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Abstract—Data on the interaction of nitrous oxide with polycrystalline and low-index single crystal surfaces
of transition metals (Cu, Ag, Pt, Pd, Ni, W, Ir, Rh, and Ru) are reviewed. The kinetics of N,O adsorption, des-
orption, and dissociation N,O on these surfaces, as well as the energetics and mechanisms of these processes,
are considered. New calculated data on the energetics of nitrous oxide transformations on (111) single crystal-

line transition metal surfaces are reported.

INTRODUCTION

The catalytic chemistry of nitrous oxide has
attracted considerabl e attention among researchers due
to the problems of environmental chemistry and NO,
decomposition [1, 2]. Furthermore, N,O is an interest-
ing oxidant that can be a source of one oxygen atom and
a nitrogen molecule [3]. Nitrous oxide is also interest-
ing from the standpoint of theoretical problems of
catalysis. Thisisalinear molecule with multiple bonds
whose coordination on bulk metals and single crystal-
line planesis poorly studied. There are many questions
relevant to the kinetics of N,O decomposition on these
surfaces. For instance, it is unclear why the (111) sur-
faces are inert toward N,O dissociation, whereas other
planes and polycrystalline surfaces are active. This
short review deals with the problems of kinetics and
mechanisms of N,O adsorption, desorption, and
decomposition. Note that there are much less data for
N, O than for NO adsorption [4]. Problemsrelated to the
use of N,O,, as an oxidant in catalytic and other reac-
tions, theinteraction of nitrous oxide with metal oxides,
supported metal catalysts, zeolites, and other nonmetal-
lic materials have been considered in other review

papers[1-3].

MOLECULAR VERSUS DISSOCIATIVE
ADSORPTION OF N,O

It isknown that nitrous oxide adsorbs on many tran-
sition metal surfaces: tungsten, rhenium, ruthenium,
rhodium, iridium, nickel, palladium, platinum, copper,
and silver. Depending on the metal, surface coverage,
and plane, molecular or dissociative adsorption

NZO — N2 + Oms

can be observed. Only molecular adsorption was
observed on the surfaces of Ir(111) at >84 K [5],
Ag(111) at >83 K [6], Ag(110) at 30 K [7], Ni(111) at
>85 K [8], Pt(111) at >50 K [9, 10], and on a layer of
Pd(111) on Ta(110) at >95 K [11].

Nitrous oxide poorly dissociates on the Cu(100) sur-
face [7, 12] at low temperatures. According to [13],
nitrous oxide does not adsorb on the Cu(100) and
Cu(111) surfaces at 100 K even upon an exposure of
1000 Langmuir (L). At higher temperatures (>300 K)
and substantial exposures (~10° L), N,O dissociates on
the Cu(100) and Cu(111) surfaces, but molecular
adsorption of nitrous oxide has not been observed. At
573K and 10~ Torr, the probability of N,O dissociation
on the Cu(111) surface is estimated as 107 [12]. Thus,
the absence of apparent molecular adsorption at low
temperatures does not exclude dissociative adsorption
at high temperatures.

Using the method of thermal desorption spectros-
copy (TDS), chemisorbed and multilayer physisorbed
nitrous oxide has been observed. According to TDS
data, the binding energies of multilayer and submono-
layer N,O are rather close. Physically adsorbed N,O
desorbs from the 1r(111) surface at 93 K (multilayer
adsorption) and chemisorbed N,O desorbs at 102 K
(<1 monolayer, ML) [5]. Similar data have been
reported for Ag(111) [6]. For this surface, two thermal
desorption peaks were observed: at 98 K (multilayer
adsorption) and 94-102 K (chemisorbed N,0). On the
Ni(111) surface, N,O weakly adsorbs without dissocia-
tion and forms three different species assigned to
(a) multilayer adsorption (a desorption peak at ~70 K),
(b) monolayer adsorption (a desorption peak desorbs at
~92 K), and (c¢) submonolayer adsorption (~0.1 ML, a
desorption peak at ~100 K) [8]. In the case of multi-
layer adsorption on Pt(111), N,O desorbs at 86 K [9].
Kiss et al. [10] observed two thermal desorption peaks
of N,O: at 7587 K (multilayer adsorption) and
97-102 K (chemisorption).

The adsorption of N,O with dissociation into molec-
ular nitrogen and atomic oxygen occurs on the surfaces
of Pd(110) a 95 K and even lower temperatures
[14-16], Ir(110) in the temperature range 350-500 K
[17], Rh(110) at 200-573 K [18], Ni(110) at 323-873 K
[19], Cu(110) at >90 K [13, 20, 21], Ru(0001) at >83 K
[22-25], and Rh(100) at 530-680 K [26]. According to
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Onchi and Farnsworth [27], the probability of nitrous
oxide dissociation at 473-573 K on the Ni(100) surface
is rather low and can be explained by the presence of
defects. However, according to Hoffman and Hudson
[28], nitrous oxide dissociates on the Ni(100) surface at
200800 K. On the stepped surface Ni(755) =
Ni(s)[6(111) x (100)], N,O dissociates at temperatures
lower than 200 K [29], and steps are the active sites of
dissociation. Nitrous oxide dissociation readily occurs
on polycrystaline surfaces: iridium, paladium [30], plati-
num [31, 32], rhodium (even at room temperature) [33],
and rhenium (from room temperature to 1200 K) [34]. It
has been found that rhodium catalysts readily decompose
N,O under catalytic conditions at 523-623 K [35], and
oxygen is released to the gas phase. On the other hand,
thermal desorption studies in a vacuum showed that
atomic oxygen is stable on the rhodium surface up to
temperatures as high as ~1100 K [35]. A mechanism
has been proposed that explains this discrepancy [35]:

NyOgys —= Ny gas + Oge
NZOgas = N2Oads,
20,45 == O 45>
NZOads + Oads - N2, gas + 02, gas*

In the case of dissociative adsorption, a mobile pre-
cursor model has been suggested [14, 26, 30-34]:

NZO = NZOads - N2, gas + Oads

or amodel with two precursorsN,O,,(I) and N,O,(I1)
[19, 28]

NZO = NZOads(I) - NZ, ads T Oads’
NZ, ads = N2, gas?
N20 —= Nzoads(II),
NZOads(I) - NZOads(II)-

The existence of aprecursor isusualy judged by the
independence of the initial sticking coefficient of the
surface coverage [14].

Molecular adsorption can be observed in parallel
with the dissoci ative adsorption. This has been convinc-
ingly demonstrated for surfaces that are moderately
active toward nitrous oxide dissociation [22—25]. Haq
and Hodgson [14] proposed a mechanism according to
which N,O either weakly adsorbs on the surface to
form asurfaceintermediate, whichisaprecursor of dis-
sociation, or forms a more strongly adsorbed N,O spe-
cies.

On some active metals (such as tungsten and ruthe-
nium), the N-N bond is cleaved. On the W(110) sur-
face, N,O dissociatively adsorbs at room temperature
and forms atomic nitrogen and atomic oxygen [24].
Molecular nitrogen does not desorb [36]. Weinberg and
Merrill [37] showed that nitrous oxide adsorbs on the
W(100) surface at 295 and 500 K, and both of its bonds
are cleaved. When the substrate is heated upon N,O
adsorption, two N, desorption peaks are observed: one
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is assigned to adsorbed molecular nitrogen and the

other is assigned to atomic nitrogen. The Ru(1010)
surface is also very active toward N,O dissociation
[38]. The cleavage of the N-O bond with the formation
of adsorbed atomic oxygen and gaseous nitrogen
occurs at room temperature. At higher temperatures, al
bonds are cleaved in N,O to form atomic oxygen and
atomic nitrogen on the surface.

On some of the surfaces studied, N,0O adsorption has
not been detected. Thus, on the Rh(111) surface, N,O
adsorbs neither molecularly nor dissociatively at tem-
peratures from room temperature to 900 K [18]. Li and
Bowker [18] assumed that adsorption requires over-
coming a high activation barrier, but this assumption
seems highly improbabl e because the activation energy
of adsorption is usually low or equal to zero on clean
surfaces. According to Spitzer and Luth [13], in the
temperature range 90-300 K, nitrous oxide is not
adsorbed in Cu(111). We cannot exclude that molecular
adsorption of N,O ispossible on ailmost all surfaces, but
researchers do not always explore wide ranges of tem-
peratures and exposures.

Theincompleteness of data prevents usfrom reveal-
ing the trends of activity toward N,O adsorption and
dissociation across the periodic table (see Table 1).
However, we see a pronounced structural sensitivity of
nitrous oxide decomposition. Polycrystalline and fcc
(110) surfaces are more active toward nitrous oxide dis-
sociation than the (100) surfaces. The latter are more
active than (111). On the (111) surfaces, adsorption
may not occur or is molecular. The only fcc (110) sur-
face studied on which no N,0O dissociation was
observed isAg(110) [7]. On most metals and surfaces
(except for such active surfaces as W(110) and

Ru(1010)), the dissociation occurs with N-O bond
scission and without N—N bond scission.

Thus, fcc (110) surfaces and some fcc (100) and
(111) surfaces, bcc W(100), W(110), and supposedly
W(111) surfaces, various hcp surfaces of Ru, and poly-
crystalline surfaces are active in nitrous oxide dissocia-
tion. On the fcc surfaces (110), electron-induced N,O
dissociation (Ag(111) [6]) and dissociation induced by
ultraviolet irradiation (Pt(111) [10]).

Let us now consider some of the active surfaces in
more detail.

Fcc (110) Surfaces

On the surfaces of Ni(110), Pd(110), Rh(110),
Ir(110), and Cu(110), nitrous oxide dissociatesto form
adsorbed atomic oxygen and gaseous nitrogen.

On Pd(110) at 85, the sticking coefficient remains
constant up to 0.8 ML and then drastically decreasesto
zero at 1 ML [14]. When the reaction is completed
(when adsorption ends due to site blocking), 0.15 ML
of the surfaceisfilled with atomic oxygen and 0.85 ML
is filled with adsorbed N,O (the number of adsorption
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Table 1. Comparison of the activities of metals and their surfaces

Group
VIB VIIB VI IB
Period
4 Cr Mn Fe Co Ni Cu
No data No data No data No data (110) 323-873K | (110) >90K
dissociative dissociaive
(100) 200-800K | (100) 90-300K
dissociative molecular
(111) <100 K >300 dissociative
molecular (111) 90-300 K
no adsorption,
>300 dissociative
5 Mo Tc Ru Rh Pb Ag
No data No data (0001) (110) 200-573K | (110)>85 (110) 30K
75-115 K: N,O dissociative dissociative molecular
>115K: N, + O (100) 530680 K | (100) no data (100) no data
- _| dissociative (111) > 95K (111) > 83K
(10 10) 150-295K: | (111) 295-900 K | molecular molecular
N>+O no adsorption (poly) dissociative
>205K:N+0O (poly) dissociative
6 w Re Os Ir Pt Au
(110)> 100K | (poly) 295— |No data (120) 350-500K | (110) no data No data
dissociative(toN | 1200 K dissociative (100) no data
and O) dissociative (200) no data (111) >75K
(100) 295-500 K (111) >84K molecular
dissociative(toN molecular (poly) dissociative
and O) (poly) dissociative
(111) No data
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Note: Poly denotes a polycrystalline surface.

sitesis counted as the number of adsorbates divided by
the number of surface atoms). On a clean Pd(110) sur-
face, N,O initialy dissociates very efficiently (~60% of
nitrous oxide consumed), then this reaction channel
reduces to ~5% when the surface coverage reaches
0.5 ML. Further adsorption of N,O occurs without dis-
sociation. At higher temperatures (300, 473, and
573 K), the sticking coefficient decreases more rapidly
asN,0 isconsumed. Theinitial accumulation of the pre-
cursor is not observed. Atomic oxygen and desorbing
nitrogen are formed. The reaction ceases when the sur-
face becomes covered with 0.5 ML of atomic oxygen. At
this moment, regular overlayer Pd(110)-c(2 x 4)O struc-
tures are formed (Fig. 1).

Anaogous results have been obtained for the
Rh(110) surface[18]. At 198, 440, and 573 K, the stick-
ing coefficient decreases to zero at 0.5 ML O. Theini-
tial portions of the plots of the sticking coefficient ver-
sus surface coverage contained plateaus. The indepen-
dence of the sticking coefficient on the surface
coverage during an initial period points to the forma-
tion of a precursor asin the case of Pd(110). At 198 K,
saturation was observed at 0.35 ML and a decrease in
the sticking coefficient was more rapid. When adsorp-
tion was completed, no ordered overlayer structure
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below room temperature was detected. At 573 K, an
incompletely formed (2x2)p2mg structure was
observed by LEED.

It is known for the Cu(110) surface that at 90 K
nitrous oxide adsorption is initialy dissociative,
whereas when the surface coverage by oxygen reaches
0.25 ML, both molecular and dissociative adsorption
occur. The reaction is completed when the surface cov-
erage by oxygen reaches 0.5 ML [13]. According to UV
photoemission spectroscopy, N,O desorption occurs at
115 K. These data agree with those obtained earlier: at
room temperature, the initial sticking coefficient is 0.15
and then it decreasesto zero at saturation at 0.5 ML [39].

In the case of N,O adsorption on Ni(110) [19], the
initial sticking coefficient decreases from 0.97 to 0.52
with an increase in the temperature from 323 to 873 K.
Data obtained in [19] point to the formation of a
mobile precursor. The surface saturates at an oxygen
coverage of /3 ML.

The adsorption of N,O on Ir(110) has been poorly
studied [17].

Data on the temperature dependences of the initial
sticking probabilities are summarized in Fig. 2: above
room temperature the activity of the (110) surface
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Fig. 1. Ordered overlayer c(2 x 4)O structures on the fcc
(110) surface (small circles denote oxygen atoms, large
light circles denote metal atoms on the surface, and large
dark circles denote metal atomsin the second layer).

decreases in the following series: Ni(110) > Rh(110) >
Pd(110) > Cu(110).

Fcc Surfaces (100) and (111)

On the Cu(111) surface, the dissociation probability
is very low: 10~ at room temperature and it increases
with an increasein the temperature, whereasthe surface
saturates at 6, = 0.45.

Nitrous oxide partly dissociates on a Ni(100) sur-
face. The probability of dissociation at 473-573 K is
rather low and can be explained by the presence of
defects [40]. Hoffman and Hudson [28] studied this
process on Ni(100) at 200-800 K in more detail. They
found that, asin the case of Ni(110), the dissociationis
described by a precursor model. The long exposure of
the sample to N,O leads to the saturation of the surface
by atomic oxygen up to the maximal coverages, which
depend on the temperature (0.25 ML at 350-500 K).
Nondissociated N,O molecules are also present on the
surface.

Ru(0001) and Ru(1010 ) Surfaces

On an Ru(0001) surface, N,O adsorbs at 75 K [23].
Sample heating at low surface coverages led to the
decomposition of N,O and to the desorption of N, to
the gas phase at 110-120 K. At higher initial surface
coverages in this temperature range, N,O desorption
also occurred [23]. The adsorption of N,O on Ru(0001)
has also been studied by Huang et al. [25]. At low expo-
sures, one thermal desorption peak was observed at
129 K, which steadily switched toward higher temper-
atures (145 K) as the surface coverage increased. That
is, the binding strength of N,O increased with an
increase in the surface coverage. With an increase in
exposure, two additional peaks were observed (at 160—
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Fig. 2. Temperature dependences of theinitial sticking coef-
ficients for (1) Cu(110), (2) Pd(110), (3) Ni(110), and
(4) Rh (110).

165 K and 116-123 K). When N,O was adsorbed at
100 K, N, was not detected in the desorption products.
One of the thermal desorption peaks (at 160-165 K)
was assigned to N,O coadsorbed with atomic oxygen.
This peak starts to reveal itself with an increase in the
exposure.

TheRu(1010) surfaceis very active toward nitrous
oxide decomposition [41]. Most of nitrous oxide disso-
ciates on this surface. It was found that N,O occurs in
two directions. One of them is N—O bond cleavage with
the formation of atomic oxygen on the surface and the
release of molecular nitrogen into the gas phase (this
reaction occurs in the range from 150 K to room tem-
perature); the other direction is the cleavage of al
bondsin N,O with the formation of atomic nitrogen and
atomic oxygen on the surface (this occurs at higher
temperatures). It was found that preadsorbed oxygen
saturating the surface contaminates it, and dissociation
does not occur. The amount of desorbed molecular
nitrogen after nitrous oxide adsorption strongly
depends on temperature and passes through a maxi-
mum near 600 K. The amount of desorbing molecular
oxygen depends on temperature in aradically different
manner. Two maximums are observed (at ~415 and
1100 K) and a minimum at 600 K. Moreover, when the
surface is saturated with the equivalent amount of oxy-
gen using O, rather than N,O as a source, approxi-
mately two times more gaseous oxygen is formed in
thermal desorption. Klein and Siegel [41] concluded
that there are two pathways of N,O activation, one of
which is the formation of atomic nitrogen at high tem-
peratures. However, they did not consider the reaction
N,O,45 + Opgs —= Ny gos + O, o, @S @ possible source of
molecular nitrogen.

KINETICS AND CATALYSIS Vol. 44 No.2 2003
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W(110) and W(100) Surfaces

When nitrous oxide is adsorbed on W(110) [36] at
100 and 300 K, the surface saturatesat 0.5-0.75 ML. At
300 K, only dissociative adsorption occurs, whereas at
100 K molecular adsorption is also possible. Upon sat-
uration of the surface due to nitrous oxide dissociation,
the N : Oratioislower than in the N,O molecule (espe-
cidly at higher temperatures). This fact points to the
partial desorption of N,. Nitrous oxide readily forms
severa layers on the surface.

Polycrystalline Surfaces

Nitrous oxide usually dissociates on polycrystaline
surfaces. Information obtained on most of them is
obtained by kinetic studies. Thus, Redmond studied
nitrous oxide decomposition on the filaments of irid-
ium, palladium [30] and platinum [31]. The following
rate law was proposed to describe the decomposition of
N,O on platinum filaments

_dPno
dt
where k,,,, is the apparent rate constant. This rate law
was derived from the following mechanism
N20 — Nzoads,
N2Oads - N2 + Oads’
Oads —= 1/202.

Redmond assumed that the rate-determining step isthe
dissociation of N,O and obtained the following equa-
tion:

= KpPn,0Po, s (1)

_dPNZO _ kOKlPNZO @)

dt 1+KPyo+KoPg]

wherek, istherate constant of N,O dissociation, K, and
K, arethe equilibrium constants of N,O and O, adsorp-

tion. Then, assuming that K, Py o < Kngf and 1 <

K, szz Eg. (2) transforms into Eq. (1). Redmond
obtained the value of the apparent activation energy
(Eypp = 32 kcal/mol), which agrees with earlier data
(£1 kcal/mal). The heat of oxygen adsorption on plati-
num was also estimated: Q, = 18 kcal/mol. Then, we
can obtain from the expression E,,, + Q, — Q, = Ey,
which can be derived from Egs. (1) and (2), that Eg;, =
14 + Q,, where Q, isthe heat of N,O adsorption. In my
opinion, the above assumptions areincorrect. The reac-
tion of N,O decomposition has alow activation energy,
whichiscloseto Q,.

The decomposition of N,O on iridium filaments is
described by Eq. (1) at 1281-1617 K [30]. The apparent
activation energy is ~40 kcal/mol. The addition of gas-
€0Us 0Xygen poisons the reaction.
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The decomposition of nitrous oxide on palladiumis
described by the following rate law:

dPNZO
Codt

where k, isthe intrinsic rate constant of decomposition
and K, and K, are the equilibrium constants of N,O
and O, adsorption. The apparent activation energy is
~30 kcal/mol. In the case of palladium, gaseous oxygen
also poisonsthe reaction. The activity of metalsin N,O
decomposition decreases in the seriesPd > Pt > Ir.

Similar data for platinum were obtained in [32] for
the temperature range 773-1473 K. At 773-873 K, the
rate of N,O decomposition is proportional to the partial
pressure of nitrous oxide and isin inverse proportion to
the oxygen pressure. At temperatures above 1173 K,
thereisalimit when retardation by oxygen is no longer
effective. It was assumed that oxygen is removed from
the surface viathe reaction between atomic oxygen and
nitrous oxide.

In addition to the interaction of gaseous nitrous
oxide with the surface, adsorbed nitrous oxide can be
obtained from NO on the surfaces of various metals.
Thus, nitrous oxide is formed on Mo(110) at 90 K [4],
W(110) at <150 K [42], Cu(110) at 90 K [4], Cu(100)
[43], Cu(111) at 85K [4, 44], Ag(111) at 100K [4, 45—
50], Pd(110) [51, 52], and Ag/Ru(0001) [53].

Thereisno general agreement regarding the mecha
nism of N,O formation. It likely that mechanisms may
differ depending on the reaction conditions and the sur-
face. Possible pathways of N,O formation can be
described by the following reactions:

NO,4 + NO,y — NO, 4 + Nogs
+ Ougs — Ny0,46 + Opgss
NO,4; + NOygy —= (NO)y, yas — NyOuq4s + Ogyss
NO,¢4s + NO,ys — Ny,O,4s + O, g6

= koK Py,o(1+K,Po) ™,

EFFECT OF COADSORBED OXYGEN

Coadsorbed oxygen atoms play an important rolein
nitrous oxide decomposition, whereas molecular oxy-
gen desorbing at high temperatures from polycrystal-
line surfacesretards the reaction. Adsorbed atomic oxy-
gen blocks active sites on the catalyst surface. Its bind-
ing to the surface is much stronger than the binding of
adsorbates and, therefore, it is the least mobile. The
binding energy of atomic nitrogen is even higher, but it
is only formed on the most active surfaces. The forma-
tion of atomic oxygen leads to site blocking whereas
nitrous oxide dissociation requires many free sites on
the surface. Dueto site blocking, bending or inclination
of N,O toward the surface, which isrequired for disso-
ciation, ishindered and N,O remainsin the molecularly
adsorbed state. Moreover, lateral interactions between
the atomic oxygen and N,O are attractive and lead to an
increase in the activation energy and temperature of
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nitrous oxide desorption. Let us consider some datathat
point to N,O stabilization due to coadsorbed oxygen
atoms.

Spitzer and Luth [13] compared data obtained by
thermal desorption from a clean Cu(110) surface and a
surface covered with 0.5 ML of atomic oxygen. In the
latter case, the desorption temperature was higher, sug-
gesting that nitrous oxide molecules are bound more
strongly if there are coadsorbed oxygen atoms. That is,
the lateral interactions of N,O and O are attractive.

The stabilization of N,O by atomic oxygen, which
prevents N,O from decomposition, was detected by
thermal desorption mass spectrometry in the case of
Ir(110) [17]. An increase in the apparent activation
energy of nitrous oxide dissociation on Cu(110) was
demonstrated by Auger spectroscopy [39].

On Ni(755) [29], the decomposition of N,O occurs
on steps. When they are occupied by atomic oxygen
formed in this reaction, the decomposition of N,O dis-
continues. Moreover, on clean steps, the reaction
occurs at 105 K and N, desorbs at 170 K. When steps
are partly filled with atomic oxygen, N,O dissociates at
120 K and N, desorbs at this temperature. These data
suggest that the activation energy of N,O decomposi-
tion increases as oxygen is accumulated at the active
sites on the surface. Molecular nitrogen starts to desorb
more readily due to repulsion between N, and atomic
oxygen or due to a change in the mechanism of nitrous
oxide decomposition.

On the Ni(110) surface, a decrease in the sticking
coefficient (and the rate of dissociation) was observed
with an increase in the surface coverage by oxygen and
described by the formula[19]

_ ka 0 0/04 ] -t
S = %[1+kd+k,ﬁl—9/ewﬂ}

: 3)

where S, istheinitial sticking coefficient; k; isthe des-
orption rate constant of spectator N,O, which does not
dissociate but can be transformed into a precursor; k; is
the rate constant of precursor desorption; and k. is the
rate constant of N,O s dissociation into Ny s and O
That is, oxygen rapidly poisons the metal surface and
the reaction is completed at a saturation coverage 6,
equal to 1/3 ML. An analogous formula describes well
the dissociative adsorption of N,O on Cu(111) [12].

Scholten et al. [54] showed that the reaction of N,O
decomposition can be used to determine the specific
surface area of polycrystalline silver samples. They
showed that the apparent activation energy of nitrous
oxide decomposition strongly depends on the surface
coverage by oxygen: each next 0.1 ML (calculated per
one metal atom on the surface) corresponds to an
increase in the activation energy by ~10 kcal/mol.

However, there are some data that contradict therole
of oxygen described above. Thus, on the clean Ni(100)
surface, the binding energy of nitrous oxide is
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1.5 kcal/mmoal higher than on a surface covered with
0.25 ML of atomic oxygen [28]. Thisfact provides neg-
ative evidencefor attractive lateral interactions between
atomic oxygen and nitrous oxide.

On Ru(0001), N,O adsorptionisalso sensitiveto the
presence of preadsorbed oxygen [25]. Even a small
amount of preadsorbed oxygen leads to an increase in
the N,O hinding strength. However, the dependence of
the stabilization efficiency of molecular N,O adsorp-
tion on the surface coverage is not monotonic. After
some optimum (at 0.1 ML), oxygen stops stabilizing
molecular N,O and starts to weaken its binding. The
presence of oxygen aso favors N,O decomposition.
The sticking coefficient on a surface with preadsorbed
oxygen (8, = 0.15) is 2.7 higher than on a clean sur-
face. This example shows that it is sometimes insuffi-
cient to compare the sticking probabilities on surfaces
with and without preadsorbed oxygen. Rather, it is
important to determine how oxygen formed in the reac-
tion affects the nature of N,O binding.

EFFECTS OF OTHER COADSORBATES

Shi and White [55] showed that, on an Ru(0001)
surface with preadsorbed carbon, the rate of nitrous
oxide dissociation noticeably decreases with an
increase in the surface coverage by carbon. Thus, the
initial dissociation probability of N,O decreases by
90% when the coverage by carbon is as smal as
0.09 ML. However, the high activity of a metal can be
restored by heating the sample in the presence of
nitrous oxide or oxygen and further recombinative des-
orption of atomic oxygen. A decrease in the activity of
C/Ru(0001) compared to clean Ru(0001) is associated
with site blocking. The decomposition of N,O is much
more sensitive to the presence of coadsorbates than the
dissociative adsorption of oxygen. The presence of
preadsorbed deuterium atoms on an Ru(0001) surface
leads to a decrease in the temperature of N,O desorp-
tion. That is, lateral interactions between N,O,, and
D, arerepulsive [25]. The interactions between CO,,
and N,O,, are repulsive aswell [25].

GEOMETRY OF ADSORBED NITROUS OXIDE

The geometry of adsorbed nitrous oxide has been
studied very poorly. It is clear that the geometry of
adsorbed N,O and site preference depend on the type of
metal, the face of the crystal lattice, an the surface cov-
erage with various adsorbates and their rel ative concen-
trations. Most researchers seem to agree that N,O
adsorbs via the terminal nitrogen atom. Data obtained
by various experimental and theoretical methods are
summarized in Table 2.

ENERGETICS
Data on the energetics of nitrous oxide adsorption
and dissociation are scarce and contradictory. Thereis
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Table 2. Data on the geometries of the N,O adsorption states
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Surface Proposed geometry Method Ref.
Cu(110) 1 ML Normal to the surface or at an angle close to 90° Electron energy loss spectroscopy [13]
(EELS)
Cu(100) 1 ML Near-edge X-ray adsorption [7]
fine structure (NEXAFS)
Cu(100) 0.5 ML NEXAFS [7]
Ag(100) NEXAFS [7]
(0.5 and 1 ML)
Pt(111) EELS [9]
()
N
Ni(111) (1 ML) NEXAFS [8]
&)
Pd(111)—c(2 x 2) @ DFT calculation (GGA-PBE) [63]
(™
Most preferable configuration
UPANN = 130°, ONNO = 156°, UNOPd = 116°
Pd(110)—c(2 x 2) (o) DFT calculation (GGA-PBE) [63]
0.5ML
()
)
UPANN = 150°, ONNO = 179°
One of the favorable configurations
Ru(0001) At low surface coverages, the configuration is lin- | High-resolution electron energy loss [23]

ear, normal to the surface with binding via the ter-
minal nitrogen atom; at high coverages, the mole-
cules is inclined

spectroscopy (HREELS)

KINETICS AND CATALYSIS Vol. 44 No. 2
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Table 3. Binding energies of atomic adsorbates (in kcal/mol) on various surfaces

Q Pt Pd Re Rh Ir Ni Au Ag Cu
Qon 69.6 78.0 85.2 69.6 76.2 81.0 58.2 60.0 69.0
Qoo 51.0 52.3 75.0 61.2 55.8 69.0 45.0 48.0 61.8
Qy for (111)/(0001) | 116.0 130.0 142.0 116.0 127.0 135.0 97.0 100.0 115.0
Qy for (100) 121.8 136.5 149.1 121.8 1334 141.8 101.9 105.0 120.8
Qy for (110) 125.3 140.4 1534 125.3 137.2 145.8 104.8 108.0 124.2
Qo for (111)/(0001) 85.0 87.2 125.0 102.0 93.0 115.0 75.0 80.0 103.0
Qo for (100) 89.3 91.5 131.3 107.1 97.7 120.8 78.8 84.0 108.2
Qo for (110) 91.8 9.1 135.0 110.2 100.4 124.2 81.0 86.4 111.2

only one paper reporting the energetics of N,O adsorp-
tion calculated by density functional theory (DFT).
Using thismethod in the GGA—PBE approximation, the
binding energy of nitrousoxideonaPd(110)—c(2 % 2) sur-
face (0.5 ML N,0) was caculated. The surface was
modeled by a five-layer dab [63]. It was found that at
this coverage the most energetically favorable is on-top
binding via the terminal nitrogen atom. Two favorable
geometries are shown in Table 2. Another favorable
configuration is linear, normal to the surface. The cal-
culated binding energies are 0.39 eV (9.0 kcal/moal) for
vertical inclined binding via the nitrogen atom with
bending, 0.38 eV (8.8 kcal/mol) for horizontal binding
of abent N,O molecule viaterminal atoms on two pal-
ladium atoms in the direction [001] along the surface,
and 0.36 eV (8.3 kcal/moal) for vertical binding along
the surface normal viathe nitrogen atom. Based on the-
oretical and experimental data on the spatial distribu-
tion of desorbing N, moleculesin the decomposition of
N,O on Pd(110), Kokalj et al. [63] assumed that a
nitrous oxide molecule first adsorbs in a configuration
close to vertical, then a molecular precursor is formed
inwhich aterminal oxygen atom is closeto the surface.
After N-O bond cleavage, N, 4 and O, are formed
and molecular nitrogen desorbs. The angular distribu-
tion of desorbing nitrogen molecules points to the for-
mation of intermediate Ny, 4.

Proceeding from data on the temperature depen-
denceof theinitial sticking coefficient, Sau and Hudson
[19] concluded that at the zero-coverage limit on
Ni(110), the activation energy of N,O desorption (E) is
higher than the activation energy of dissociation (Eg )
by 3.7 kcal/mol. An analogous study of the Pd(110)
surface at zero coverage gives the value E; — Ej =
3.3 kcal/mol [14], but this value was obtained using
only three values of § at different temperatures,
whereas the fourth value (at 85 K) fell out of the series
and was excluded from consideration. The activation
energy of N,O, dissociation, estimated from the tem-
perature of thethermal desorption peak, was 9 kcal/mol
[51].

For aCu(111) surface, Habraken et al. [ 12] obtained
that Ey—E4 = 10.4 kcal/mol, although they mistakenly
assigned this value to E;. The upper estimate of the

adsorption heat of N,O on Cu(100) at a presumptive
surface coverage of 0.5 ML O + 0.5 ML N,O was
obtained: 6 kcal/mol [43]. On a Cu(110) surface, the
vaue E;—E;is2kcal/mol, according to dataon thetem-
perature dependence of the sticking coefficient [39].

On a Pt(111) surface, N,O adsorbs in molecular
form [9]. Theinitial heat of adsorption estimated from
thermal desorption datais 5.6 kcal/mol and increasesto
6.05 kcal/mol dueto the attractivelateral interactions of
adsorbed molecules as the surface is covered with N,O
molecules until saturation at 0.7 ML. In the case of
multilayer adsorption, the heat is close to 5.2 kcal/mol.

On aclean Ni(100) surface [28], the kinetic param-
eters of steps were determined for the model with two
precursors based on a study of the reaction on a clean
surface and on a surface with preadsorbed oxygen. The
value By — Eys = 3.7 kcal/mol obtained earlier for
Ni(110) was used [19]. On aclean Ni(100) surface, the
activation energy of desorption is6.2 kcal/mol (and the
preexponential factor is 10'23%32). The activation
energy of desorption on 0.25 ML O/Ni(100) is
4.7 kcal/mol (the preexponential factor is 10103 *22),
The activation energy of dissociation is 2.5 kcal/mol [28].

Useful information on the energetics of adsorption
of species participating in the reactions considered
above and on the activation energies of these surface
reactions can be calculated using the method of unity
bond index—quadratic exponential potential (UBI—
QEP). These calculations are discussed below. The sys-
tems under consideration have not been calculated
before on such a scale. The essence of the method and
its applications were described in detail in [56-58].

UBI-QEP ESTIMATES OF ADSORBATE
BINDING ENERGIES AND ACTIVATION
ENERGIES OF STEPS

Adsorbate Binding Energies

The method makes use of the data on the energies of
two-center metal—adsorbate bonds Q,, (A = N, O)
tested in other system (Table 3) [57]. Table 3 also lists
the values of binding energies of atomic adsorbates,
which can be cal culated from the energies of two-center
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Table4. Calculated binding energies of NO (Qyg, in kcal/mol) on various surfaces
Surface Pt Pd Re Rh Ir Ni Au Ag Cu
(111)/(0001) 27.8 344 40.5 27.8 329 36.9 19.9 211 274
(100) 28.8 35.7 - 28.8 34.1 38.3 20.5 21.7 28.3
(110) 294 36.5 - 39.4 34.9 39.2 20.8 221 289
Table5. Calculated binding energies of N,, O,, and (NO), (in kcal/mol) on various surfaces
Adsorbate Pt Pd Re Rh Ir Ni Au Ag Cu
N, 10.8 134 15.8 10.8 12.8 14.4 7.7 8.1 10.6
0, 10.6 111 215 14.8 125 185 8.4 9.5 151
(NO), 439 53.1 61.5 439 51.1 56.6 324 34.1 433

bonds in the framework of the UBI-QEP method
according to the formula

Qa = Qoa(2-1/n), 4

where n isthe number of metal atoms to which atom A
binds. In the case of an atomic adsorbate on an fcc
(111) or hep (001) surface, n = 3. For fcc (100) and
(110) surfaces, n =4 and 5, respectively.

In the systems under consideration, reactions that
occur or may occur involve the following surface spe-
cies: NyOuis, Ouiss Nagsy NOuis, Ni agsr (NO); o @nd
O, s We use the binding energies of atomic adsor-
bates O, and N, asinitial data. Other binding ener-
gies are calculated by the UBI-QEP method.

NO. At low coverages, NO usually binds via the
nitrogen atom to the surface at hollow sites between
three metal atoms on fcc (111) and hep (001) surfaces
or between four metal atomson fcc (110) and (100) sur-
faces [4, 59]. In the zero-coverage limit, the binding
energy of NO is calculated by the formula

Qon
Qon/N+ Dyo'

where Dy, is the bond energy in NO (151 kcal/moal).
The results of calculations of NO binding energies on
various surfaces are summarized in Table 4. As can be
seen, the differences in the binding energies on various
surfaces of the same metal are small.

Qno = (5)

N,. Adsorbed molecular nitrogen can bein two con-
figurations, one of which is vertical or inclined to the
surface (binding via one nitrogen atom), and the other
is horizontal (binding via two nitrogen atoms). The
ground state is on-top vertical binding normal to the
surface via one nitrogen atom. On the other hand, the
binding energies of N, in both states are very low, and
easy transitions between the two states are possible.
The best approximation in the framework of the UBI-QEP

KINETICS AND CATALYSIS Vol. 44 No.2 2003

method is the use of the formula for binding via two
atoms (for homonuclear adsorbates):

_ 9Q
QN2 - 6QON+ 16DN2! (6)

where Dy, is the energy of the N-N bond

(226 kcal/mal). The binding energies of molecular
nitrogen are the same for al crystalline planes of the
same metal.

0,. For molecular oxygen adsorbed on the surface,
we use asimilar formula

9Q5

Qo. = 5o+ 16D,

()

where Dy, is the energy of the O-O bond
(129 kcal/mol).

(NO),. Nitric oxide dimers are characterized by a
very weak N—N bond. Its energy is 2.87 kcal/moal [60].
Thisdimer bindsto the surface viatwo nitrogen atoms,
whereas oxygen atoms are directed upright at a certain
angle [4]. For this case, a reasonable upper estimate of
the binding energy is equal to the sum of binding ener-
gies of two NO molecules in the on-top state (n = 1).

Table 5 summarizes the results of calculations for
N,, O,, and (NO), binding in the zero-coverage limit.

N,O. The calculation of N,O binding energy in the
framework of the UBI-QEP method is more difficult
compared to the calculations of other adsorbates consid-
ered here [58]. Another praoblem is that the UBI-QEP
method does not allow one to analyze which of the
adsorption statesis preferable by comparing the results
obtained by different formulas.

The most probable ground state of N,O isits orien-
tation along the surface normal or at some angle to it.
The binding is via the terminal nitrogen atom. At the
same time, there is no appropriate UBI-QEP formula
for calculating such binding of linear (or amost linear)
triatomic molecules like N,O or CO.,.
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Table 6. Binding energies of N,O (kcal/mol) calculated using different formulas

Formula Pt Pd Re Rh Ir Ni Au Ag Cu
8),n=1 14.4 17.7 20.7 14.4 17.0 18.9 10.4 11.0 14.2
(9)~(10) 12.2 17.1 133 9.2 14.0 12.4 8.3 8.2 9.0
(9), (12), (12) 9.8 13.1 124 8.6 11.3 11.3 6.8 6.9 8.4

Theformula The results of calculations of the binding energy using
) different formulas in the zero-coverage limit is shown

_ Qon g in Table 6. Calculation using formula (9) assumes that

Q.00 = @) the on-top position of N,O and, therefore, the results

Qon/N+ Dy,o

somewhat overestimates the binding energy. An alter-
native method is the use of the formula for binding via
two nitrogen atoms or viathe central nitrogen atom and
oxygen. In this case, the binding energies are even

higher, and the contributions of bond energiesto Dy

in the adsorbed nitrous oxide molecule have to be pos-
tulated. The best variant is the quasi-diatomic approxi-
mation, in which the N-N_~O molecule is considered

as diatomic N-O with the bond energy Dy, =

266 kcal/mol, equal to the sum of N—O and N-N bond
energies (subscripts t and c refer to the terminal and
central nitrogen atoms). Then, the binding energy can
be calculated by the formula

_ab(a+b) + Dy o(a-b)*
N-0 ™ ab+Dyo(a+b)

)
where

a= QSN(QON +2Q00)/(Qon + Qoo)2 (10)

and

b = ng(Qoo +2Qon)/(Qon + Qoo)z- (11)

The use of this formula was recommended in [58],
but it can be further improved [61]. The physical mean-
ing of parametersa and b is as follows [62]: They take
into account adecreasein Quy and Q, dueto the repul -
sion between metal atom My bound to N and atom O
and the repulsion between metal atom M, bound to O
and atom N (My—N,---O-M,,). Formula (9) neglects the
existence of the central nitrogen atom N, between N,
and O (My—-N~-N.—~O-M,). Because it isthis atom that
is the main source of repulsion from metal atoms, for-
mula (9) overestimates the binding energy of N,O. This
limitation of formula (9) can be removed if ais calcu-
lated for the My—N~N, fragment and b is calculated for
the N.-O-M,, fragment. Then, a is determined by for-
mula (12), which is obtained by replacing Qo by Qux
informula (11):

a= QSN(QON +2Qon)/(Qon + QON)2 = 0-75Q0N-(12)

are applicable to all crystalline planes. Analysis of for-
mula (9) shows that, with an increase in n, the binding
energy increases and, therefore, the positions with a
greater number of metal—nitrogen bonds should be
preferable. However, as follows from the N,O desorp-
tion temperatures, lower values of binding energies are
more redlistic. In further calculations we used data
obtained using formulas (9), (11), and (12).

Activation Energies of Reactions and Diffusion

The UBI-QEP method makes it possible to calcu-
late the activation energy of surface reactions [57]. To
calculate the activation energy of areaction of the type

ABads - Aads + Badsv
the following formulais used:

_1- QAQBD
E = SH 5o

where AH is the enthal py of the surface reaction calcu-
lated from the thermodynamic cycle desorption—gas-
phase reaction—adsorption:

AH = Qpg+ D —Qp — Q. (14)

In this equation, D isthe enthalpy of an analogous gas-
phase reaction estimated from the bond strengths:

D = Dug— D, — D (15)

The activation energy of the reverse reaction is calcu-
lated using the condition

E, = E,—AH. (16)

In the case of dissociation of linear triatomic molecules
like CO, and N,O, the following formula is used
instead of formula (14) [56]:

QaQs
Qa+ Qg
in which there is no multiplier 1/2. The value of E

obtained in this way corresponds to the activation
energy in the Lennard-Jones approximation.

If the activation energy is lower than zero, then a
thermodynamic correction is introduced: this energy is

(13)

E=AH+ (17)

KINETICS AND CATALYSIS Vol. 44 No.2 2003



ADSORPTION AND REACTIONS OF N,O ON TRANSITION METAL SURFACES 243

Table 7. Activation energies and enthal pies of reactions for three platinum surfaces (in kcal/mol)

) Pt(111) Pt(100) Pt(110)
Reaction* D**

E. Ear AH E. ¢ Ear AH E. ¢ Ear AH
O+N,=NO+N 75.0 27.0 0.0 27.0 24.5 0.0 24.5 234 04 23.0
NO+N,=N,O+N 111.0 239 0.0 23.9 19.0 0.0 19.0 16.1 0.0 16.1
2NO=N,0+0 36.0 2.8 5.9 -31 17 7.1 -55 10 7.8 -6.8
O+NO=0,+N 320 18.2 0.0 18.2 17.6 0.0 17.6 17.3 0.0 17.3
0,+N,=N,O0+0 79.0 7.2 16 5.6 51 3.7 17 3.8 5.0 -1.2
N,=2N 226.0 314 26.6 4.8 27.1 33.8 -6.8 24.4 382 | -13.8
NO=0+N 151.0 134 35.6 -22.2 10.1 414 | -31.3 8.1 448 | -36.7
N,O=NO+N 115.0 34 224 -19.1 0.0 258 | -25.8 0.0 299 |-29.9
N,O=0+N, 40.0 0.0 46.1 -46.1 0.0 50.3 | -50.3 0.0 529 | -52.9
0,=20 119.0 1.0 415 —40.4 0.0 489 | -48.9 0.0 540 |-54.0
(NO), =2NO 3.0 52 139 -8.7 3.8 144 | -10.6 29 147 | -11.8
(NO), =N,O+O 39.0 0.0 11.8 -11.8 0.0 161 | -16.1 0.0 186 | -18.6

* All molecules and atoms are surface species.
** D isthe enthalpy of the analogous gas-phase reaction.

Table 8. Activation energies and enthal pies of reactionsfor the (111) surfaces of nickel, palladium, and platinum (in kcal/mol)

Ni(111) Pd(111) Pt(111)
Reaction* D**

E, Ear AH E. ¢ Ear AH E. ¢ Ear AH
O+N,=NO+N 75.0 325 0.0 325 19.2 8.0 11.2 27.0 0.0 27.0
NO+N,=N,O+N 111.0 16.0 0.0 16.0 15.7 0.0 15.7 239 0.0 23.9
2NO=N,0+0O 36.0 0.0 16.6 | -16.6 7.9 34 45 2.8 5.9 =31
O+NO=0,+N 32.0 304 0.0 304 124 0.0 124 18.2 0.0 18.2
0,+N,=N,0+0 79.0 0.0 144 | -14.4 7.3 41 33 7.2 16 5.6
N,=2N 226.0 18.9 486 | —29.6 222 428 | -20.6 314 26.6 4.8
NO=0+N 151.0 0.0 62.1 |-62.1 10.2 420 | -318 134 356 | 222
N,O=NO+N 115.0 0.0 456 | -45.6 0.0 36.3 | -36.3 34 224 | -19.1
N,O=0+N, 40.0 0.0 781 | -78.1 0.0 475 | -475 0.0 46.1 | -46.1
0,=20 119.0 0.0 925 | 925 0.0 442 | -44.2 1.0 415 | -404
(NO), =2NO 3.0 21 163 | -14.2 4.6 172 | -126 5.2 13.9 -8.7
(NO), =N,O+O 39.0 0.0 30.7 | =30.7 3.3 114 -8.1 0.0 118 | -11.8

* All molecules and atoms are surface species.
** D isthe enthalpy of the analogous gas-phase reaction.

set equal to zero, and the energy of the reverse reaction

is set equal to the enthalpy.
The activation energy of the reaction

Aads + BCads - ABads + Cads

is calculated using the formulas

_1 QasQc
£ =M e r ol
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AH = Qp+ Qgc + Dgc —Dpag —Qas —Qc.  (19)

The direction of the reaction is chosen from the condi-
tion for the corresponding bond energies Dy > D,p.
Using these formulas, we calculated the activation
energies of reactions on single-crystalline surfaces.

Theresults of calculations of the activation energies
of forward (E, ;) and reverse (E, ,) reactions, aswell as
the enthalpies of reactions in the forward direction
(AH) for three platinum surfaces in the zero-coverage
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Table 9. Activation energies and enthal pies of reactions for the surfaces of rhenium(0001), rhodium(111), and iridium(111)
(kcal/mol)

_ Re(0001) Rh(111) Ir(111)
Reaction* D**

E. Ear AH E. ¢ Ear AH E. ¢ Ear AH
O+N,=NO+N 75.0 334 0.0 334 | 440 0.0 44.0 235 2.6 20.9
NO+N,=N,O+N 111.0 12.9 0.0 129 | 251 0.0 25.1 185 0.0 185
2NO=N,0+0 36.0 0.0 20.5 -20.5 0.0 18.9 -18.9 3.8 6.2 -24
O+NO=0,+N 320 34.0 0.0 340 | 31.0 0.0 31.0 184 0.0 184
0,+N,=N,0+0 79.0 0.0 21.1 -21.1 1.0 6.9 -5.9 51 5.0 0.1
N,=2N 226.0 14.4 56.6 -422 | 314 26.6 4.8 24.2 393 | -15.2
NO=0+N 151.0 0.0 75.5 —75.5 75 46.7 -39.2 8.8 449 | -36.1
N,O=NO+N 115.0 0.0 55.0 -55.0 2.2 224 -20.2 0.0 337 |-337
N,O=0+N, 40.0 0.0 88.4 -88.4 0.0 64.2 —64.2 0.0 546 |-54.6
0,=20 119.0 0.0 | 1095 | -109.5 0.0 70.2 —70.2 0.0 545 | -545
(NO), =2NO 3.0 19 18.3 -16.5 2.6 11.3 -8.7 24 141 | -11.7
(NO), =N,O+O 39.0 0.0 37.0 -37.0 0.0 27.6 -27.6 0.0 141 | -141

* All molecules and atoms are surface species.
** D isthe enthalpy of the analogous gas-phase reaction.

Table 10. Activation energies and enthalpies of reactions for the (111) surfaces of copper, silver, and gold (kcal/mol)

) Cu(111) Ag(111) Au(111)
Reaction* D**

E, ¢ Ear AH E, ¢ Ea v AH E, ¢ Ear AH
O+N,=NO+N 75.0 46.3 0.0 46.3 421 0.0 42.1 40.8 0.0 40.8
NO+ N, =N,O+N 111.0 255 0.0 255 333 0.0 333 34.7 0.0 34.7
2NO=N,0+0O 36.0 0.0 20.7 | =20.7 0.0 8.8 -8.8 0.1 6.2 -6.1
O+NO=0,+N 320 32.3 0.0 32.3 23.6 0.0 23.6 215 0.0 215
O, +N,=N,O0+0O 79.0 0.6 7.3 —6.7 9.7 0.0 9.7 13.2 0.0 13.2
N, =2N 226.0 32.1 25.4 6.6 421 7.9 34.1 441 4.4 39.7
NO=0O+N 151.0 7.3 470 | -39.6 18.2 26.2 -7.9 20.6 21.7 -1.1
N,O=NO +N 115.0 3.2 221 | -18.9 18.2 174 0.9 215 16.5 50
N,O=0+N, 40.0 0.0 65.2 | -65.2 0.0 412 | -41.2 0.0 359 |-359
0,=20 119.0 0.0 719 | -71.9 4.2 358 |-315 74 301 |-226
(NO), =2NO 3.0 2.6 11.1 -84 2.8 7.8 -5.0 2.8 7.2 4.4
(NO), =N,O+O 39.0 0.0 292 | -29.2 0.0 138 | -138 0.0 105 | -105

* All molecules and atoms are surface species.
** D isthe enthalpy of the analogous gas-phase reaction.

limit, are summarized in Table 7. As can be seen from These theoretical data shed some light on the possi-
these data, there is no qualitative difference between blepa;thvyaysof N,O formation from NO (the activation
various surfaces of the same metal at low coverages. energiesin kcal/mol are shown under the arrows):

The reaction of N,O decomposition occurs equally 182

readily on all surfaces. The energetics of elementary NO,4s + NO,gs —> NO,4s + Nyg
reactions at zero coverages cannot explain the struc- o

tural sensitivity. The results for Pd(111), Ni(111), + Oags = NyOygs + Oy

Re(0001), Rh(111), Ir(111), Cu(111), Ag(111), and

Au(111) are shown in Tables 8-10. NO,y, + NO,y 2= (NO), g 22> N, O + Oy
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Table 11. Comparison of calculated and experimental values of the adsorption heats of N,O at low coverages

Surface Parameter Ref. Experimental value, kcal/mol | UBI-QEP value, kcal/mol

Pt(111) Qn,0 (9] 6 9.8
Pd(110) Qn,0 [63] 83 131
Pd(110) Eq~Egiss [14] 33 13.1
Ni(110) EqEiss [19] 37 113
Ni(100) Qn,0 [28] 6.2 113
Ni(100) Egiss [28] 25 0

Cu(111) EqEjiss [12] 104 8.4
Cu(100) Qn,0 [43] <6 8.4
Cu(110) EqEjiss [39] 2 8.4

NOads + Noads E’ NZOads + OadS'

Of the three possible pathways of this reactions on
the Ag(111) surface at low surface coverages, the direct
formation of N,O from two NO molecules is the most
probable. In the case of N,O,,, formation viathe dimer
(NO), s the activation energies of both steps are
rather low. Inthe case of N,O formation from NO, and
N, the dissociation of NO,, requires overcoming a
rather high barrier (18.2 kcal/mol). It should be taken
into account that the direct formation of nitrous oxideis
limited by the surface diffusion of NO, and the activa-
tion energy can be estimated by the following formula
in this case [57]:

n-2
Eitt, no = QNoZﬁ‘:—Z = Qno/10  (atn=3).

For NO adsorbed on Ag(111), this vaue is
2.1 kcal/mol. However, the channel of the reaction via
dimer formation may start to play amoreimportant role
at higher surface coverages. On other metals, the situa-
tion is qualitatively the same.

Table 11 compares the results of calculations and
experimental data obtained for the low surface cover-

ages. The experimental values of Qy,o and the values

of the difference of the activation energy of N,O des-
orption and its dissociation on the surface (E;—E,)
should coincide, taking into account that the activation
energy of dissociation is equal to zero at zero cover-
ages. As can be seen, the agreement between the vari-
ous experimental dataiis not good. Therefore, it is diffi-
cult to judge the correctness of the theoretical esti-
mates.

CONCLUSIONS

Although substantial experimental information on
the interaction of nitrous oxide with transition metal
surfaces has been accumulated, several questions
remain open. Specifically, the structural sensitivity of
nitrous oxide decomposition cannot be explained by the

KINETICS AND CATALYSIS Vol. 44 No.2 2003

difference in the energetics of adsorption. Mechanisms
proposed for this process do not describe well the
experimental data for single-crystal surfaces. The
nature of two precursors in nitrous oxide dissociation
remains unclear. It is also unclear why rather favorable
dissociation reaction of N,O into NO,y and O, does
not occur competitively with the main reaction of dis-
sociation into molecular nitrogen and O,y Data on the
geometry of nitrous oxide adsorption are rather contra-
dictory, and we do not know how this molecule coordi-
nates to the surface. More detailed studies of energetics
of this reaction for various surface coverages and
microkinetic modeling of N,O dissociation would pos-
sibly shed light on these issues.
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