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We present a new reaction model for ammonia oxidation on a Pt (533) surface and perform numerical sim-
ulations using mean field equations. Kinetic parameters were taken from experiments and Density Functional
Theory (DFT) calculations. The model is based on an oxygen-activated ammonia decomposition and includes
NHx (x=0, 1, 2) intermediates. Reaction rates and coverages obtained from calculations show semiquanti-
tative agreement with values from kinetic and in-situ XPS measurements up to 0.1 mbar pressures. Pathways
for ammonia oxidation were analyzed by varying kinetic parameters in the model, which provides new in-
sights into the relative importance of different reaction steps.
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1. Introduction

The selective oxidation of ammonia with air over Pt/Rh catalysts
to NO in the so-called Ostwald process is one of the most important
catalytic processes in chemical industry. In environmental catalysis
the oxidation of ammonia to nitrogen is a key step in removing air
pollutants in the so-called selective catalytic reduction (SCR) process
[1]. With regard to the significance of catalytic ammonia oxidation it
is quite surprising that relatively few mechanistic and kinetic studies
have been performed. The lack of interest in a precise modeling of
ammonia oxidation can be traced back to the fact that under the con-
ditions of the Ostwald process (TN900 K) the production of NO is lim-
ited by mass transport to the surface and not by surface processes.
Over the past ten years a number of microkinetic models have been
proposed which all rely on the assumption that ammonia decomposi-
tion on platinum is activated through direct interaction of ammonia
with chemisorbed oxygen or OH species, whereas non-activated de-
composition of ammonia plays a negligible role [2–6]. These models
are all quite similar and they all succeed in reproducing the main
qualitative features of the experiment. What is missing in these sim-
ulations is a detailed comparison with experimental data, in
particular, with respect to a quantification of adsorbate coverages
and with respect to the structure sensitivity of the reaction. Providing
such a detailed comparison is the aim of this paper.

Single crystal studies of ammonia oxidation have been conducted
with Pt (100), Pt (111) and with various stepped and kinked Pt
(111) surfaces [7–15]. Most of these studies were performed at low
pressure, in the range from 10−9 to 10−4 mbar. In an attempt to
bridge the so-called pressure gap, the reaction studies were extended
up to 0.1 mbar for various orientations [16,17]. To circumvent heat
and mass transport problems, investigations with supported Pt and
with monolithic polycrystalline Pt were conducted in microreactors
[18].

On the theoretical side ammonia decomposition and the interact-
ion of ammonia with oxygen was studied with DFT (density functio-
nal theory) calculations for Pt (111), Pt (100), and Pt (211) [19–23].
Both, the experimental as well as the theoretical studies agree
that ammonia decomposition is activated by adsorbed oxygen or
OH. The alternative pathway of first decomposing ammonia on a
bare Pt surface followed by recombination of the fragments with ox-
ygen and OH, plays a negligible role under typical experimental
conditions.

Possible products in ammonia oxidation are N2, NO, N2O, and H2O
as reflected by the following reaction equations:

4NH3 þ 5O2→4NOþ 6H2O
4NH3 þ 3O2→2N2 þ 6H2O
4NH3 þ 4O2→2NO2 þ 6H2O

http://dx.doi.org/10.1016/j.susc.2011.08.014
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Fig. 1. Ball model of the Pt (533) surface.
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The availability of oxygen controls the competition betweenN2 vs. NO
formation. A large O2/NH3 ratio and a high temperature favour NO forma-
tion, whereas at low temperatures and low O2/NH3 ratios N2 is the pre-
ferred reaction channel. N2O is a byproduct which is formed in
significant amounts only at higher pressure (N10−2 mbar). Due thedisas-
trous effect on global warming, N2O formation is an undesired byproduct.

Experiments inwhich Ar and Hewere added as inert gas showed that
at p=30–60 mbar and T=523 Kmass transport limitations become sig-
nificant above 660 K [7]. Unless a model takes explicitly mass and heat
transport into account, whichmeans solving theNavier–Stokes equations
for the reactor, a simulation ismeaningful only up to 10−1 mbar. A full re-
actormodelwas used byRebrov et al. [24,25] to simulate ammonia oxida-
tion over Pt/Al2O3 inmicroreactor at pressures close to 1 bar. Scheibe et al.
[2] formulated a model specifically aimed at describing ammonia oxida-
tion over the stepped Pt single crystal surfaces, Pt (533) and Pt (433).
Kraehnert and Baerns [18] in their model, simulated ammonia oxidation
over a Pt foil in a microstructured reactor at pressuresb6×10−2mbar.
All thesemodels are rather similar in the sense that oxygen activates am-
monia decomposition. The oxygen-activated decomposition is lumped
into one step while NHx (x=1, 2) intermediates as well as hypothetical
oxygen containing NHxOy intermediates are not considered.

The reason to neglect decomposition intermediates was that the cor-
responding kinetic parameters were not available at that time. Only
when DFT calculations yielded reaction profiles for the complete path-
ways of OH- and O-assisted ammonia decomposition in Pt (111), Pt
(100) and Pt (211), the missing kinetic constants became accessible.
With in situ XPS, the adsorbate coverages during ammonia oxidation
over Pt (533) have been followed at two different pressure ranges,
10−4 mbar and at 10−1 mbar [17].

In this studywe chose Pt (533) asmodel system because, in addition to
theXPSexperiments, kinetics of ammonia oxidationhavebeen studiedover
a vast pressure range from 10−6 to 10−2 mbar [26,27]. Stepped Pt (111)
surfaces can be considered asmodel system for a real, that is polycristalline,
Pt catalyst. A flat Pt (111) surface is not a goodmodel system because (due
to a low O2 sticking probability) will exhibit low catalytic activity [28]. The
unreconstructed Pt (100) surface exhibits also a high catalytic activity but
compared to stepped Pt (111) surfaces, this orientation has the additional
complication of an adsorbate-induced surface reconstruction [29,30].

The main motivation to study the kinetics of ammonia oxidation on
Pt (533) over a vast pressure range was to bridge the so-called pressure
gap in heterogeneous catalysis. The Ostwald process is conducted at at-
mospheric pressure. At elevated pressures an oxidation of the Pt cata-
lyst might take place, but up to nearly 1 mbar no signs of any oxide
formation were found in XPS [17]. Another complication is the
reaction-induced restructuring of the Pt catalyst [31,32]. In the Ostwald
process, the Pt/Rh gauze becomes visibly roughened already during the
first minutes of operation. The extent of reaction-induced restructuring
is dependent on the total pressure but also under themild conditions of
an experiment in an UHV environment the Pt surface is modified by the
reaction. On Pt (533) at pressures beyond 1×10−4 mbar a reversible
doubling of the step height occurred under certain reaction condi-
tions [22,26]. Since the effect is pressure dependent, reaction-induced
restructuring is part of the pressure as well of the material gap.

In the simulations here presented, the catalyst was treated as rigid
surface; that is, we neglect dynamic restructuring effects caused by the
surface reaction. As will be shown, with this approach we achieve a
semi-quantitative modeling of the kinetics. The results provide us with
insights into the pathways of ammonia oxidation, essentially confirming
the importance of the oxygen activated ammonia decomposition.

2. The model

2.1. The reaction mechanism and mathematical equations

The model describes the reaction under isothermal conditions
with heat and mass transport limitations playing no role. The
conversion rate is assumed to be small so that readsorption of prod-
ucts is negligible. The surface is considered as rigid, i.e. reaction-
induced restructuring effects do not exist.

The Pt (533) surface alsowritten as 4 (111) ×(100) consists of 4 lat-
tice units wide (111) terraces, separated from each other by a step with
(100) orientation, as demonstrated by the structural model of Pt (533)
in Fig. 1. Since at least two reaction steps, O2 adsorption and NO decom-
position are known to be highly structure sensitive, the question is how
to describe the behavior of the Pt (533) surface which is composed of
(100) and (111) facets. NO-decomposition/NO-formation should be re-
stricted to the (100) step sites, whereas the (111) terrace sites should
be fairly inactive [33–36]. In the model, we do not formulate separate
equations for the step and for the terrace sites but we homogenize the
surface. Through the choice of the constants we can, however, take
into account that the (100) steps govern the catalytic activity of Pt
(533) for certain reaction steps. The various adsorbates occupy different
adsorption sites on Pt (100) and Pt (111) but in themodel we assume a
single adsorption site. So-called dual-adsorption sitesmodels have been
proposed [24]; the underlying assumption of two adsorption sites
which can be populated completely independent of each other is, how-
ever, unphysical because energetic interactions or site blocking by steric
effects will in any case cause dependence [37].

Transforming the set reaction equations R1–R13a into kinetic
equations, we arrive to a set of 7th-order coupled ordinary differen-
tial equations (ODE's) plus one independent expression for the
amount of free sites. Eqs. (1)–(8) describe the variation of the surface
coverages of O, OH, NHx, (x=0–3), NO, and vacant sites (symbolized
as * with coverage θ*):

O2 gð Þ þ 2�↔k1
k2
2Oad R1½ �

NH3 gð Þ þ �↔k3
k4
NH3;ad R2½ �

NH3;ad þ Oad↔
k5

k6
NH2;ad þ OHad R3½ �

NH2;ad þ Oad↔
k7

k8
NH2;ad þ OHad R4½ �

NHad þ Oad↔
k9

k10
Nad þ OHad R5½ �

NH3;ad þ OHad →
k11

NH2;ad þ H2O gð Þ þ � R6½ �
NH2;ad þ OHad →

k12
NHad þ H2O gð Þ þ � R7½ �

NHad þ OHad →
k13

Nad þ H2O gð Þ þ � R8½ �
2OHad →

k14
Oad þ H2O gð Þ þ � R9½ �

2Nad →
k15

N2 gð Þ þ 2� R10½ �
Nad þ Oad↔

k16

k17
NOad þ � R11½ �

NOad →
k18

NO gð Þ þ � R12½ �
NOad þ Nad →

k19
N2O gð Þ þ 2� R13a½ �



Table 2
Temperature independent constants used in the simulations.

Constant Description Value Ref.

α O2 stick. prob. into precursor state 0.33 [39]
vd/vc O2 freq. factor ratio into precursor state 18 [39]
s0,3 NH3 initial sticking coef. 0.47 [26]
θsat,O Oxygen sat. coverage 0.4 [38],[39]
θsat,NO NO sat. coverage 0.6 [41]
θh Surface defect sites 0.0001 this work
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dθo
dt

¼
2k1po2θ

2
� þ 2θhk1po2 1−2:5θoð Þ2−2k2θ

2
o−k5θNH3θo þ k6θNH2θOH⋯

−k7θNH2θo þ k8θNHθOH−k9θNHθO þ k10θNθOH þ k14θ
2
OH−k16θoθN⋯

þk17θNOθ�

8<
:

9=
;

ð1Þ

dθNH3
dt

¼ k3pNH3θ�−k4θNH3−k5θNH3θo þ k6θNH2θOH−k11θNH3θOH ð2Þ

dθNH2
dt

¼ k5θNH3θo−k6θNH2θOH−k7θNHθo þ k8θNHθOH þ k11θNH3θOH⋯
−k12θNH2θOH

� �

ð3Þ

dθNH
dt

¼ k7θNH2θo−k8θNHθOH−k9θNHθo þ k10θNθOH þ k12θNH2θOH⋯
−k13θNHθOH

� �

ð4Þ

dθOH
dt

¼ k5θNH3θo−k6θNH2θOH þ k7θNH2θo−k8θNHθOH þ k9θNHθo⋯
−k10θNθOH−k11θNH3θOH−k12θNH2θOH−k13θNHθOH−2k14θ

2
OH

� �

ð5Þ

dθN
dt

¼ k9θNHθo−k10θNθOH þ k13θNHθOH−2k15θ
2
N−k16θoθN⋯

þk17θNOθ�−k19θNθNO

� �
ð6Þ

dθNO
dt

¼ k16θoθN−k17θNOθ�−k18θNO−k19θNOθN ð7Þ

θ� ¼ 1−2:5 θo þ θNH3 þ θNH2 þ θNH þ θOH þ θNð Þ−1:6θNO ð8Þ

The values for the constants are summarized in Table 1, while the
temperature independent constants are shown in Table 2. The initial
sticking coefficients for the gases (s0,i, with i=1, 3 for O2 and NH3 re-
spectively) contained in k1 and k3, are connected to the impingement
rates of gas particles, λi (i=1, 3) via ki=λi s0,i.

λi
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πmikBT
p ð9Þ

For the adsorption and desorption parameters of the gases we rely
on experimental values. Prefactors in the expression for the vacant
sites were derived from the estimated saturation coverages of the ad-
sorbates. Only for Pt (533)/O the saturation coverage has been
Table 1
Kinetic parameters used in the simulations. Unless otherwise specified, rate constants
were calculated assuming an Arrhenius-type temperature dependence (ki=viexp
[−Ei/kBT]).

Step Constant Ei (kJ mol−1) vi (s−1) Ref.

R1a k1 −12 s.text [39]
R1−1 k2 185 3.6×1013 [2]
R2 a k3 s.text s.text [2]
R2−1 k4 69 2.0×1010 [19]+fit
R3 k5 55 3.7×1011 [7]
R3−1 k6 22 3.0×1011 [7]
R4 k7 87 6.1×1012 [7]
R4−1 k8 128 3.0×1011 [7]
R5 k9 84 1.0×1013 [7]+fit
R5−1 k10 57 3.0×1011 [7]+fit
R6 k11 73 3.9×1012 [20]
R7 k12 22 3.4×1012 [20]
R8 k13 22 5.1×1011 [20]
R9 k14 75 1.0×1013 [42]
R10 k15 100 2.0×1011 [2]+fit
R11 k16 85 2.0×1015 [41]+fit
R11−1 k17 100 2.0×1015 [41]
R12 k18 163 8.0×1014 [2]
R13a k19 155 1.1×1014 [18]+fit

a No simple Arrhenius expression used, see text.
determined as 0.25 ML for the (111) terraces and 0.12 ML for the step
sites, giving altogether θsat,O=0.25+0.12≈0.4 [38,39]. The same satu-
ration coveragewas assumed for all adsorbates occupying fcc sites on Pt
(111). For Pt (111)/NH3, a saturation coverage of 0.25 has been deter-
mined for the α-state [21,40]. With exception of NO, the same satura-
tion coverage was taken for all adsorbates occupying bridge or on top
sites on Pt (111); i.e., NH3, NH2, andOH. For NO the situation is different
because the vacant sites not only control NO adsorption but also NO de-
composition (R11−1). On Pt (100) NO dissociation was shown to be
inhibited beyond a coverage of 0.6 ML [41]. Accordingly, a prefactor of
1.6 was taken for NO coverage since we assume that only the (100)
sites on Pt (533) are active in NO dissociation.

Before DFT calculations with ammonia oxidation on Pt surfaces
were started, all kinetic constants involving surface intermediates
were unknown. With DFT, reaction profiles have been calculated for
Pt (111), Pt (211), and Pt (100). For stepped surfaces, a large number
of possible pathways exists and therefore for Pt (211) only a selection
of the most plausible reaction pathways has been computed [3,7,19].

2.2. Adsorption and desorption

Oxygen adsorbs dissociatively on Pt and therefore two adjacent
vacant sites are required, leading to a square dependence on the
number of vacant sites (θ*). We also assume that certain fraction of
defect sites, θh, are present on the surface which cannot be blocked
for oxygen adsorption by other adsorbates. As guidelines for the cor-
rect choice of sticking coefficients, we can use the experimentally
measured reactive sticking coefficients for O2 and NH3, which repre-
sent a lower limit for the values [26]. Ammonia adsorption can be
considered as moderately structure sensitive since the initial sticking
coefficient was shown to vary about one order of magnitude from
NH3 adsorption on Pt (111) to adsorption on Pt (210) [23]. For Pt
(533)/NH3 a value of 0.47 was taken for s0,3[26].

On stepped Pt (111) surfaces the sticking coefficient for O2 increases
with the step density and it decreases with rising temperature
[38,39,43]. The decreasewith temperature, which formally corresponds
to negative activation energy, is due to the fact that dissociation occurs
via a molecular precursor state, which becomes less populated with in-
creasing temperature. Oxygen adsorption on Pt (533) has been studied
by Gee and Hayden [39]with amolecular beam. In a temperature range
from 100–655 K they fitted the temperature dependence of the initial
sticking coefficient for oxygen, s0,1, with a precursor model for oxygen,

s0;1 ¼ α
vd
vc

exp − E1
RT

� �
þ 1

� �−1
ð10Þ

with α denoting the sticking probability into the precursor state, vd
and vc being the frequency factors for desorption from this molecular
state and transition into the dissociated state, respectively, and E1 is
the corresponding difference in activation energy. As in preceding
simulations we used the values of Gee and Hayden with exception
of the ratio vd/vc=18, instead of 80 [2]. This accounts for the fact
that our gas temperature of 300 K corresponds only to 25 meV, in
contrast to the 52 meV for which the parameters were originally
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fitted. For α, a value of 0.33 was used. Simple Langmuirian adsorption
kinetics was assumed for both gases, O2 and NH3.

2.3. Ammonia decomposition

With DFT, energy profiles have been calculated for Pt (111), Pt
(100), and Pt (211) comparing ammonia decomposition on a bare
Pt surface with decomposition activated by chemisorbed oxygen, O
and by OH adspecies [19]. The DFT calculations for Pt(100) by
Novell-Leruth et al. [3] showed that similar to Pt(111), the barriers
for the decomposition of pure ammonia are about 30–80 kJ mol−1

higher than the barriers for oxygen-activated decomposition. As dem-
onstrated for Pt (111), both adsorbed O and OH reduce the activation
barriers for stepwise ammonia decomposition, but while O-species
just reduces strongly the barrier for the first step R3, OH also activates
all subsequent decomposition steps. On Pt(100) the favorable role of
OH compared to O does not hold because on this surface the latter re-
duces the barriers to a bigger extent. From a comparison of Pt(111)
with the stepped surface Pt(211), it was concluded that with excep-
tion of the removal of the last proton, steps do not promote oxygen-
activated ammonia decomposition [7].

Consequently, in the simulation we first tried to incorporate the acti-
vation barriers and frequency factors calculated for Pt(111). Since the
barrier for the O-assisted NH decomposition is quite high the surface be-
comes easily poisoned by a large NH coverage. Comparing Pt (211) with
Pt (111), it has been concluded that steps substantially reduce the activa-
tion barrier for the NH+O reaction. Accordingly, a value of 52 kJ mol−1

for this stepwas initially used for the simulation, as suggested in ref. [19].
The simulations then showed that this value had to be modified to
84 kJ mol−1 (s. below).

2.4. NO formation/decomposition

Experimentally, NO dissociation on Pt was shown to be extremely
structure sensitive. In TPD (temperature programmed desorption) of
adsorbed NO the smallest activity is shown by Pt (111) where less
than 10% decompose during desorption, while about 60% decompose
on Pt (100), and 90% on Pt (410) [35]. Similar to Pt (100), adsorbed
NO on Pt (533) starts to dissociate beyond T=400 K [44]. As a conse-
quence of the vacant site requirement for NO dissociation (step
R11−1), large adsorbate coverages on Pt (100) were shown to inhibit
NO dissociation. The autocatalytic proliferation of the vacant sites
which follows from the inhibition effect of coadsorbates was shown
to be the main driving force for the rate oscillations and chemical
waves in NO reducing reactions on Pt (100) [41]. The activation bar-
rier for NO decomposition on Pt (100) was experimentally deter-
mined to be 103 kJ mol−1[41], but for the reverse step of NO
formation, no corresponding experimental value is available.

The adsorption of NO and the decomposition of NO and recombina-
tion of the fragmentswere investigated viaDFT calculations byOffermans
et al. for Pt (111) andPt (211) [16,20] andbyBogicevic andHass [45]; and
for Pt (100) surfaces by Novell–Leruth et al. [3] and Ge and Neurock [46].
As expected, for the inactive Pt (111) surface the barriers for NO dissoci-
ationwere quite highwith 203 kJ mol−1 and 237 kJ mol−1, respectively.
On Pt (100)Novel-Leruth et al. found an activation energy of 88 kJ mol−1

which is not very far from the experimental value. The reverse step, the
recombination of N and O adsorbed into NO adsepcies was only weakly
activated on Pt (100) with 11 kJ mol−1 according to their calculations.
Ge andNeurock studied the structure dependence of NO decomposition
conducting DFT calculations for Pt (100)–(1×1), Pt (211), and Pt (410).
They found that not all steps but only thosewith (100) orientation pro-
motes NO dissociation. Their value of 93 kJ mol−1 proposed for Pt (100)
surface is not far from the value of Novell–Leruth et al. For Pt (533) a
surprisingly high value for NO decomposition was calculated by Backus
et al. with Ea=157 kJ mol−1[44].
2.5. H2O formation

Water formation on Pt (111) has been studied in modulated mo-
lecular beam experiments and later on, at low temperature, with
scanning tunneling microscopy [42,47]. In DFT calculations aimed at
reproducing the STM results Michaelides et al. [48] found that the for-
mation of an OH adspecies from H and O is, with Ea=100 kJ mol−1, a
strongly activated process whereas the addition of the second proton
with Ea=19 kJ mol−1 exhibits only a small barrier. These values do
not all agree at all with the experimentally determined barriers in
ref. [42].

In the reaction scheme applied in this work, ammonia decomposi-
tion without oxygen activation is neglected and, consequently, no
adsorbed hydrogen is generated. For this reason H2O formation can
only occur through OH disproportionation as described in step R9
and through H abstraction from NHx, (x=1–3) by adsorbed OH in
steps R6–R8. The activation barrier for OH disproportionation on Pt
(111) was calculated to be 13 kJ mol−1 which is far from the experi-
mentally determined value of 80 kJ mol−1. The large deviation might
be due to the fact that the calculation was conducted for an ordered
low temperature coadsorption phase. For our simulation the experi-
mentally determined value was taken.

2.6. N2O formation

N2O in ammonia oxidation is formed in larger quantities only at
high pressure (N10−2 mbar). In NO reducing reactions such as hydro-
gen reduction on Pt (100), N2O is formed also at pressures as low as
10−6 mbar [41]. In TPD of adsorbed NO on Pt (533) small amounts
of N2O were detected [44]. For the formation of N2O two main reac-
tion pathways can be formulated, firstly by the recombination of
adsorbed nitrogen with NO as described by step R13a, or via dimer-
ization of adsorbed NO via step R13b,

2NOad þ NOð Þ2;ad→N2O gð Þ þ Oad þ � R13b½ �

In addition, also the reaction of NO with an hydrogen containing
N-species, NHx, (x=1–3), to N2O has been considered. Experimen-
tally, the formation of N2O in the NH3+O2 reaction over Pt and N2O
decomposition, has been studied with a TAP (Transient Analysis of
Products) reactor in a pressure range from 10−6–10−1mbar, at tem-
peratures between 373 and 1073 K [16,18]. Since a dimerization of
adsorbed NO has been observed on a number of metal surfaces, the
bimolecular reaction pathway to N2O formation on Pt (111) via step
R13b was investigated with DFT by Bogicevic and Hass [45]. Their
conclusion was that the bimolecular pathway is rather unlikely on a
flat Pt (111) surface but that steps might promote this reaction path-
way. For the N+NO route in step R13a, Novell-Leruth et al. calculated
a relatively low activation barrier of 69 kJ mol−1 for Pt (100). In our
simulations the bimolecular pathway R13b yielded results far off the
experiment and therefore only pathway R13a was considered.

3. Results and discussion

3.1. Temperature programmed desorption and stationary kinetics

In order to test the ability of the proposed model to reproduce the
experimental behaviour, simulations of Temperature Programmed
Desorption (TPD) of NO on a Pt (533) surface were carried using dif-
ferent initial NO coverages. Good agreement with experimental TPD
profiles as reported by Backus et al. [44] was reached; i.e., low initial
coverages (θNO) were observed to favour NO dissociation (and thus
N2 and N2O formation), while using increasingly higher θNO values
causes an increase of initial NO desorption. In good agreement with
experiments also, simulations results show that N2O formation re-
mains below 1% of the N2 and NO obtained values; temperatures
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obtained for NO dissociation start and maximum desorption rate
are≈50 K higher than experimental values reported in ref. [44],
which is an acceptable level of agreement given the uncertainty of
model parameters used.

The proposed model was also compared to experimental results
obtained for ammonia oxidation over Pt (533) in a pressure range
from 10−5 to 10−2mbar [26,27], Fig. 2 displays simulated and mea-
sured temperature profiles of the stationary reaction rates for three
different ratios O2/NH3 in the 10−4 mbar range. Shown are the two
main products, N2 and NO, for pO2 : pNH3=1 : 1, for oxygen being
in excess with a 3 : 1 ratio and for oxygen in large excess with a 10 : 1
ratio of the reactants. With regard to the fact that the absolute reac-
tion rates in the experiment are probably only accurate within a fac-
tor of 1.5, the agreement between experimental and simulated rate
curves is quite good. The overall behavior of N2 formation being the
dominant pathway at low temperature and NO prevailing at high
temperature is determined mainly by the availability of oxygen
and by the kinetic parameters controlling NO formation and desorp-
tion (k16, k17, k18).

With increasing O2/NH3 ratio, the maxima in the measured N2 and
NO production curves shift to lower temperature by roughly 50–
100 K. In the simulated NO curves this trend is reproduced, but in
the calculated N2 rate traces, the shift is strongly reduced from a
rate maximum at 620 K at 1 : 1 ratio to 580 K at 10 : 1 ratio. Increasing
the total pressure by about two orders of magnitude to 10−2mbar,
leads to the rate traces reproduced in Fig. 3 for a pO2 : pNH3=1 : 1
ratio of the reactants. With respect to the 10−4 mbar data, the rate
maxima underwent a considerable shift to higher temperature from
620 K to 755 K for N2 production. As demonstrated by Fig. 4 a), the
simulation reproduces quite well the experimentally observed shift
of the N2 rate maximum temperature with total pressure increase.
Fig. 2. Comparison between simulated and experimental temperature profiles of the reaction
production rates for varying ratios pO2 : pNH3 as indicated in every plot, keeping pO2=1×1
In the pressure range from 10−5 mbar to 10−1mbar, the maximum
in N2 production scales with the total pressure as demonstrated by
Fig. 4 b). The experimental data show this scaling only up to
10−3 mbar. Whether the strong restructuring that is observed in
LEED at, and beyond 10−3 mbar is responsible for the deviation
from linear scaling, remains to be shown. Since the experimental
data were obtained with different reactors, inaccuracies in the deter-
mination of the absolute reaction rates might also cause a change in
the slope.

Reversible restructuring of the surface involving a doubling of the
atomic step height, was shown to cause broad hysteresis in experi-
ments [26]. In this work the surface is treated as rigid, and conse-
quently no multistability occurs in the simulated rate curves.

3.2. Adsorbate coverages

In situ measurements with differentially pumped XPS allows to
follow adsorbate coverages during ammonia oxidation over Pt (533)
up to a relatively high pressure, 10−1mbar [17]. A comparison of
measured and calculated adsorbate coverages is displayed in Fig. 5.
The main role played by oxygen coverage (θO) when analyzing the
preferred reaction pathway of ammonia oxidation was discussed in
several studies [7–11], high (low) θO switches selectivity towards
NO (N2) production, and therefore accurate modeling should address
this point. Oxygen coverages obtained from simulations (dark blue
areas in Fig. 5) successfully reproduced the experimentally observed
trends, i.e., for increasingly higher pressures, higher θO limit is
reached in T-evolution coverage plots. Namely, in the 10−4 mbar
range, θO≈0.01 ML simulations and experimental limit only builds
up beyond 500 K; with O2:NH3 ratio of 10 : 1, the θO≈0.025 ML ex-
perimental limit value is comparable to θO≈0.04 ML obtained from
in the 10−2mbar range. Shown are the stationary N2 (left panel) and NO (right panel)
0−4 mbar for all the simulations. Experimental data from ref. [26]).
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Fig. 3. Comparison between simulated and experimental temperature profiles of the
reaction in the 1×10−2mbar range. (a) N2 production (b) NO production. Reaction
conditions: pO2 : pNH3=1 : 1; ptot=1×10−2mbar. Experimental data from ref. [27].

Fig. 4. a) Dependence of the temperature for maximum N2 production on the total
pressure for fixed pO2 : pNH3=1 : 1 ratio of the reactants. b) Dependence of the max-
imum N2 production rate on the total pressure, same conditions. The experimental
data were taken from ref [27,26].
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simulations. For the higher pressure range explored 10−1mbar, che-
misorbed oxygen is always present on the surface reaching 0.24 ML in
the experiment, while simulations performed show a comparable
value of 0.14 ML. The oxygen coverage exhibits a relative minimum
when the N2 production rate is at maximum, both in simulations
and experimental results. Because of the small separation of the N
1 s signals it was not possible in the XPS experiments to distinguish
between NH and NH2 adsorbates. Both species are therefore summa-
rized under NHx (x=1, 2). In the experiment, the N containing spe-
cies decrease strongly beyond 400–500 K leading to a nearly N-free
surface in the 10−4 mbar pressure regime above 700 K, and in the
10−1mbar range above 800 K. This trend is well reproduced in the
simulations.

In the simulations, coverages of NH and NH2 species (not showed
here) were found to vary in parallel, thus indicating that both are in
chemical equilibrium. The θNH observed value is slightly higher than
θNH2 which is to be expected from the higher thermodynamic stability
of NH compared to NH2. The OH-activated pathways of ammonia de-
composition play a very minor role despite the favourable activation
barriers; this can be attributed to the low coverages observed.

Qualitatively, the same species are seen in the simulations and in
the experiment but larger differences are observed in the quantitative
distribution. At 10−4 mbar and 3 : 1 ratio of reactants, the different
ad-species N, NHx, and NH3 have about equal weight in the experi-
ment at low temperature; whereas ammonia exhibits a very small
coverage in the simulation. Increasing the oxygen content to a 10 :
1 ratio naturally enhances the formation of the final ammonia decom-
position product (N) in the simulation. In the experiment this also
seen, but the NHx (x=1, 2) intermediates strongly grow instead. Ev-
idently, a substantial activation barrier prevents removal of the last
proton (step R5 of the proposed mechanism). This barrier is too low
in the simulation.
Despite the above discussed well-reproduced features, striking dif-
ferences can be noted between calculated and XPSmeasured coverages
in Fig. 5. In order to rationalize such differences, one has to consider a
number of facts inherent to the experiments analyzed. In XPS data, ad-
ditional species appear, such as a carbon (C, yellow area reactively re-
moved at high temperatures), carbon containing N contamination
(NC, light grey), and (due to the presence of silicon in the high pressure
cell in the experiments which causes SiO2 accumulation on the surface)
an additional oxygen signal denoted as OOX (light blue in Fig. 5) which
presumably just blocks a certain fraction of the catalytic surface. Sur-
prisingly, no NO was detected on XPS experiments while simulation
show some non-zero θNO for Tb650 K. Photon induced desorption or
decomposition could play a role, but adsorptionmeasurements demon-
strated that this species decomposes easily on Pt (533). Only a small
fraction of the originally adsorbed NO at T=300 K remained intact
when the sample was heated at T=375 K. Fast thermal decomposition
is therefore the most likely explanations for the absence of NO in the
XPS experimental results.
3.3. Reaction pathways and influence of kinetic parameters

In the experiments with Pt (533), no N2O was detected, but this
does not rule out that a small amount (b5%) is produced, since with-
out the use of isotopically labelled NH3 the signals of CO2 and N2O
overlap in mass spectra. For comparison with experiment, data
reported by Baerns et al. [16,18], who studied ammonia oxidation
over a Pt foil at atmospheric pressure in a microreactor can be used.
Relative to the maximum in N2 production, about 5% of N2O were
generated in temperature range extending roughly from 700 to
850 K. In the simulation, the experimentally observed tendency that
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Fig. 5. Temperature profiles of the adsorbate coverages during ammonia oxidation on Pt (533). Comparison between simulated (left column) and experimental adsorbate coverages
(right column) for O, NO, NH3 and NHx (x=1; 2). The experimental data are from in situ XPS measurements conducted with a Pt (533) sample at low pressure, at 10−4 mbar, and
at high pressure, at 10−1mbar. The data were taken during heating up the sample with pO2 : pNH3 ratios of 3 : 1 (top), and 10 : 1 (middle) in the 10−4 mbar range; and 10 : 1
(bottom) in the 10−1mbar range. The species OOX, C, and NC are due to contaminations (s. text). Reaction conditions as follows; top: pO2=3×10−4 mbar, middle: pO2=
1×10−3 mbar, and bottom: pO2=5.5×10−1mbar. Experimental data from ref. [17].
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the relative yield increases with rising total pressure is reproduced, as
demonstrated in Fig. 6 a–b. Nevertheless, the yield of N2O we obtain
for the 10−1mbar pressure range is still less than 1% of N2 production.
This is by a factor of≈5 less than the experiments on Pt foil by Baerns
et al. [16,18].

From the kinetic parameters calculated for Pt (111), OH adspecies
rather than O should promote NH3 decomposition. In the simulation,
the OH-route was observed to play a negligible role, which is simply a
consequence of the very low OH coverage (see Fig. 6 b)). The OH spe-
cies is highly reactive since it can react with NHx (x=1–3) or dispro-
portionate to form water (step R9). As a very reactive intermediate,
the OH concentration remains very low.

As demonstrated by Fig. 9 a) and b), the activation barrier E5 for
the initial step of the O-activated NH3 decomposition, has a rather
strong influence on the catalytic activity and selectivity. Decreasing
E5 by 25% shifts the range of NO production to higher temperature,
while simultaneously; the range for N2 formation is expanded. The
activation barriers for the subsequent NH3 decomposition steps, E7
and E9, control the concentration of the intermediates NH and NH2.
As noted above, using an increased barrier of 131 kJ mol−1 for E9
(as originally calculated via DFT for Pt (111)) led to a poisoning of
the surface by NH species. Replacing this barrier by the 52 kJ mol−1

obtained from a DFT study of Pt (211) also did not lead to reasonable
results because then the concentrations of the NHx (x=1, 2) inter-
mediates became vanishingly small. For this reason E9 had to be trea-
ted as a fit parameter, yielding a value of 84 kJ mol−1.

The second group of kinetic parameters which sensitively influ-
ence the catalytic properties are the NO related constants; namely
NO formation (step R11), NO decomposition (step R11−1), and NO
desorption (step R12). As shown in Fig. 7 c), decreasing the activation
energy for the N+O recombination step R11 by 25% causes a drastic
shrinking of the N2 production rate, replacing N2 by NO formation
whose onset shifts by roughly 100 K to lower temperature. The oppo-
site effect is seen when the NO desorption energy, E18, is increased by
25%. This suppresses NO formation below 1000 K directing the reac-
tion towards N2 formation, as can be observed in Fig. 7 d).
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Fig. 7. Sensitivity of the reaction system to the choice of the reaction constants. Shown
are temperature profiles of the N2, NO, and N2O production for pO2 : pNH3=3 : 1 ratio
of the reactants and pO2=5×10−3 mbar. (a) with original values for the constants
(b) with E5 the activation energy for step R3, decreased by 25%, (c)with E16, the activation
energy for NO formation (step R11), decreased by 25%, and (d) with E18, the activation
energy for NO desorption (step R12), increased by 25%.

Fig. 6. SimulatedN2Oproduction at low and highpressurewith constant pO2 : pNH3=1 : 1
ratio of the reactants. Total pressures, (a) ptot=1×10−1mbar, (b) ptot=1×10−4 mbar.
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4. Conclusions

The results in this study have shown that modeling based on the
mechanism of oxygen-activated ammonia decomposition allows a
very good semiquantitative description of the experimental data.
The comparison between experimentally measured and simulated
adsorbate coverages also clearly demonstrates that while qualitative-
ly correct behaviour is obtained, quantitative agreement is difficult to
achieve. Namely, trends obtained experimentally for TPD and kinetic
measurements were successfully reproduced with the proposed
model. Regarding surface coverages, a simulation result reflects cor-
rectly θO coverage variation and its relation with T-range for N2 or
NO preferential product formation.

However, the concept of simply using the kinetic parameters from
DFT calculations is only of limited value if one aims at quantitative
agreement. The often cited chemical accuracy is certainly good
enough to discriminate realistic pathways against unrealistic path-
ways, and thus highly valuable. Quantitative agreement cannot be
expected for several reasons which lie in limitations of the mean
field approach applied here and in limitations of DFT calculations:

• Energetic interactions decisively influence the kinetic parameters since
they increase/decrease activation barriers depending on the coverage
and the chemical environment of the reacting species. These depen-
dencies which become very important at high coverage/high pressure
are typically neglected in DFT calculations.

• On stepped surfaces which are usually the ones which are impor-
tant in catalysis only a small subset of all possible reaction pathways
can be treated in DFT calculations due to computational limitations.
One relies on chemical intuition for the choice of possible pathways,
which might be misleading.

• Re structuring effects of the substrate have so far not been considered
inDFT calculations. Since the restructuring often creates rough surfaces
with structural defects which are known to be very reactive neglecting
such effects could mean neglecting the catalytically most active sites.

From the experimental side, most investigations aimed at clarify-
ing basic mechanistic aspects while very basic and simple adsorption
studies are left out. These basic studies are however important for
quantitative modeling they comprise the influence of coadsorbates
on the adsorption kinetics, saturation and inhibition coverages, the
formation of coadsorption phases, etc.

The constants whichwe use in themodel are effective constants be-
cause the catalytic behaviour of the (111) terraces and (100) steps will
be different. Whether the adsorbates on steps and terraces can be con-
sidered to be well mixed will depend on the mobility of the adsorbates
and on the coverages which may restrict mobility. Depending on pres-
sure and temperature therefore quite different situations might result.
For analyzing such situations instead of mean field equations which as-
sume spatial homogeneity lattice gas models would be more appropri-
ate. In particular, at high coverages assuming simple Langmuirian
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adsorption kinetics will be in many cases a rather poor approximation.
Attempts in this direction taking into account the different reactivity of
local configurations have beenmade, for example, with catalytic CO ox-
idation over Ru(0001) [49,50]. Lattice gas models however, typically
suffer from the fact that they have to use unrealistically low diffusion
jump rates in order to keep simulation tractable.

Instead of attacking the problem from a fundamental level, with a
more pragmatic approach one could try to parameterize these depen-
dencies in an ODE model by introducing coverage-dependent con-
stants. This, however, would introduce a number of fit parameters.
In the best case, one could hope in succeeding to express very compli-
cated dependencies with a small number of effective parameters.

Summarizing, simulations for ammonia oxidation over a Pt (533)
surface were carried using a mean field model which is based on
oxygen-activated NH3 decomposition. The model includes the decom-
position intermediates NH and NH2. Qualitatively, the experimental
data are reproduced correctly reaching overall semiquantitative agree-
ment with the experiment. Moreover, the model hereby presented can
be used to assess the relative importance of individual steps in the reac-
tion mechanism. Even when the simulations capture a great deal of im-
portant experimental features, quantitative agreement is not to be
expected due to several limitations inherent to the method; e.g., the
use of mean-field equations for a system which is heterogeneous on a
microscale and exhibits strong energetic interactions of the adparticles,
and neglecting island formation and coverage dependence of kinetic
constants.
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