the [001] direction observed on Pd(110)
at different initial coverages 6 = 0.45 and 8- = 0.5and a
heating ramp of 15 K/s[93].

iS£30° [147], which is somewhat higher than the value
+24° obtained from SDDF analysis.

Noticeable deviations of collimation angles from
local normals were also found on other stepped sur-
faces: Ir(110)(1 x 2) [79, 80], Pt(112) [99, 135], Pt(113)
[83, 85, 100-102], and Pt(557) [104]. The values of the
corresponding collimation angles and the angles of ter-
race (111) inclination are shown in Fig. 32. As can be
seen from this plot, the collimation angles systemati-
cally deviate to an angle of ~30% (curve /) from local
normalstoward lower values corresponding to the ideal
crystal (curve 2). Consideration of surface atomic shifts
makesit possibleto decrease these deviations (curve 3),
but a difference of ~15% remains. This difference can
be explained by the smoothing effect of conductance
electrons [148].

Thus, the SDDF of collimated desorption makes it
possible to identify the portions of the surface (active
sites) on which reaction products are formed.
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Fig. 32. Dependence of the collimated CO, desorption
angle on the direction of local normals on stepped platinum
and iridium surfaces. Pointsand line 7 show the experiment;
line 2 show datafor anided lattice[7], and line 3 show data
taking into account lattice distortion.

3.4. Correlation of Spatial Distributions
and Translational Energies of Desorbing Molecules

Obviously, sharply peaked SDDFs and the high
trandational temperatures of desorbing molecules are
due to the repulsion of products from the catalyst sur-
face. Therefore, we would expect there to be somerela-
tions between these phenomena. As we showed above,
simple relation (21) between T,/ Ty, and the parame-
ter n that characterizes SDDF can be derived from the
Van Willigen model.

Much experimental data have been obtained on
SDDF and T, for various gases (see Tables 1 and 3).
These dataare shown in Fig. 33 in thelogarithmic coor-
dinates log( T, /T..¢) — logn. For collimated desorp-
tion, the maximal values of the trandational tempera-
ture measured at the collimation angle are givenfor T.
The linear approximation

log(T,/Tgy) = 0.64l0gn (23)

is shown by a dashed line. The solid line shows the
results of calculations by Eq. (21).

Both curves adequately describe the experimental
data. Only afew points characterized by alow accuracy
of measurements noticeably deviate from the correla-
tion dependence.

The solid line corresponding to Eg. (21) describes
data on hydrogen desorption especially accurately.

Thus, thereisaclear correlation between the spatial
distribution of desorbing molecules and their kinetic
energies, and this correlation is close to that predicted
by the van Willigen model.

Fig. 33. Correlation of SDDF (n in Egs. (3), (7), (15)) with
theratio of the translational temperature of desorbing mol-
ecules to the surface temperature (Ty,/Tg,s) (dashed line)
obtained on the basis of experimental data (points) [4-6, 9,
10, 26, 28, 3740, 47, 49, 59, 61, 65, 70, 72, 73, 75, 83, 85,
86, 88-90, 92—-105]. The solid line is described by Eq. (21)
based on the van Willigen model.

Equations (21) and (23) can be used for making esti-
mates of T, on the basis of n or vice versa.

3.5. Distribution of Energy over the Degrees
of Freedom of Desorbing Molecules

Information on the excited states of various degrees
of freedom of molecules during their desorption isvery
important for understanding the process dynamics.
Unfortunately, information on the excitation of internal
degrees of freedom is scarce. All results obtained to
date are collected in Table 4. Only two papers [9, 49]
devoted to nitrogen desorption contain information on
energies of all three types (tranglational, vibrational,
and rotational) for desorbing molecules. In all other
cases, we have to compare data on trandational and
internal energies taken from different sources.

Nevertheless, analysis of these results provides
some general insights. Under comparable conditions,
trandational, vibrational, and rotational temperatures
(energies) decrease in the following series:

Ttr 2 Tvib > Trot- (24)

Usually, the rotational energy is close to the surface
temperature or even lower [49, 145, 151]. The fraction
of trandational energy in the genera balance may be
40-80%.

Rettner et al. [112] carried out a complex study of
the dynamics of adsorption/desorption for the
H,/Cu(111) system. Using the principle of microscopic
reversibility and the results of experiments on desorp-
tion, they found the dependence of the initial sticking
probability (§) on the kinetic energy of collision (E)

KINETICS AND CATALYSIS  Vol. 43
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Table 4. Trandational, vibrational, and rotational temperatures of desorbing molecules
System Methods and processes Tt K Ty, K Tyib K Trots K Ref.

D,/Ag(111) TPD
2D,4s — Dy 190 522 - - [27]
MB, REMI 210 - - 430+ 50 [149]
2D — D, 293 - 800 + 100 -

H,, D,/Cu(111)| DMM,VM [28]
2Hgs— G 1000 4000 - -
2D 4 — Dy 1000 4000 - -
DMM, REMI [150]
2D 4 — Dy 850 - Tuib > Taut Trot > Taut

N,/Cu(111) SSCR, VM, REMI [10]
2N — Ny 700 21000 5100 800-900

N,/Ru(001) SSCR, VM, RBPI [49]
2NH; — N, + 3H, 900 3150 =3000 630

CO,/Pd(111) SSCR, VM [61]
CO + 1/20, — CO, 500-823 1750-2500 - -
VM, SSCR, FTIR [151]
CO + 1/20, — CO, 650-850 - 16002340 | 1130-1400

CO,/Pd(110) SSCR, VM [97]
CO + 1/20, — CO, 500-700 35004000 - -
VM, SSCR, FTIR [152]
CO + 1/20, — CO, 650 - 1300 960

CO,/Pd(100) SSCR, VM [61, 65]
CO + 1/20, — CO, 550-700 1500-2100 - -
VM, SSCR, FTIR [153]
CO + 1/20, — CO, 650 - 1530 1150

CO,/Pt(111) MB, SSCR, VM [26]
CO + 1/20, — CO, 800 3200 - -
VM, SSCR, FTIR [151]
CO + 1/20, — CO, 870 - 1580 700

Note: FTIR—Fourier-transform infrared spectroscopy; RBPI—resonance biphoton ionization; REMI|—resonance-enhanced multiphoton

ionization; for other abbreviations, see Table 1.

KINETICS AND CATALYSIS Vol. 43 No. 5
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Fig. 34. Time-of-flight distributions of deuterium molecules
desorbing from Cu(111) with the resolution over vibrational
and rotational levelsforv =0, 1, 2; J=2; Tg,s = 925K [30].
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Fig. 35. Time-of-flight distributions of deuterium molecules
desorbing from Cu(111) with the resolution over rotational
levelsfor the ground vibrational state. T+ = 925 K [30].

for various vibrational and rotational quantum states of
a hydrogen molecule. These experiments provided
detailed information on the quantum levels J = 0-10 at
v=0andJ=0-7a v=1(Jand v are rotationa and
vibrational numbers, respectively). Figures 34 and 35
show the results of the time-of-flight measurements of
D, molecules desorbing from the Cu(111) surface in
various quantum states [30].

In direct experiments on the dissociative adsorption
of beamed H, molecules, Rettner et al. [112] measured
S. It was found that §, depends on the normal transla-
tiona energy, E; = Ecos’p;, where ¢; is the angle
between the beam and the surface normal. Molecular
beam experiments provided additional information on
the dependence of theH, (v = 2) sticking probability on
J. The results of these measurements are described by
the empirical s-shaped function of the form

S, = G{1+ef[(Ey—E)/W]} /2. (25)

Parameter W determines the width of the transition
portion on the curve. The value of G isinsensitiveto v
and J but depends on E;. The apparent activation
energy E, determining the position of the inflection
point on the curve does depend on v and J. For instance,
E, for H, (v =0) moleculesis~0.6 eV and decreasesto
0.3and0.1eV forH, (v=1) andH, (v =2). Thus, there
is some compensation of the translational energy at the
expense of the vibrational energy. For the process of
dissociative adsorption, the first is twice as efficient as
the second. The rotational quantum states of the hydro-
gen molecule dlightly affect the value of E,. It increases
insignificantly with an increasein J (at J < 4) and then
decreases at J > 4.

4. ELEY-RIDEAL REACTIONS

The dynamics of product desorption in these reac-
tions is much less studied than the processes occurring
in the adsorbed layer via the Langmuir—Hinshelwood
mechanism.

In this field, only severa papers by Rettner and
coworkers are known [5, 16, 17] where the spatial dis-
tributions of productsformed by the reactions of atomic
beams of hydrogen and deuterium directed at an angle
to the surface with adsorbed H, D, and Cl atoms and

CH; and CD;, radicalsare studied. In these studies, the
trandational, vibrational, and rotational temperatures
(T Tyin, @Nd T,) Of desorbed moleculeswere measured
or estimated. The results are summarized in Table 5.

As can be seen from this table and Figs. 36-38, the
SDDF peaks are shifted relative to the normal in the
direction of the atomic beam velocity component that is
parallel to the surface. The distribution of energy over
the degrees of freedom of product molecules are char-
acterized by inequalities similar to (24):

Ttr > Tvib > Trotf (26)

KINETICS AND CATALYSIS Vol. 43 No.5 2002
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Table 5. Dynamic parameters of the Eley—Rideal reaction with the spatial distribution of desorbing products
System an'(;/I pertg(c:)g;% Egﬁm, N |bo degTaur, K| T K Tyin, K T K Ref.
HD/Cu(111) | MB, VM, MP!I [16]
H+Dys— HD 0.07 | 8+1* 2* 100 | 5600+ 1000| 3050+ 250 | 1900 * 250
D+Hys— HD 0.07 |20+ 0.3*| 3* 100 | 6600+ 500 | 3300+ 250 | 1800 + 250
HCI/Au(111)| MB, VM, REMI 0.07 [15+2* | 6 | 100 | 2540+ 250 - - [6]
H+Clgu—HClI | 0.3 [20+2* 8* 100 | 2840+ 250 - -
- - - 300 3050 1625 560
CD,/Cu(111)| MB, VM [17]
D +CDj os— CDy4 0.07 60 15 95 | 9150+ 1000 >4400** <870**
CH,/Cu(111) 0.25 70 55 95 | 9900 + 1000 - -
H+CHjz ogs—> CH,y 0.25 60 35 95 (11200 + 1500 - -

Note: MPI is multiphoton ionization, Epeqy, is the kinetic beam energy. For other abbreviations see text and Table 1. SDDFs are approxi-

mated by the equation I/15 = cos (¢ — d).
* Author’s estimate.
** Theoretical estimate [17].

and the trandational energy constitutes more than 50%
of the full energy.

ReactionsH + D4 — HDand D + H,4s — HD
on Cu(111). The spatia distributions of HD formed in
these processes at T+ = 100 K and the kinetic energies
of atomic beams E.,,, = 0.07 and 0.30 eV are shown in
Fig. 36 [16]. These distributions are asymmetric rela-
tive to the surface normal and depend on the kinetic
energy of beamed atoms E,,,,. This fact points to the
effect of momentum parallel to the surface. A substan-
tial kinetic isotope effect is observed. At high beam
energies, the distributions become bimodal and desorp-
tion occurs at two different collimation angles. The HD
molecules are very excited over all degrees of freedom,
and their full energy is close to the reaction heat, which
isequal to 2.3 eV.

Reaction H + Cl 4, — HCIl on Au(111). Figure 37
shows the results of velocity measurements of HCI
molecules [6]. At low temperatures, only high-energy
molecules are observed, whereas at T, > 170 K, the
distributions over the velocities become bimodal. The
emission of low-energy molecules corresponds to their
formation via the Langmuir—Hinshelwood mechanism,
and their translational temperature is closeto Tg,. The
spatial and velocity distributions measured at Tg,¢ <
170 K point to the occurrence of the reaction via the

KINETICS AND CATALYSIS  Vol. 43
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purely Eley—Ridea mechanism: a sharp asymmetric
peak is observed, and the trandational temperature of
the product molecules is much higher than the surface
temperature (Figs. 37 and 39). Moreover, the angle
between the surface normal and the direction of emis-
sion of desorbing molecules increases with an increase
in the beam energy. The full energy of desorbing HCI
molecules is approximately equal to half the reaction
heat.

Reactions D + CHj3 oo — CD, and H +
CH3 a9s — CH, on Cu(111). These systems show
very sharp spatial distributions of desorbing products
(Fig. 38) [17]. The deviation of the SDDF peak from
the surface normal depends on the atomic beam energy
and on their mass. For these reactions and the respec-
tive conditions, the authors of [17] theoretically calcu-
lated these deviations based on the conservation of
momentum in the direction parallél to the surface.

For deuterium atoms colliding with the surface with
an energy of 0.07 eV at an angle of 45°, the deviation
of the flow of desorbing CD, molecules from the nor-
mal was 2.4°. For an energy of 0.25 eV and 45°, this
value was 4.8°. For hydrogen atoms with an energy of
0.25 eV and the same incident angle, the maximum of
methane SDDF should be observed at an angle of 3.6°
to the surface normal.
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Fig. 36. Spatial distributions of HD molecules formed by
the Eley—Rideal mechanisminthereactions(a) H + D4, —
HD and (b) D + H,q, — HD at Tq,s = 100 K and two val-
ues of beam energies E [16].

These values agree well with the respective experi-
mental values: 1.5°, 5.5°, and 3.5°.

CONCLUSION

Currently, much information is available on the des-
orption dynamics of excited molecules that are the
products of heterogeneous catalytic reactions. The des-
orption of tranglationally excited H,, N,, CO,, and CH,
was studied in most detail, and their flows and tranda
tional energies at different emission angles were mea-
sured. There is some correlation between the tranda
tional energy of desorbing molecules and the spatial
distribution of their flows from the surface.

In the studies of CO oxidation on the stepped sur-
faces of platinum, palladium, and iridium, anisotropic
and inclined spatial distributions of the desorption
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Fig. 37. Spatial distributions of HCI molecules formed in
thereactionH + Cl,43, — HCl onAu(111) at Tg,¢ = 100 K
and atomic beam energies of 0.07 and 0.30 eV [6]. Theinci-
dent beam angle (60°) is shown by an arrow. The dashed cir-
cle corresponds to the cosine (Knudsen) distribution.
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Fig. 38. Spatial distribution of CD, moleculesformed in the

reaction of deuterium atoms (atomic beam) and C Dé radi-
cals adsorbed on the Cu(111) surface and at a beam energy
of 0.25 eV and Tg,+ = 95 K. The arrow shows the incident
beam angle (45°). The solid line correspondsto the function

cos’%(¢ — 5.5). The result obtained at a beam energy of
0.07 eV is shown by the dashed line for comparison [17].

flows of CO, molecules provided radically new infor-
mation on the active sites where the reaction occurs.
The effect of site switching was discovered, i.e., the
occurrence of the process on those or other sites of the
surface (terraces, steps, trenches, and ridges) depend-
ing on the reactant pressure and the surface tempera-
ture.

The measurements of SDDF and the velocity distri-
butions of nitrogen molecules in the reactions
NOads I 1/2N2 + 1/202, Nads + NOads I N2 + Oads’

KINETICS AND CATALYSIS  Vol. 43
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Fig. 39. Time-of-flight distributions of HClI molecules
formed by the reaction H + Cl,4, — HCI on Au(111) at

Teurf = 400 and 100 K [6]. The atomic beam angle was 60°

relative to the surface normal. The beam energy was
0.07 eV.

NO,4 + CO,4s — 1/2N, + CO,, N,Opys —> N, + O,
and 2N, — N, on Pd(110) provided details on the
mechanism of NO decomposition and the emission
dynamics of trandationally excited N, molecules.

A series of studies were carried out on the interac-
tion of atomic beams of hydrogen (H and D) with

adsorbed atoms and radicals (H, D, Cl, CH;, and

CD;). In al cases, the directed desorption of products

was observed due to the conservation of momentum
paralel to the surface.

The use of modern spectroscopic methods such as
LIF, REMI, and EIF made it possible to study the emis-
sions of molecules excited over the internal degrees of
freedom. Although there are fewer such data than for
trandlationally excited molecules, they made it possible
to obtain the energy distributions of desorbing mole-
cules over the degrees of freedom and determine that
Ttr = Tvib > Trot-

Unfortunately, there were no measurements of
vibrational and rotational excitations of energy levelsof
molecules desorbing at different anglesrelatively to the
surface. Experiments of this sort would shed light on
the details of desorption dynamicsand help to construct
the corresponding theoretical models.
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