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Zusammenfassung 
   Ziel dieser Arbeit war ein Verständnis der Reaktionskinetik und der durch die Reaktion induzierten 
Veränderungen des Katalysators für die Ammoniakoxidation an Pt im Druckbereich um 100 kPa. 
Primär- und Sekundärreaktionen der Ammoniakoxidation (NH3+O2 / N2O / NO; Zersetzung von NH3, 
N2O, NO) wurden bei Temperaturen zwischen 180 und 900 °C untersucht. Durch die Entwicklung 
eines mikrostrukturierten Quarzreaktors wurde eine kinetische Untersuchung der Ammoniakoxidation 
im Temperaturbereich von 286 bis 385°C ermöglicht. Die Platinmorphologie verändernde Effekte 
wurden identifiziert und zur Erklärung von beobachteten Aktivitätsänderungen herangezogen. 
   Zur Untersuchung der durch Sauerstoff bedingten Änderungen der Pt-Morphologie wurde der 
Katalysator nach Behandlung in N2O, O2 and H2 mittels XPS, XRD, SEM und EDX charakterisiert. 
Die Behandlung des Platins im N2O-Strom bis 600°C erzeugt eine im Platingitter gelöste 
Sauerstoffspezies auf Zwischengitterplätzen (XPS, XRD). Bei höheren Temperaturen im N2O-Fluß 
(>600°C) oder in O2 (900°C) bildet sich eine stabile Platin-Sauerstoff-Phase, Pt-Ox (XPS, XRD). Die 
Sauerstoffspezies wird Pt-Plätzen im Pt-Gitter zugeordnet. Eine Wasserstoffbehandlung (900°C) stellt 
durch Entfernen der Sauerstoffspezies die ursprüngliche Pt-Struktur wieder her. 
   Die Phasenumwandlung von Pt in Pt-Ox mindert drastisch dessen katalytische Aktivität bei der N2O 
und NO-Zersetzung, und für die Reaktion von Ammoniak mit O2, N2O oder NO. Im Gegensatz dazu 
ist nur Pt-Ox, nicht jedoch Pt, aktiv in der Ammoniakzersetzung bei 550 bis 850°C. Bei ausreichend 
hoher Temperatur aktiviert der Pt-Ox-Katalysator langsam (h) im Verlauf der Reaktion von Ammoniak 
mit O2, N2O oder NO, während Pt durch die N2O-Zersetzung innerhalb von Stunden desaktiviert wird 
(T>600°C). Die Aktivitätsänderungen deuten darauf hin, daß die Phasenumwandlung Pt�Pt-Ox rever-
sibel verläuft und sich ihre Gleichgewichtslage den Reaktionsbedingungen entsprechend einstellt.  
   Durch die Ammoniakoxidation an Pt-Folie wurde im gesamten untersuchten Temperaturbereich, d.h. 
von 286 bis 700°C, eine Facettierung der Katalysatoroberfläche hervorgerufen, deren Ausprägung 
stark von der Temperatur abhängt. Bis etwa 400°C bilden sich Reihen paralleler Facetten deren Größe 
mit steigender Temperatur von ca. 0.1 auf 0.5 µm zunimmt; oberhalb von ca. 500°C wachsen 
regelmäßig geformte Mikrokristalle auf der Oberfläche auf. Deren scharfe Kanten facettieren 
wiederum mit der Zeit, bis schließlich glatte und gerundete Kristalle die gesamte Oberfläche 
bedecken. Diese Umstrukturierung wird literaturgemäß bei niedrigen Temperaturen einer durch 
Adsorbate beschleunigten Oberflächendiffusion von Pt, bei hohen Temperaturen dem Transport als 
leicht-flüchtiges Platinoxid durch die Gasphase zugeschrieben. 
   Die Kinetik der Ammoniakoxidation wurde im Temperaturbereich des kinetischen Regimes und 
langsamer Oberflächenrestrukturierungen untersucht (286-385°C). Die Bildungsgeschwindigkeit von 
NO, N2O und N2 wurde als Funktion der Partialdrücke (pNH3, pO2, pNO) und der Temperatur 
beschrieben; der Einfluß der Zugabe von N2O war vernachlässigbar. Ein kinetisches Modell wurde 
unter Annahme einer Pt(111)-Oberfläche, sowie eines gelumpten und 9 elementarer Reaktionsschritte 
erstellt. 
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   Das Model beschreibt die experimentellen Daten besser als die ebenfalls getesteten Modelle von 
Scheibe et al. (Surf.Sci. 576, p.131) und Rebrov et al. (Chem.Eng.R.&D., 81(7), p.744). Die Beschrei-
bung des Temperatureinflusses konnte durch die Berücksichtigung der - mikroskopisch untersuchten - 
Temperaturabhängigkeit der reaktionsinduzierten Oberflächenaufrauhung deutlich verbessert werden. 

s=a: hollow site  
 
s=b: on-top site 



   

Summary 
   The aim of this work was to elucidate the reaction kinetics and reaction-induced changes of platinum 
catalyst for ammonia oxidation carried out at pressures in the kPa range. For this purpose, primary and 
secondary reactions of ammonia oxidation were studied on polycrystalline Pt at temperatures of 180 to 
900°C (NH3+O2 / N2O / NO; decomposition of NH3, N2O, NO). Moreover, experimental conditions for 
a kinetic study were established in a novel micro-structured quartz-reactor, and the kinetics was 
determined for 286 to 385°C. Processes that induce modifications of the Pt morphology were 
identified, and related to activity changes. 
   To elucidate oxygen-related changes of Pt morphology, catalysts treated in N2O, O2 and H2 were 
studied applying XPS, XRD, SEM and EDX. Heating Pt in N2O flow up to 600°C formed bulk-
dissolved oxygen, Odiss, interpreted to reside in interstitial sites. This slightly expanded the fcc lattice 
of Pt. Upon heating to higher temperature in N2O flow (>600°C) and O2 (900°C), Pt transformed into 
a stable platinum-oxygen alloy, Pt-Ox, featuring a further expanded elementary cell of platinum. XPS 
indicated an additional oxygen species, interpreted as oxygen residing in substitutional position in the 
Pt lattice. H2 treatments (900°C) restored the Pt lattice by removing oxygen species. 
   The transformation of Pt into the platinum-oxygen alloy Pt-Ox drastically reduced its ability to 
decompose N2O and NO, and to catalyse the reactions of ammonia with O2, N2O and NO. In contrast, 
Pt-Ox was active in ammonia decomposition at 550-850°C, while Pt was not. The oxygen-treated 
catalyst activated during reaction of ammonia with N2O, NO and O2 with time on stream at 
sufficiently high temperature, while Pt deactivated within hours in N2O decomposition (T>600°C). 
Activation and deactivation are interpreted as an adjusting of the oxygen content of Pt during reaction, 
i.e. a reversible phase transformation Pt � Pt-Ox that equilibrates to reaction conditions. 
   Facet formation was induced on the surface of Pt foil during ammonia oxidation in the whole 
investigated temperature range (286-700°C). The surface roughening depended strongly on 
temperature. At low temperatures (< 400°C), the surface reconstructed into rows of parallel facets; 
facet size (<0.1 to 0.5 µm) increased with temperature. At higher temperatures (> 500°C) regular-
shaped bulky micro-crystals grew. The crystal edges broke up with time-on-stream to form a surface 
covered with smooth and rounded Pt needles. The mechanism of surface reconstruction was 
interpreted as adsorbate-enhanced Pt diffusion at low temperatures, and gas phase transport via 
volatile PtO2 at high temperatures. 
   The kinetics of ammonia oxidation was studied between 286 and 385°C, where reaction-induced 
surface reconstruction was slow, and the kinetic regime prevailed. Rates of NO, N2O and N2 formation 
were described as a function of pNH3, pO2, pNO and T. In contrast to NO, re-adsorption and reaction of 
N2O was negligible. A kinetic model with one lumped reaction (NH3-s + O-s) and 9 elementary 
reaction steps was developed using available mechanistic information, and assuming a Pt(111) model 
surface. 
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   The model fitted the experimental data better than the also tested steady-state kinetic models of 
Scheibe et al. (Surf. Sci. 576, p.131) and Rebrov et al. (Chem.Eng.R.&D., 81(7), p.744). The model 
was still deficient in the description of the temperature influence, which could be overcome by 
including a term for the temperature dependence of reaction-induced surface reconstruction. 
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s=b: on-top site 
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1 Introduction and objectives 

The industrial application of ammonia oxidation over platinum-based gauze catalysts is a 
highly optimized process, reaching yields of nitric oxide between 95 and 97 % [1]. The 
reaction is used for the production of nitric acid, with an annual world capacity of about 
50 Mt HNO3 [2]. Nitric acid is an important intermediate in fertilizer production as well as for 
nitration and oxidation reactions in the production of dye, pharmaceuticals and explosives. 

The patent for platinum-catalyzed ammonia oxidation was granted in 1839 [3]; industrial 
application started with the development of a process for nitric acid production by Ostwald 
[4]. The process consists of three major reactions:   
 (1) ammonia oxidation with air to nitric oxide catalyzed by Pt or Pt-Rh gauze,   
 (2) gas-phase oxidation of NO by additional air at reduced temperature, and   
 (3) NO2 absorption into water to yield nitric acid.  

Another application of ammonia oxidation is the reduction of NH3 emissions from tail gases 
via selective low-temperature oxidation to nitrogen. The industrially relevant ammonia-SCR 
(selective catalytic reduction) is a secondary reaction of ammonia oxidation, used for the 
abatement of NOx emissions. 

One side product of catalytic ammonia oxidation is nitrous oxide, N2O. The global emission 
of N2O from nitric acid plants was estimated to be around 400 kt/y in 2003 [5]. Harmful 
effects of nitrous oxide include a contribution to global warming [6] as a long-living 
greenhouse gas, and depletion of the ozone layer in the atmosphere [7]. Emissions from nitric 
acid plants can be minimized by reduction or decomposition of N2O [1, 5, 8]. Nevertheless, 
measures for N2O abatement are difficult and expensive [5]. Therefore, it would be desirable 
to suppress the byproduct nitrous oxide by adjusting the reaction conditions and the catalyst, 
which requires an understanding of reaction mechanism and kinetics leading to N2O 
formation. 

Although the catalytic ammonia oxidation is well optimized from an engineering point of 
view, and the reaction has been studied intensively for a century, neither general agreement 
on the reaction mechanism nor on high-pressure kinetics was reached [5, 9]. Attempts to 
measure intrinsic kinetics over non-supported catalyst at pressures and temperatures relevant 
to industrial application (1-13 bar, 810-940 °C [1]) failed so far [9-11]. Reasons for 
difficulties in studying intrinsic kinetics are the high rate and exothermicity of the reaction, as 
well as reaction-induced restructuring of the catalyst surface.  

Hence, most studies have been carried out at low temperatures or reduced pressure in order to 
avoid extensive heat generation and the respective difficulties in temperature control. 
Unfortunately, the limited range of experimental conditions also constrains the information 
that can be derived. At reduced pressures (< 6 Pa), N2O formation is suppressed [12], 
reaction-induced roughening of the catalyst surface is negligible [13] and oxygen penetration 
of the Pt bulk is less likely to occur. At low temperature the product NO is not formed, and 
surface roughening is suppressed. Thus, the information obtained in the constrained systems 
is incomplete, and extrapolated models [14-16] describe only basic trends observed in the 
industrial application. The given examples for the case of catalytic ammonia oxidation on Pt 
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indicate, that differences (“gaps”) exist between ideal system, e.g. single crystals in UHV, and 
real systems as used under industrial conditions.   

Bridging such gaps between ideal and real systems in heterogeneous catalysis is the purpose 
of the priority program 1091 of Deutsche Forschungsgemeinschaft (DFG-SPP-1091: [17]) 
that provided the framework for this study. The goal of the program is to gain insights into the 
so-called pressure and material gap by investigating systems with a different degree of 
“ideality”. Ammonia oxidation on platinum catalyst was chosen as one example for a 
challenging reaction. Hence, catalytic ammonia oxidation was investigated by (a) theory 
applying DFT to single crystal surfaces [18], (b) studies under UHV conditions on different 
stepped single-crystal faces [19], (c) transient low-pressure experiments on Pt gauze [20], and 
(d) close to atmospheric pressure over polycrystalline Pt gauze and foil. 

This thesis presents the results obtained on the “real” end of experimental conditions (d). The 
objective of this work was to describe the reaction kinetics and reaction-induced changes of 
platinum catalyst for ammonia oxidation carried out at pressures in the kPa range. For this 
purpose, primary and secondary reactions of ammonia oxidation were studied applying 
polycrystalline Pt near atmospheric pressure at temperatures up to 850 °C. Experimental 
conditions for a kinetic study were established, and a kinetic investigation was carried out. 
Processes that induce modifications of Pt morphology were identified, and related to activity 
changes. The specific influence of “real conditions” was described in terms of differences to 
ideal systems concerning surface morphology and bulk structure of platinum, and adsorbate 
coverage of Pt under reaction conditions. The content of this thesis is outlined below. 

After a critical review of the  

 (2.) state of the art,   
 (3.) the methodology and   
 (4.) experimental details are introduced.   

The results are presented in chapters 5 to 8 concerning   

 (5.1) changes of Pt morphology induced by treatment in N2O, O2 and H2 up to 900 °C, 
 (5.2) the surface morphology after temperature-controlled ammonia oxidation,   
 (6. and 7.) the performance of different Pt samples in catalytic decomposition   
  of N2O / NH3 / NO, and reaction of ammonia with N2O / NO / O2, and 
 (8.) the steady-state kinetics of ammonia oxidation at 286-385 °C. 

Finally, in the last chapter  

 (9.) conclusions are drawn, also with respect to a bridging of pressure and   
  material gaps, and topics for future research are suggested. 
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2 State of the art 
The state of the art presented here concerns the mechanism and kinetics of ammonia oxidation 
over Pt catalyst (section 2.1), as well as possible reaction-induced changes of the 
Pt morphology, and the influence of such changes on catalyst performance (section 2.2). 
Since temperature control was a major problem encountered in previous studies of ammonia 
oxidation, section 2.3 is dedicated to the application of micro-structured reactors in the 
investigation of fast and exothermic heterogeneously catalyzed reactions. Finally, the 
implications of the state of the art for this work are summarized (section 2.4).   

2.1 Mechanism and kinetics of ammonia oxidation 

Numerous studies have been conducted to elucidate mechanism and kinetics of catalytic 
ammonia oxidation over platinum. The derived knowledge is presented below, starting with 
general information about the reaction and an overview on the kind of studies that exist. 
Thereafter, the mechanism is discussed with respect to primary reaction steps, i.e. the 
formation of N2, N2O and NO from ammonia and oxygen, and with respect to secondary 
reactions, namely the interaction of NO and N2O with the catalyst surface and with ammonia. 
Finally, the available information on kinetics of ammonia oxidation is reviewed. 

2.1.1 Ammonia oxidation on Pt 

Catalytic oxidation of ammonia over Pt produces as nitrogen-containing species di-nitrogen, 
nitrous oxide and nitric oxide. Hydrogen atoms from the ammonia feed are converted to 
water. The overall reactions are exothermic and can be written as  

 4 NH3 + 3 O2 � 2 N2 + 6 H2O ∆rH298K = - 1266 kJ/mol (2-1) 
 4 NH3 + 4 O2 � 2 N2O + 6 H2O ∆rH298K = - 1104 kJ/mol (2-2) 
 4 NH3 + 5 O2 � 4 NO + 6 H2O ∆rH298K = -   907 kJ/mol (2-3) 

Unimolecular decomposition of ammonia as well as of NO and N2O influences product 
selectivity, especially at higher temperatures: 

 2 NH3 � N2 + 3 H2 ∆rH298K = +  92 kJ/mol (2-4) 
 2 N2O � 2 N2 + O2 ∆rH298K = - 161 kJ/mol (2-5) 
 2 NO � N2 + O2 ∆rH298K = - 180 kJ/mol (2-6) 

Another important group of secondary reactions is the interaction of ammonia with product 
molecules. Ammonia reduces NO and N2O forming nitrogen: 

 2 NH3 + 3 N2O � 4 N2 + 3 H2O ∆rH298K = -   877 kJ/mol (2-7) 
 4 NH3 + 6 NO � 5 N2 + 6 H2O ∆rH298K = - 1808 kJ/mol (2-8) 

The production of N2 (eq. 2-1) is associated with the highest heat of reaction and causes a 
measurable increase in temperature of the adiabatically operated industrial reactor when the 
NO selectivity decreases due to catalyst aging. Di-nitrogen is thermodynamically most stable 
of all involved molecules. NO production is thermodynamically favored over N2O at high 
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temperatures (>730 °C). The oxidation of ammonia is not limited by equilibrium in the 
investigated range of conditions. 

Molecular nitrogen and NO are the main products of ammonia oxidation over platinum under 
UHV conditions (e.g. [21]). N2 formation prevails between 150 and 400°C; NO formation is 
favored at higher temperatures and at high oxygen partial pressure. A decline in the rate of 
ammonia consumption is observed at high temperatures and explained by decreasing sticking 
coefficients [21, 22]. Formation of a side product, N2O, is reported for studies at pressures 
above ca. 10 Pa (e.g. [20, 23]): Production of nitrous oxide passes through a maximum around 
400 °C. N2O formation was not observed in UHV studies reported so far. The reasons for the 
pressure dependence of N2O formation (kinetic effects, structural effects, limited analytical 
sensitivity) are not fully understood yet [13]. More important, this discrepancy illustrates the 
difficulty in comparing low and high-pressure studies, i.e. pressure gaps in heterogeneous 
catalysis. 

The mechanism of catalytic ammonia oxidation has been studied over different platinum 
materials, including single crystals (Pt(111): [24]; Pt(100): [25, 26]), stepped single crystals 
(Pt(s)-12(111)x(111) [21]), polycrystalline Pt [27-31] and alumina supported platinum [27, 
30].  

Early investigations were restricted to speculations about the nature of reaction intermediates 
present on the catalyst surface. Hence, reaction mechanisms centering around different 
reaction intermediates were proposed by Andrussow (HNO: [32-35]), Bodenstein (NH2OH: 
[36-39]), as well as Raschig and Zawadzki (NH, N2H4: [40-42] and [43, 44]). 

Starting with the SIMS experiments of Fogel et al. [45], the situation improved due to tech-
nical innovation in the field of surface science. Based on spectroscopic evidence (LIF, AES, 
XPS, EELS, PEP) the major reaction intermediates existing on the Pt surface were shown to 
be OH, NH, NH2 and NO [24, 26, 29-31, 46], whereas the evidence for another possible 
reaction intermediate, HNO, derived from EELS studies, is still under discussion [26, 47].  

More recently, the advancements of computational methods provided a wealth of information 
obtained by calculations applying Density Functional Theory (DFT) [48]. This information 
concerns i.a. the nature of active sites on platinum surfaces [49], preferred adsorption sites of 
reactants and reaction intermediates in ammonia oxidation (NH3: [50-52]; O2: [53, 54]; O: 
[55-57]; H, OH: [18, 55-58]; NO: [59-61]), energetically favored reaction paths [13, 18, 58, 
59, 62, 63] and surface reconstructions [64]. 

In the catalytic ammonia oxidation on platinum, primary and secondary reactions steps exist. 
The primary reactions steps are usually assumed to be the adsorption of ammonia and oxygen, 
the activation of the ammonia molecule as well as product formation and desorption. 
Secondary reactions comprise the re-adsorption and conversion of primary reaction products, 
either by catalytic decomposition, or by reaction with ammonia. In contrast to the surface 
reaction, the well-studied non-catalytic ammonia oxidation [65-68] requires temperatures 
above 800 °C to be self-sustaining [69]. Moreover, Selwyn and Lin [46] demonstrated that 
NH and OH desorb in catalytic ammonia oxidation over Pt wire at 500-1000 °C (101 kPa), 
but do not react any further. Hence, non-catalytic reaction steps are usually neglected.  
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Catalytic reaction steps of ammonia oxidation are discussed in detail below with focus on 
primary reactions (part 2.1.2) and secondary reactions (part 2.1.3), followed by an overview 
over available information on kinetics of ammonia oxidation (part 2.1.4).   

2.1.2 Primary reaction steps 

An overview is given on reaction steps leading from ammonia and oxygen to reaction 
products. The adsorption of ammonia and oxygen on Pt surfaces is reviewed, followed by a 
discussion of different ways to activate the adsorbed ammonia molecule. The final part of this 
section is concerned with formation and desorption of the reaction products N2, N2O and NO.  

Adsorption of NH3   

Adsorption and decomposition of ammonia on the Pt surface are possible initial reaction steps 
in catalytic ammonia oxidation. General agreement exists in literature that ammonia adsorbs 
molecularly in a low-coverage state (α1-NH3, < ¼ ML) on Pt(111), with NH3 in on-top 
position [50-52, 70]. Applying TPD, the α1-NH3 desorbed in a broad peak around 30-110 °C 
[71, 72]. Two weakly bound high-coverage adsorption states have been observed in TPD 
experiments [71, 72] with desorption peaks around –100 °C (α2) and –150 °C (α3), 
respectively. The high-coverage states were interpreted as multilayer adsorption, where 
ammonia molecules bind to H atoms of the ammonia molecules in the under-laying adsorbate 
layer [50]. Due to their low desorption temperature, the α2 and α3 state are not relevant in 
ammonia oxidation. From studies of different Pt single crystal faces (Pt(111), (100), (110), 
(210), (211)) using TPD, EELS, IR and molecular beams, it was concluded that the binding of 
ammonia does not depend on the Pt crystal planes [71, 72]. 

Adsorption of O2 

The adsorption of molecular oxygen on different Pt surfaces has been studied repeatedly. 
Gland and coworkers [73, 74] demonstrated (using LEED, UPS, EELS, TPD) that on the 
Pt(111) surface O2 adsorbs molecularly below 150 K, and dissociates to form an adsorbed 
atomic state above that temperature. Puglia et al. [75] (applying XPS, UPS, NEXAFS) 
confirmed the existence of different physisorbed and chemisorbed molecular O2 states at low 
temperatures, and the oxygen dissociation at ca. 150 K. STM studies on Pt(111) indicate that 
the dissociation probability of oxygen molecules is locally enhanced in the vicinity of 
adsorbed atomic oxygen [76]. According to DFT calculations [18, 57, 58], hollow sites are the 
energetically preferred adsorption sites for atomic oxygen. 

By exposure of Pt(111) surfaces to O2 at 150-300 K, a maximum coverage with adsorbed 
atomic oxygen of 0.25 ML was obtained [75, 77-79]. Nevertheless, higher Oads surface 
coverages were reached after exposure of the adsorbed oxygen to electron beams [74], 
O2 treatment at elevated pressure and temperature [78], treatments in NO2 [80], and by 
adsorption of thermally cracked oxygen [81].   

The oxygen-platinum interaction is sensitive to the surface structure: Dissociative oxygen 
adsorption on flat Pt single crystals varies in the reported initial sticking coefficients 
(s0

Pt(111)~0.05, s0
Pt(110)~0.4 [82]). Moreover, initial sticking coefficients for oxygen on Pt(111) 

were found to decrease from 0.06 at 300 K to 0.025 at 600 K [83], and to increase on stepped 
Pt(111) surfaces with step density [84]. The obtained maximum coverage of adsorbed atomic 
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oxygen also varies with the Pt surface (Pt(111): 0.25 ML, Pt(110): 0.35 ML, 
Pt(100): 0.63 ML [85, 86]). Sljivancanin and Hammer [54] calculated energy diagrams for 
oxygen interactions on Pt(111) and for a stepped single crystal Pt(211), showing that steps are 
the preferred sites for O2 adsorption and dissociation. Energies for oxygen adsorption on flat 
Pt surfaces and for surface diffusion of oxygen were also computed by Illas et al. [55] and 
Bogicevic et al. [56]. The calculated activation energies for surface diffusion of oxygen were 
within the wide range of experimentally determined values, i.e. 41 to 113 kJ/mol [87], 
indicating rather low mobility of atomic oxygen [87, 88]. 

Removal of oxygen from the Pt surface at higher temperatures occurs via recombination of 
adsorbed oxygen atoms and O2 desorption. To desorb the low-coverage state of adsorbed 
atomic oxygen, temperatures of at least 400 °C {Pt(100)-(1x1) [86], Pt foil [89]} to 450 °C 
{Pt(111) [80], Pt(210) [90], Pt/C [63], Pt-12(111)x(111) [21]} are required. The activation 
energies for the recombination-desorption of adsorbed atomic oxygen depend on the Pt face 
and oxygen coverage; values of 105 to 215 kJ/mol have been reported ([91] and references 
therein). 

Activation of NH3 molecules 

To form products in catalytic ammonia oxidation, the ammonia molecules adsorbed on the Pt 
surface need to be activated: besides catalytic decomposition, reactions with adsorbed atomic 
oxygen and with adsorbed OH species were proposed. The reactions were described as 
“stepwise stripping of H atoms from the NH3 molecule”, i.e. the sequential dehydrogenation 
via NH2 and NH to adsorbed atomic nitrogen. Bradley et al. [25]  proposed a reaction 
mechanism for Pt(100) where the stripping of H atoms from ammonia proceeds via reaction 
with atomic oxygen. For Pt(111) Mieher and Ho [24] suggested the dehydrogenation of NH3 
by oxygen, and interactions of NH2 and NH with adsorbed OH. More recently, adsorbed O 
and OH were proposed to play a role for the dehydrogenation of all adsorbed NHx species 
(x=1…3) on Pt sponge and Pt/Al2O3 [27-31].  

Within the frame of the DFG-SPP-1091 “gap-bridging” project [17], possible reaction paths 
of ammonia activation were studied by DFT computations on the Pt(111) surface, i.e. an 
“ideal system” [13, 18, 58]. The computation of activation energies for reaction paths of 
H abstraction from NHx species, by either decomposition or reaction with O/OH, confirmed 
the experimental data of Mieher and Ho [24]: Compared to catalytic decomposition of NHx, 
the interaction with adsorbed atomic oxygen lowers the activation energy of the first step 
(NH3-NH2) significantly (ca. 70 kJ/mol), while the reaction of NHx with OH results in a 
decrease of activation energies for all dehydrogenation steps (x = 1…3) by ca. 80-130 kJ/mol. 
Thus, the majority of cited references agrees in the conclusion that ammonia activation via 
reaction with oxygen-species is much faster than ammonia decomposition.   

Although catalytic decomposition of ammonia is slow compared to reaction with adsorbed O 
or OH, it is still interesting from a “real-systems” point of view whether NH3 dissociates at all 
on platinum. From flow studies of ammonia decomposition at low pressure (0.001-2 kPa) the 
group of Schmidt [92-94] concluded that the ability to catalytically decompose NH3 increases 
with the “openness” of a Pt face, i.e. in the order Pt(111) < (100) < (110) < (210) ~ 
polycrystalline. An increased activity of stepped Pt surfaces (Pt(210) and Pt(557), compared 
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to flat Pt(111)) in ammonia decomposition was also reported for molecular-beam experiments 
[72, 95]. The decomposition of ammonia required temperatures in excess of 330 °C. The 
reaction was described by a mechanism where NH3 decomposes stepwise via NH2, NH, 
and N. Products N2 and H2 are formed by recombination reactions of N atoms and H atoms, 
respectively [92, 93, 95]. 

Several authors claimed that more or less extensive catalyst-pretreatment in oxygen was 
required for reproducible catalytic ammonia decomposition, ranging from “cleaning by 
repeatedly heating in oxygen” [72], over “20 minutes in oxygen at 530 °C” and “heating to 
970 °C” before each experimental point [95], to “initial heating in O2 for several hours … and 
periodical re-heating in O2 thereafter” [92-94]. If the heating procedure was not followed, a 
slow deactivation of Pt at high temperatures was observed [72, 96]. Such deactivation was 
attributed to the accumulation of some unknown impurity. The “impurity” could only be 
removed by heating to ~970-1080 °C, and was not detected by AES, IR or EELS [92, 95, 96]. 
Only oxygen (!) and Pt were detected by AES up to a depth of 5 Å on the oxygen-treated 
platinum surface [92]. 

In context of reports about the influence of high-temperature treatment of Pt on its catalytic 
activity [21, 97, 98], the impression arises that all the applied oxygen-pretreatment procedures 
in ammonia decomposition studies served only one purpose, the supply and storage of oxygen 
in the Pt catalysts. More open Pt faces do not only decompose NH3 better as reported in 
literature, they should also allow faster oxygen uptake of the catalyst. The presence of oxygen 
on the Pt surface is known to enhance the conversion of ammonia significantly [24, 71]. 
Furthermore, DFT studies, carried out by Offermans [18] in the frame of the DFG-SPP-1091 
project, did not support the experimental evidence that stepped Pt surfaces decompose 
ammonia faster than flat Pt faces: Calculated activation barriers for dissociative H abstraction 
from NHx on Pt(111) (112-134 kJ/mol) and Pt(211) (110-155 kJ/mol) were similar on flat and 
stepped Pt surface. Considering the stored oxygen in the Pt-NH3 reaction system as a reactant 
also offers a different possible interpretation for the NH3-D2 experiments that Guthrie et al. 
[95] carried out to study the mechanism of ammonia dissociation. The observed MS signals 
on atomic mass units (amu) 18, 19 and 20 were attributed to NH2D, NHD2 and ND3, 
respectively. Thus, stepwise H-D exchange on the ammonia molecule was concluded. 
Unfortunately, the alternative explanation of water formation (H2O, HDO, D2O with amu 18, 
19, 20) was not considered in the interpretation of the experimental data. 

The cited literature appears to give a clear picture about the ability of different platinum 
materials to catalytically decompose ammonia. Nevertheless, the conclusions that were drawn 
have to be questioned in the light of applied catalyst-pretreatment procedures. Similar 
oxygen-treatments were reported to significantly alter Pt activity in other reactions. Hence, a 
study of NH3 decomposition needs to consider the influence of catalyst pretreatment. 
Moreover, it needs to address the question whether oxygen-free platinum catalyzes the 
decomposition of ammonia. In catalytic ammonia oxidation, the ammonia activation via 
reaction with adsorbed O and OH is the preferred reaction path. 
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Product formation  

The mechanism of catalytic ammonia oxidation on platinum has to account for the 
experimentally observed formation of water and of the nitrogen containing products N2, N2O 
and NO. A variety of reaction paths was proposed, based on spectroscopic evidence or mere 
speculation about reaction intermediates.  

The formation of di-nitrogen in catalytic ammonia oxidation is in recent studies usually 
described by the recombination of adsorbed nitrogen atoms. This reaction was proposed for 
Pt(100) [25], Pt(111) [24] as well as Pt sponge and Pt/Al2O3 [27, 30]. Furthermore, 
recombination of N-s was also suggested as major reaction path for N2 formation in the 
NH3-NO interaction on Pt(100) [99, 100]. A recent DFT study indicates an activation energy 
for this recombination-desorption of adsorbed atomic N of ca. 150 kJ/mol [18, 58] on Pt(111), 
while slightly lower values of 85-124 kJ/mol were derived in kinetic studies of ammonia 
oxidation [23, 101, 102].     

NO formation in the catalytic ammonia oxidation is usually described as recombination of 
adsorbed nitrogen and oxygen atoms [24, 91, 102]. On Pt(111), an activation energy of 
ca. 160 kJ/mol has been estimated by DFT computations [18, 58]. Alternatively, direct 
formation of nitric oxide from adsorbed NH has been proposed by interaction with atomic 
oxygen [25] or with both, O and OH [30]. Results of molecular beam experiments on the 
NH3-O2 interaction over Pt(111) led to the suggestion of two different ways of NO formation, 
the N+O recombination as well as NH+O reaction [103]. Authors of recent kinetic studies on 
ammonia oxidation used the N+O recombination reaction in their models [19, 23, 91, 102]. 

Selectivity towards nitric oxide formation is determined by the competition between three 
reactions for the adsorbed NO molecules: desorption, decomposition, or reaction towards 
N2O. The formation of nitrous oxide can be described by reaction between adsorbed N and 
NO, or the decomposition of an adsorbed dimmer (NO)2: combined spectroscopic and TPD 
studies [104-106] led to the conclusion that the reaction between adsorbed NO and N is more 
likely. Furthermore, a lower activation energy was computed in DFT studies on Pt(111) [59] 
for this reaction path. Experimentally, the formation of nitrous oxide from ammonia and 
oxygen was found to require pressures in excess of 6-160 Pa [12, 13], and is therefore 
considered as one of the so-called pressure gaps in catalytic ammonia oxidation. 

The hydrogen that is stripped off from the ammonia molecule during the formation of atomic 
nitrogen leaves the surface as water. Water formation during ammonia oxidation on Pt has 
been proposed to proceed via NHx+OH reaction [27, 31, 58], reaction between two adsorbed 
OH [25], or both ways in parallel [24]. From the investigation of hydrogen oxidation, two 
major reaction paths were deduced for water formation: OH+OH as well as OH+H reaction 
[107-109]. The produced water desorbs from Pt(111) around 170 K [110]. Accordingly, 
surface coverage of water was found to be low during kinetic studies of hydrogen oxidation 
[107, 111] as well as ammonia oxidation [23, 102]. 

2.1.3 Secondary reactions 

Secondary reactions of ammonia oxidation are reactions of species that are formed during 
ammonia oxidation, and undergo further reactions either directly or after re-adsorption on the 



2 State of the art  9 

 

catalyst surface. Di-nitrogen is the thermodynamically most-stable product of ammonia 
oxidation and does not react on Pt surfaces at least up to 800 °C [20]. In contrast, NO and 
N2O both decompose and interact with ammonia on platinum. Hence, their secondary 
reactions can influence selectivity in catalytic ammonia oxidation significantly. To assess the 
contribution of secondary reactions to the product distribution of ammonia oxidation, 
information on the catalytic decomposition of N2O and NO as well as the reaction of 
ammonia with N2O and NO is reviewed below. 

N2O decomposition 

Nitrous oxide, N2O, is an unwanted side product of catalytic ammonia oxidation under 
industrial conditions [5]. Hence, adsorption of nitrous oxide on Pt [112, 113] and its catalytic 
decomposition on polycrystalline Pt [114-119], as well as structure sensitivity of the reaction 
[63, 120] attracted considerable research interest. Nevertheless, the various studies did not 
lead to a common understanding of the N2O-Pt interactions. Avery [112] reported that 
molecular adsorption of N2O occurs on a flat Pt(111) surface at 74 K. The N2O molecule 
adsorbs in a linear configuration via terminal N-atom in on-top position [63, 112]. N2O is 
weakly bound to the surface and desorbs at 86 K (multi-layer) and 100-120 K, respectively 
[112, 121]. Thermal dissociation of N2O adsorbed on Pt(111) did not occur, but photo-
dissociation of N2O at 82 K resulted in up to 0.75 ML atomic oxygen on the surface [122]. No 
data are available about adsorption or reaction of N2O on other flat surfaces of Pt ((110), 
(100) [123]), or on stepped Pt single crystal surfaces [104].    

In contrast to the molecular adsorption at low-temperature as observed on Pt(111), N2O 
adsorbs dissociatively on supported Pt catalysts (Pt-SiO2, Pt-C) near room temperature [63, 
113, 120]: Adsorbed atomic oxygen and gas-phase nitrogen are formed. Oxygen does not 
desorb up to 350 °C, thus it poisons the surface for further N2O decomposition. O-s reacts, 
however, readily with hydrogen under formation of water [113]. About 400 °C are required to 
allow recombination of oxygen atoms and desorption of O2 [63]. Burch and co-workers  [63, 
120] were able to completely deactivate Pt/C by blocking defects, steps and kinks on the Pt 
surface via Bi adsorption, indicating structure sensitivity of N2O decomposition. In contrast, 
DFT studies carried out in parallel by the same authors [63] suggested structure insensitivity, 
i.e. similar activation barriers for N2O on flat Pt(111) and stepped Pt(211) surfaces. 

Steady-state N2O decomposition requires continuous oxygen desorption, for which 
temperatures in excess of 400 °C are necessary. Accordingly, the reaction has been studied at 
400-1200 °C over polycrystalline Pt (wires [114-118], ribbons [124, 125], foils [116], gauze 
[119]). Batch reactors [114-116], continuous-flow reactors [117, 118, 124, 125] and pulse 
techniques [63, 119] were applied. Hinshelwood and Prichard [114, 115] proposed a simple 
kinetic model for N2O decomposition: dissociative adsorption of N2O with formation of N2 
and atomic surface oxygen was assumed as the first reaction step (eq. 2-9). Formation of O2 
and the inhibiting effect of molecular oxygen on N2O decomposition were explained by 
reversible dissociative O2 adsorption (eq. 2-10) [114, 115, 117, 118]. Riekert and Staib [116, 
126] observed partial inhibition of catalytic N2O decomposition by gas-phase oxygen and a 
shift of reaction order above 600 °C. Despite the fact that the Hinshelwood-Prichard model 
can indeed explain a less pronounced inhibition by oxygen with increasing temperature, 
existence of a second pathway for formation of O2 was concluded. Direct interaction between 
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N2O and adsorbed atomic oxygen was proposed (eq. 2-11). Kondratenko and Baerns 
concluded in a recent kinetic study [20, 119] that O2 formation at low pressures (< 6 Pa) 
proceeds exclusively via reaction (2-11) over oxygen-pretreated platinum gauze. The 
inhibiting effect of additional oxygen was attributed to site blocking, resulting from an 
adsorbed molecular oxygen species at 600-800 °C (eq. 2-12). 
 
 Hinshelwood     Riekert    Kondratenko 
       and                and              and 
   Prichard            Staib          Baerns 
N2O    N2 + O-s  + + + (2-9) 
2 O-s      O2 + 2s  + +  (2-10) 
N2O + O-s    N2 + O2 + s   + + (2-11) 
O2    O2-s       O2-s +s   2 O-s   + (2-12) 
 

Even though different contradictory kinetic models exist, mechanistic information is scarce. 
Moreover, it is not fully understood if the reaction is structure sensitive [63]. Another unclear 
aspect is the long-term performance of polycrystalline Pt in N2O decomposition at high 
temperatures. Hinshelwood and Prichard [114, 115] claimed partial deactivation during the 
reaction, and also after O2-treatment of the Pt catalyst at 1400 °C; vacuum treatments at 
1500 °C restored catalyst activity. Other authors denied such deactivation, but provided 
inconsistent data (compare Table 1 vs. Figure 3 in [126]). L.D. Schmidt and co-workers 
reported rate measurements to be “reproducible over long periods of time” after treatment in 
0.01 kPa O2 at 1300 °C [117], only to correct the rate data later to be “by a factor of 3-7 lower 
than reported previously” [118]. No explicit deactivation was reported for O2-treated Pt 
(800 °C) when exposed to N2O pulses (600-800 °C) at low pressure [119]. 

It can be concluded that the catalytic decomposition of N2O over polycrystalline Pt depends 
strongly on the temperature regime. Nitrous oxide adsorbs dissociatively at about 20-400 °C, 
but one of the products, oxygen, does not desorb. Continuous N2O decomposition requires at 
least 450 °C, which coincides with the temperature range of oxygen recombination and 
desorption in vacuum as reported in O2-TPD studies [90]. Oxygen re-adsorption at higher 
temperatures leads to partial inhibition of N2O decomposition. Different pathways of 
N2 formation and O2 formation have been proposed. Moreover, reports about the 
consequences of high-temperature exposure of Pt catalyst to N2O, O2 and vacuum are 
contradictory. In addition, studies of N2O decomposition have not been reported so far for the 
experimental conditions of this study (pN2O > 1 kPa and T > 500 °C and continuous 
operation). Hence, the influence of different pre-treatment procedures on catalyst activity, and 
the potential of Pt catalysts for long-term high-temperature application in N2O decomposition 
are still open questions. 

NO decomposition 

The adsorption and decomposition of NO has been studied on flat single crystals of Pt [59-61, 
127], on stepped single crystals [104-106, 128-131], as well as on polycrystalline platinum 
[132-136]. The reaction was found to be extremely structure sensitive. On Pt(111), NO 
adsorbs molecular around 150 K. The adsorbed NO molecules were assigned to different 
adsorption sites (fcc, on-top, hcp), from which desorption occurs at about 340-380, 300 and 
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240 K, respectively [60, 61, 104, 127, 131]. The Pt(111) surface does not catalyze the 
decomposition of NO [127] due to a high activation barrier for dissociation (DFT: [59]). 
Conversion of NO over this Pt surface in experimental studies is exclusively assigned to 
defect sites [127, 137]. Dissociative adsorption of O2 on Pt(111) blocks adsorption of NO on 
fcc-hollow sites, and only on-top and hcp sites are populated by NO in this case [138]. 

Dissociation of NO in TPD experiments on Pt(110) was reported to be insignificant [127]. In 
contrast, the more open Pt(100) surface decomposes approximately 50 % of the strongly-
adsorbed NO species (TPD: [127]). Formation of N2, O2, and traces of N2O were observed 
[127]. Some of the strongly-bound NO molecules desorb at the same temperature as the 
produced N2, about 500 K. DFT calculations confirmed the lower activation barrier for 
dissociation of NO on Pt(100) (1.2 eV), as compared to Pt(111) (2 eV) [59, 62]. 

Pt single crystals constructed from (110) steps and (100) terraces (e.g. 210, 310, 410) 
decomposed NO already at room temperature [131]. Dissociation of nitric oxide on Pt 
surfaces with (100) steps and (111) terraces (Pt (211), (533)) required about 500 K [104, 106, 
130, 131]. While the weakly adsorbed terrace-NO desorbed molecularly, the strongly bound 
NO from step sites partially desorbed before the remaining NO dissociated. Pt(533) did not 
decompose any nitric oxide when the step sites were blocked by either pre-adsorbed Oads or 
Au [130]. During NO-TPD on Pt(533) and Pt(211), both nitrogen-containing products N2 and 
N2O desorbed at the same temperature (~510 K), just after the partial desorption of NO from 
steps [105, 130, 131]. It was concluded that the NO dissociation reaction requires empty step 
sites. N2 formation was explained by recombination of N-s atoms. Two different routes were 
proposed for N2O formation:  
 a) reaction of adsorbed nitrogen atoms with surface NO, and   
 b) dissociation of an adsorbed (NO)2 dimer. 

Route “a” was concluded to be more likely, due to the parallel appearance of N2 and N2O 
during NO-TPD [105, 106], and a lower (calculated) activation barrier [59]. The nitrogen 
atom that is required to form N2O (via route “a”) does not necessarily have to result from 
thermal NO dissociation [106], but can come from other nitrogen sources (e.g. NH3). Wang 
and co-authors [104] decomposed 15NO on Pt(533) using electron beams, and observed N2O 
formation even at 110 K during subsequent 15NO adsorption. It is not clear if the reaction 
between adsorbed N and NO proceeds only on step sites [104], or also on (111) terraces [59, 
106]. Desorption of the oxygen that was formed during NO dissociation required surprisingly 
high temperatures. More than 1000 K were needed on Pt(211) for O2 desorption [105, 131]. 
On polycrystalline platinum, the oxygen formed in NO decomposition desorbed above 
1070-1100 K [132, 133, 135]. High desorption temperature and the loss of oxygen during 
NO-TPD were attributed by some authors to formation of subsurface oxygen [105, 131].      

While the catalytic NO decomposition on Pt single crystals attracted considerable attention, 
only few studies exist for polycrystalline materials. Results of NO-TPD experiments are 
contradictory, ranging from mostly molecular NO desorption [133] over low conversion 
(< 20 %) up to converting about 50 % of the strongly-adsorbed NO [139]. From NO 
desorption peaks and observed low activity, Wickham et al. [135] concluded that the surface 
of Pt foil mostly resembles a Pt(111) surface (also Miki et al.: [134]), with some contribution 
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of (110) and (100) planes as well as steps and kinks. Desorption of all products N2 (~480 K), 
O2 (> 800 K) and N2O (~450 K in 15NO-TPD: [134]) was observed. 

The kinetics of N2 formation in catalytic NO decomposition over polycrystalline Pt at 
650-1700 K were described by a LHHW type of rate equation, with competitive adsorption of 
NO and molecular oxygen [132, 136]. N2O formation from NO was not included in the 
respective kinetic models [132, 136]. Slow deactivation in the presence of oxygen was 
observed during continuous-flow experiments at 1270 K [136]. Mummey and Schmidt [132] 
reported “steady-state kinetics” of NO decomposition on Pt wire, which were actually based 
exclusively on initial rates measured in batch experiments. Between the batch runs the 
catalyst was treated at 1670 K in vacuum and O2 at low pressure (10-4 Pa) , which might have 
been necessary to restore catalyst activity. 

Hence, literature does not provide a coherent picture of catalytic properties of polycrystalline 
Pt in NO decomposition. Neither is the activity towards N2 and N2O formation known, nor is 
clear if there is any steady-state activity at all [132, 136]. Furthermore, reports on the 
comparability of polycrystalline and single-crystalline Pt in NO-TPD are contradictory. 
Therefore, experiments are required to elucidate, if steady-state NO decomposition on Pt 
gauze is sufficiently fast to play a role in the kinetics of ammonia oxidation, and which 
products are formed from NO under conditions of this study. 

Reaction between NH3 and N2O 

Surprisingly, literature data on the platinum-catalyzed reaction between ammonia and nitrous 
oxide is scarce. Otto et al. [140] devoted a small part of a NH3+NO study over Pt/Al2O3 to a 
possible secondary interaction between NH3 and N2O: formation of water and N2 was 
reported at 200 °C. The reaction was (at 200 °C) about 9 times slower than the NH3-NO 
interaction under similar conditions.  

Reaction between NH3 and NO    

Under conditions of industrial nitric acid production, the unwanted side reaction between NH3 
and the desired product NO is a major contribution to the loss of NO. Not less undesirable, the 
potential greenhouse gas N2O is one of the products of this reaction [141]. In a different 
context, the catalytic reduction of NO by ammonia is applied for emission control from power 
plants and nitric acid plants [142]. 

The NH3-NO interaction has been studied in a wide range of conditions and methods, from 
flow experiments at UHV [99, 100, 143-145], over pulse [141] and flow experiments [146, 
147] under vacuum conditions, to batch and flow studies at atmospheric pressure [140, 148-
150]. Investigated Pt materials include flat Pt(100) [99, 100, 144, 145] and stepped [143] sin-
gle crystals, foil [148, 149], wire [146, 147], gauze [141] and Al2O3-supported Pt [140, 150].   

Several experimenters used isotopically labeled reactants containing 15N to elucidate the 
origin of N atoms in the product molecules, and to avoid interference between contributions 
of CO2 and 14N2O to the MS signal at amu 44 (15NH3: [100, 140, 141], 15NO: [99, 140]). 
Some studies include also the effect of co-feeding O2 to the system [100, 149]. Numerous 
reports describe oscillatory behavior of reaction rates of the NH3-NO interaction, and 
considerable effort was dedicated to study such oscillations [99, 100, 145-148]. Since the 
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reaction between ammonia and nitric oxide is highly exothermic, only vacuum-studies were 
conducted at high temperature (700-900 °C [141], 300-1200 °C [146], 100-600 °C [143-
145]). To achieve temperature control over the catalyst in studies at atmospheric pressure 
level, reactor temperatures did not exceed 360 °C [148, 149] and 250 °C [140, 150], 
respectively. 

The NH3-NO reaction takes place in the wide temperature range of 150-1200 °C [146, 149]. 
Nitrogen and water are the main products, although often various amounts of additional 
nitrous oxide are formed. N2O production appears to depend on the pressure level during ex-
periments: while no N2O formation has been observed at pressures below 10-4 Pa [143, 144], 
small amounts of nitrous oxide (1-10 %) have been reported for the 10-4-10-2 Pa range [100, 
145]. Selectivity for N2O reaches up to 50 % at atmospheric pressure level [140, 148]. 

Product selectivity depends on pressure and on temperature. Katona et al. [148] identified a 
low-temperature and a high-temperature reaction regime, with a transition range of oscillating 
rates in between. The low temperature regime, i.e. with high surface coverage of reactants, is 
characterized by high N2O selectivity of ca. 25-50 % [140, 146, 148] and an apparent energy 
of activation of ca. 102 kJ/mol [148]. In the high-temperature regime, i.e. low coverage, the 
selectivity towards N2O decreases in favor of N2 formation [100, 141, 145, 146, 148], and the 
apparent activation energy increases to ca. 212 kJ/mol [148]. The decrease in N2O selectivity 
was explained by the fact that empty surface sites are available in the low-coverage regime, 
which catalyze further decomposition of N2O into N2 [148]. 

The transition between high- and low-coverage regime of the NH3-NO reaction at pressures of 
102-105 Pa is indicated by a change in apparent energy of activation [148] (i.e. a break in 
temperature-dependence of reaction rates [146, 148]), and isothermal oscillation of reaction 
rates [147, 148]. Rate oscillations and a change in temperature dependence of rates have also 
been observed on Pt(100) at much lower pressures (10-4-10-2 Pa) [99, 100, 145].  

Temperatures between ca. 150 °C (10-4 Pa [99, 145]) and ca. 400 °C (50 Pa [147]) were 
reported for the transition. For the respective pressure ranges of their experiments, Katona et 
al. [148] and Lombardo et al. [99] concluded that the transition regime depends on 
temperature and partial pressure of NO: The transition shifts towards higher temperatures 
with increasing NO pressure. 

Different explanations have been given for oscillatory kinetics of the NH3-NO reaction. 
Imbihl and co-workers attributed rate oscillations to a combination of catalytic “surface 
explosion” and surface reconstruction [99, 145]. Using LEED measurements, the oscillating 
transition between the NO-adsorbate stabilized Pt(100)(1x1) phase and the less active, 
hexagonal reconstructed Pt(100) phase could be followed. In contrast, the group of 
Nieuwenhuys explained the rate oscillations on Pt(100) by a “vacancy model” [100]: NO was 
assumed to adsorb in densely packed islands. Due to a lack of empty sites NO cannot 
decompose inside the islands, and a reaction between NO and NHx species takes place 
preferably on the borders of the NO islands. Takoudis and Schmidt [147] attributed the 
observed oscillation behavior to the complexity of chemical kinetics, i.e. “a single unstable 
solution to the differential equations” describing the surface reactions.    
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Several complex and contradicting reaction networks were proposed to explain the NH3-NO 
interaction on Pt, but common agreement on the reaction mechanism was not obtained. 
Mechanistic information was derived from the distribution of isotopically labeled N atoms in 
reaction products [140, 141], and from the individual oscillation behavior for the rate signal of 
different species [99, 100, 145]. The distribution of 15N and 14N atoms in the product N2 was 
for example described to result from NH3-NO and from NH3-NH3 [100], from mostly 
NH3-NO as well as some NO-NO [140], or from all possible combinations (NH3-NO, 
NH3-NH3 NO-NO) [99, 141]. Contradicting as well, N2O was reported to be formed with 
nitrogen atoms from NH3-NO only [99, 141], by NH3-NO and NO-NO interaction [140], or 
exclusively from NO-NO [100]. 

Proposed reaction steps are as numerous as the reported isotope combinations in N2 and N2O. 
The formation of dinitrogen for example has been explained by recombination of nitrogen 
atoms (N+N) [100, 143, 145, 146], the reaction NHx+NO [140, 141, 143, 146], NHx+NHx 
reaction [141], HNO+H reaction [140], NO+N reaction [100], and N2O decomposition [141]. 
Not less controversial, formation of N2O has been attributed to reactions HNO+HNO [140, 
146], NHx+NO+O [141], NHx+NO [140], or simply NO+N [100, 151]. Since N2 and N2O are 
also formed in NO dissociation over oxygen-free Pt [20], one way to explain the NH3-NO 
reaction is a combination of NO dissociation and ammonia-assisted removal of surface oxy-
gen. Under some conditions, the addition of O2 to the NH3-NO reaction enhanced the rate of 
NO consumption [141, 149], while no influence was observed for other conditions [100, 149]. 

Judging from the literature overview, the product distribution in the NH3-NO reaction and the 
appearance of the oscillation phenomenon do not differ significantly between the investigated 
catalytic platinum material, i.e. single crystals, foil, wire or supported catalyst. Rather, two as-
pects of a pressure gap are observed: N2O formation is absent at low pressures (< 10-4 Pa), 
and the pressure of NO in combination with reaction temperature determines if the reaction 
takes place in a high- or low-coverage regime. This switching between reaction regimes de-
serves special attention when results from different experimental conditions are compared. 

2.1.4 Ammonia-oxidation kinetics 

The aim for a kinetic investigation of ammonia oxidation must be to obtain data on the 
formation of all nitrogen-containing products, i.e. nitrogen, nitrous oxide and nitric oxide, in a 
reasonably wide temperature range. Challenges result from the fact that the reaction is fast 
and highly exothermic. Accordingly, problems were encountered with respect to mass transfer 
and temperature control (ignition on Pt wire [10], Pt black and Pt/Al2O3 [11]). Different 
solutions were proposed and implemented: reducing the reaction rate by decreasing pressure 
(a) or temperature (b), or improving heat transfer applying micro-structured reactors (c). 

a) Decreasing the partial pressure of reactants leads to lower reaction rates, which in turn 
means lower heat generation on the catalyst surface. A major drawback of this method is that 
no information on N2O formation is derived, since nitrous oxide has not been detected in most 
studies carried out under vacuum conditions. Hence, kinetic models were limited to the rate of 
NO formation [20, 152, 153], or N2 and NO formation [10, 118, 154]. The latter study was 
carried out on Pt wires at 200-1400 °C and pressures up to 130 Pa. The derived rate 
expressions described NO formation to be first order in surface coverage of atomic oxygen 
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and ammonia. Formation of N2 was modeled with two contributions, from the surface reaction 
between ammonia and NO, and catalytic ammonia decomposition. Attempts to apply the 
model in simulations of industrial gauze reactors were of limited success: only the most basic 
trends were described [14-16]. Moreover, both assumed reactions for N2 formation are in 
disagreement with later-derived mechanistic information [24, 25, 31].  

More recently, a kinetic model containing elementary reactions steps was proposed by 
Scheibe et al., based on available mechanistic information, and rate measurements carried out 
on stepped Pt single crystals at 150-700 °C (p < 10-2 Pa) [19, 101, 102]. The model accounts 
for rates of NO and N2 formation, and will be described in detail later on (section A). Also re-
cently, kinetic measurements for ammonia oxidation on Pt gauze were carried out in the TAP 
reactor under transient vacuum conditions at 700-800 °C ([20] p.107). Nitric oxide was the 
major nitrogen-containing reaction product. Similar to the approach of Scheibe et al., a kinetic 
model was formulated on the basis of elementary reaction steps, and the discussed system of 
22 possible reactions was simplified to 9 rate equations. The derived kinetic model described 
only formation of NO; neither were N2 or N2O formation included, nor was any secondary re-
action of NO or N2O considered. (The model was therefore not tested in this present study.) 

b) A second approach for solving the problem of temperature control was to decrease the 
temperature while keeping partial pressures in the kPa range, thus slowing down the reaction 
and reducing the respective heat generation on the catalyst. The drawback was that such 
studies were limited to below 300 °C [11, 155-157], and therefore no information on the 
formation of the high-temperature product NO was obtained. Hence, kinetic models describe 
only N2 and N2O production. Such models have been put forward by Ostermaier et al. for 
Pt black and Pt/Al2O3 (rNH3 and SN2O below 200 °C: [11, 157]) and Ilchenko et al. for Pt wire 
(rN2 and SN2O: [155, 156]).  

c) More recently, a 3rd approach was followed, using partial pressures in the kPa range, but 
extending the range of temperature-controlled operation by applying micro-structured reactors 
with more (temperature control: [23, 91, 158]) or less success (ignition: [159, 160]). Rebrov et 
al. tested different micro reactors [158], and measured ammonia conversion and product 
selectivity at temperatures up to 360 °C [23, 91]. Based on the data and suggested elementary 
reaction steps, micro-kinetic models for ammonia oxidation on Pt/Al2O3 were proposed. 
Details of the kinetic study are described below (section B). 

One problem should be mentioned that has not been addressed in all the presented studies: 
although ammonia oxidation induces changes of surface morphology and catalyst 
performance already around 300 °C under UHV conditions [22], no explicit proof for 
obtaining steady-state during the kinetic measurements was presented.  

It can be seen from the presented reports on ammonia oxidation kinetics that the level of 
detail in kinetic models increased with increasing availability of mechanistic information. 
Earlier studies were limited to the global kinetics of formation of some products. Recent 
models are based on identified elementary reaction steps, used in combination with few 
simplifying assumptions. As indicated before, such detailed models obtained under UHV 
conditions (A: Scheibe et al. [101, 102]) and near atmospheric pressure (B: Rebrov et al. [23, 
91]) are presented in the following two sections. 
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A) Ammonia oxidation on stepped Pt single crystals under UHV conditions (Scheibe et al.) 

Scheibe, Lins and Imbihl [19, 101] investigated ammonia oxidation over stepped Pt single 
crystals Pt(533) and Pt(443) experimentally at pressures of 10-3 to 10-2 Pa. The rate of NO and 
N2 formation was recorded (QMS) in four temperature ramps (150-700 °C, 50 K/min) with 
different NH3:O2 ratios, and during partial pressure variation at 250 to 350 °C. Each 
measurement was carried out with a freshly prepared single-crystal surface. Hysteresis effects 
were observed in temperature ramps [22] as well as partial-pressure cycles [19]. A kinetic 
model was proposed and fitted to the steady-state kinetic data [102]. The kinetic models for 
Pt(533) and Pt(443) differed only in the values of some kinetic parameters. 

A model for the reaction was assembled from available mechanistic information [102], 
consisting of 11 elementary reactions and one lumped reaction step describing activation of 
the adsorbed ammonia molecules by atomic oxygen (Fig. 1). The lumping of the ammonia 
activation step was rationalized by a lack of information on the kinetics of stepwise NHx 
dehydrogenation. The first dehydrogenation step was assumed to be rate-determining, and the 
reaction was described to be first order in surface coverage with ammonia and atomic oxygen. 
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Fig. 1  Mechanistic scheme of ammonia oxidation applied by Scheibe et al.  
  - solid arrows indicating elementary reaction steps  
  - dashed arrow indicating the lumped reaction for ammonia activation 
 

A set of rate equations was derived from the mechanistic model (Fig. 1), the assumption of 
energetic equivalence of all adsorption sites, and pre-factors accounting for differences in 
maximum surface coverage of the various adsorbate species. The model was fitted to 
experimental data adjusting the kinetic parameters of four reactions, and keeping the other 
parameters constant at the literature value. The influence of partial pressures (NH3, O2) on 
rates of product formation (NO, N2) at 250-350 °C was captured with only moderate quality. 
In contrast, the temperature influence, recorded in four temperature ramps, was described 
well. A second pathway of NO formation, proposed from the evaluation of experimental data 
(rNO =  f(pNH3, pO2)) [101], was not considered in the kinetic modeling procedure and results 
[102]. Furthermore, the reactor was operated at low conversion (XNH3 < 1 %), hence 
information on secondary reactions was not obtained. Negligibly small surface coverage with 
OH indicated that water formation and desorption are fast. 
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B) Ammonia oxidation on Pt/Al2O3 close to atmospheric pressure (Rebrov et al.) 

Rebrov, de Croon and Schouten presented the first kinetic study of ammonia oxidation that 
took into account the formation of N2, N2O and NO [23, 91]. Design [158] and optimization 
[161] of a micro-structured reactor were described, as well as application of the reactor in a 
kinetic investigation of ammonia oxidation close to atmospheric pressure [23, 91]. Formation 
of NO, N2O and N2 were studied between 240 to 360°C without ignition. The micro-
structured reactor was fabricated from a stack of aluminum plates [91]. The channel walls 
were converted to Al2O3 (~25 µm) by anodic oxidation. Then, Pt was impregnated on the 
alumina layer (dp~2.3 nm, 40 % dispersion prior to reaction), calcined and reduced. The re-
action was started by equilibrating the catalyst to reaction conditions for 12-30 h in NH3 + O2 
flow. (It is not mentioned if the catalyst activated or deactivated during operation; catalyst 
was not characterized after reaction. Therefore neither sintering nor Pt oxide formation could 
be confirmed). The effluent gas was analyzed by GC; NO concentration was calculated from 
the nitrogen balance. Kinetic regime was established up to 340 °C [23]. 

Product distribution was shown for the range of 250-360°C, up to 12 kPa NH3, and up to 
88 kPa O2 [91]. Full ammonia conversion was reached at ca. 300 °C, but NO production 
started only at that temperature. Selectivity for N2O reached a maximum at ~320 °C. A 
variation of oxygen partial pressure at 300 °C did not influence NH3 conversion (~100 %), but 
increased SN2O while decreasing SN2; only traces of NO were formed. Variation of pNH3 at 
300 °C decreased NH3 conversion from 100 to 80 % and slightly increased N2 selectivity, 
only traces of NO were formed. 

Rebrov et al. developed a reaction scheme and kinetic model from literature data, mostly 
based on UHV studies on kinetics and mechanism for various low-index planes of Pt single 
crystals. 19 reaction steps were proposed, and adsorbates assigned to two different adsorption 
sites (“N-sites”, “O-sites”). A sensitivity analysis, using kinetic parameters from literature, 
allowed identification of 13 relevant reactions (see Fig. 2). Although the reactor was operated 
in integral mode, re-adsorption of NO was not considered as secondary reaction. The model 
was fitted to measured data, minimizing the deviation of NH3 conversion, N2 selectivity and 
N2O selectivity between experimental and simulated values. In this process 14 of the kinetic 
parameters (EA, k0) were adjusted, 12 more parameters were fixed at the literature value. The 
validity of assuming plug-flow was shown in a subsequent CFD simulation. 
 

  

NH3-s

2O-s

N2

+O-s
-OH-s

NOO2 + 2s

NH3

N-s

NO-s

N2O
+

+O-s

Dual site
mechanism,

s = (a,b)

2OH-s H2O + O-s + s

NH3-s

2O-s

N2

+O-s
-OH-s

NOO2 + 2s

NH3

N-s

NO-s

N2O
+

+O-s

Dual site
mechanism,

s = (a,b)

2OH-s H2O + O-s + s  
Fig. 2  Mechanistic scheme of ammonia oxidation applied by Rebrov et al.  
  - solid arrows indicating elementary reaction steps  
  - dashed arrow indicating the lumped reaction for ammonia activation 
 



2 State of the art  18 

 

Two kinetic models were tested, including the same reactions (Fig. 2) but different adsorption 
sites. The first model [23, 91] was concluded to be valid in the range of 130-325 °C, 
1-12 kPa NH3, 10-88 kPa O2. Considering a Pt(100) model surface, nitrogen-containing mole-
cules (NHx, N, NO) were assumed to adsorb on “N-sites” (bridge, on-top position), O and OH 
were assigned to “O-sites” (hollow sites). Ammonia activation via stepwise H abstraction 
from ammonia by O-s was lumped into one reaction producing N and OH. An improved 
model [23] differed in the assignment of adsorption sites. Based on a different interpretation 
of adsorption places on Pt(100), NO and NH3 were suggested to occupy the N-sites (on-top 
position); N, O and OH occupy O-sites (bridge, hollow sites). In this way, NO dissociation re-
quired two empty “O-sites”. The second model described ammonia oxidation over Pt/Al2O3 in 
a wider range of conditions than the first model: 130-360°C, 3-20 kPa NH3 and 10-88 kPa O2. 

Rebrov and co-authors assumed that the mechanism and the kinetic parameters derived under 
ideal conditions (low pressure, flat single crystals) can be used to model a real catalytic 
system (high pressure, catalyst support, particles, restructuring). This is in contradiction to the 
earlier findings of e.g. Mojet et al. [162], who demonstrated that the energy of valence orbitals 
of Pt shifted with a change in support acidity, modifying also the chemisorption energy of 
adsorbates on the metal and the catalyst activity. Moreover, Sobczyk ([30], p.123) and van 
den Broek [27] found significant differences in the behavior of supported and non-supported 
Pt in the low temperature ammonia oxidation over Pt. Pt/Al2O3 deactivated faster and more 
severe than Pt sponge in the low-temperature range (< 130 °C), but was more active at higher 
temperatures [30]. Larger particles appeared to have a lower reaction order in oxygen and 
significantly higher activation energy than small particles ([27], p.67). Moreover, also the 
alumina support strongly interacted with ammonia. 

The kinetic models of Scheibe et al. and Rebrov et al. represent significant progress compared 
to the global reaction kinetics proposed earlier. Most of all, the models are consistent with 
available mechanistic information and kinetics of elementary reaction steps. Nevertheless, 
improvements are possible: the temperature range where the influence of ammonia and 
oxygen partial pressure was measured is rather small in both studies (~250-350 °C). 
Moreover, both studies focused on measuring and modeling the influence of temperature, not 
reactant partial pressures, which limits the models’ ability to describe wide pressure ranges. 
Furthermore, the influence of reaction products on the NH3-O2 reaction, required to be known 
for adequate description of secondary reactions occurring in integral reactors, was not 
investigated. Finally, the assumed steady-state was not proven experimentally.  

Whether steady-state can be established at all depends on the influence of reaction conditions 
on morphology of the catalyst. An overview of possible reaction-induced changes of 
Pt morphology is given in the following section.  

2.2 Pt morphology and reaction-induced restructuring 

The surface morphology of Pt catalysts can change due to adsorbate interactions or reactions. 
At conditions near atmospheric pressure, reaction-induced effects are observable on a 
macroscopic level [163, 164]. Restructuring on an atomic level has been reported in UHV 
studies on single crystals [22]. Not only catalytic reactions, but also severe oxygen-treatments 
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of Pt can induce morphology changes [21, 98], which often result in a different catalytic 
performance [21, 22, 98]. In the following sections, reports about reaction-induced (1) and 
oxygen-induced (2) reconstructions of Pt catalysts are discussed, as well as the implications of 
morphology changes for catalyst performance (3).  

2.2.1 Reaction-induced microscopic and macroscopic restructuring 

The severity of reaction conditions (p, T) and the length-scale of reaction-induced 
reconstructions of the Pt surface are related [13, 163]. While changes on an atomic scale were 
observed in UHV studies [22], macroscopic changes in the µm range have been reported after 
ammonia oxidation at atmospheric or higher pressures [165].  

Reconstructions on the µm scale 

During catalytic ammonia oxidation (as well as oxidation of hydrogen, ethene and propane 
[166]) at around 100 kPa (and higher pressure) so-called “catalytic etching” of platinum and 
platinum-alloy surfaces was observed. First, formation of parallel facets on the surface is seen 
(by SEM), later shapes resembling cauliflowers appear on the surface (see Fig. 3). Some of 
the platinum is continuously lost to the gas phase. This leads to mechanical degradation in the 
long term and finally to the collapse of the gauze catalyst. Special gauzes, often made of 
palladium or Pd-Au alloys and located downstream of the industrial Pt-Rh gauzes, are able to 
catch part of the platinum otherwise lost [167]. 
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  SEM image of a heavily etched Pt surface after catalytic ammonia oxidation by  
Nilsen et al. [165], and schematic  drawing of a cauliflower structure 

surface reconstruction has been investigated previously, and theories were developed to 
tatively describe this type of catalytic etching. Key to the phenomenon is the oxidation of 
 volatile PtO2, its transport in the gas phase and subsequent decomposition and 
osition of Pt [168, 169]. Different transport mechanisms were proposed: 

hillips et al. [170-172] studied the oxidation of hydrogen and ethene on platinum cata-
and related Pt transport phenomena. They proposed that Pt needs the aid of radicals to 
 the gas phase (C2H4*, O2H*). The radicals react homogeneously in the gas phase to 
 clusters and finally fall back to the surface, producing the “cauliflower” structures.  

yubovsky and Barelko [173] studied etching phenomena during ammonia oxidation on 
talysts. Gold was used to cover parts of the surface and create cold spots. Growth of 
 crystals and some kind of “Pt wool” was observed on these spots. They suggested that a 

ogeneous reaction at active centers causes significant local heat generation. Thus, rapid 
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sublimation of Pt from the surface occurs. The deposits grow via a vapor-liquid-solid 
mechanism, where gas-phase platinum is trapped by a liquid on colder parts of the surface. 

(3) McCabe and coworkers [174] proposed a theory where platinum is transported from 
cracks and holes to the surface. Molecular oxygen diffuses into cavities. There, oxygen 
activity is locally increased and PtO2 is formed. While leaving the hole most of this oxide is 
decomposed at the surface, resulting in deposits around the cavities. This might be an 
explanation for etching of platinum wires, but offers no model for formation of cauliflowers. 
A phase diagram for the influence of temperature and reactant concentration (NH3, O2) on 
catalyst etching was obtained by McCabe et al. [163] for the temperature range of 
700-1400 °C. Attempts were made to model the PtO2 transport quantitatively [175]. 

(4) More recently, Nilsen et al. [165] investigated thermal and catalytic etching on Pt and 
Pt90Rh10 wires in a flow reactor setup. During ammonia oxidation formation of small nodules, 
which later develop into cauliflowers, has been observed. The applied in-situ MS revealed 
Pt+, PtO+ and PtO2+ species to be present in the gas phase. The proposed model suggests 
active centers for oxidation (preferably on dislocations ending at the surface), local generation 
of heat and evaporation of Pt species. A dendritic growth mechanism was proposed with Pt 
deposition preferably at elevated positions that stick out into the cooler gas phase, leading to 
cauliflower growth. Rh is transferred by gas phase (RhO2) as well, but is less likely to escape 
the surface (lower vapor pressure, less stable than PtO2) and accumulates at the top of cauli-
flowers. The cauliflowers in the hot zone constantly rearrange while material from bigger for-
mations, which participate more in the reaction and are therefore more etched, is transferred 
to smaller cauliflowers, which now grow. The “stalks” (Fig. 3) are stable and do not become 
etched anymore since they are hard to reach for reactants. Deep grooves appear in the wire 
(“undercutting”) attributed to interaction between products and Pt surface. Pt(110) crystal 
planes seem to be favored by this kind of etching while Pt(111) planes are stable [165]. 

Etching on Rh and Pt wires was investigated by Papapolymerou and Schmidt in a low-
pressure flow setup (p < 40 Pa) for various gases [118]. After 4 hours at 1000 °C changes on 
the Rh surface were observed. The oxygen content of the gas seemed vital, and the effect 
decreased in order O2 > NO2 > N2O > NO > NH3: in oxygen atmosphere the wire surface area 
doubled. Surface changes on rhodium were manifested as protrusions of single crystals of 
different orientation on the grains. In contrast to Rh, Pt was not etched by the same gases. 

A common feature of the reported surface-morphology studies with reactant pressures in the 
kPa range is, that ammonia oxidation proceeded in the ignited regime of the reaction. Hence, 
catalyst temperature was not controlled, the reaction was transfer limited, and activity could 
not be directly related to the surface morphology changes. The few catalytic investigations of 
ammonia oxidation that were carried out under temperature-controlled conditions (Pt/Al2O3) 
did not include characterization of reaction-modified catalyst surface [23, 91, 158, 161]. 

Reconstruction on a microscopic scale 

Pt does not only restructure under conditions of high-pressure ammonia oxidation, even 
single-crystal surfaces under vacuum conditions are subject to reconstruction on an atomic 
level, induced by adsorbates or catalytic reactions. Such adsorbate- and reaction-induced 
reconstructions are discussed below. 
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The clean Pt(110) is known to reconstruct to a missing-row (1x2) phase; the reconstruction is 
lifted by NO adsorption above 230 K [176, 177]. Moreover, Imbihl’s group reported that steps 
on a Pt(443) surface, studied by STM, meander when ammonia is adsorbed at room 
temperature (10-4 Pa) [19]. Adsorbed CO lifts the reconstruction of clean Pt(110)(1x2) [178] 
as well as clean Pt(100)-(5x20) [179]. In addition to inducing of surface reconstructions, 
adsorbates can also increase the mobility of Pt surface atoms drastically as described for 
hydrogen adsorption by Horch et al. [180]. Hence, adsorbates possibly accelerate morphology 
changes related to surface diffusion of Pt. 

Not only adsorbates, but also catalytic reactions (e.g. CO+O2, NO+H2) induce a restructuring 
of the surface of Pt single crystals on an atomic level. Islands of adsorbed O on Pt(110) were 
converted into subsurface oxygen (~130-230 °C) when a special procedure of CO oxidation 
was followed [178, 181]. Upon heating the sample, the subsurface oxygen became mobile and 
traveled in waves parallel to the surface as imaged by PEEM. (A decrease in work function 
(WF) was reported for subsurface oxygen, while surface oxygen increases the WF by 0.8 eV.) 
Hendriksen in the group of Frenken studied the same reaction, CO oxidation, by in situ STM 
at 50 °C and 50-125 kPa [182, 183]. When changing from a CO rich to an oxygen rich 
atmosphere, a slow roughening of the surface was observed and attributed to formation of a 
Pt oxide. The “oxide” was about three times more active than the smooth Pt surface. The 
roughening was reversible and disappeared in the CO rich regime. 

Kinetic oscillations in the NO + H2 reaction over Pt(100) have been observed by several 
groups (Imbihl, King, Nieuwenhuys) as summarized by Zhdanov [184]. The oscillations were 
associated and modeled with the lifting of the surface reconstruction during NO adsorption.  

For the catalytic ammonia oxidation, Imbihl’s group [22] reported that the surface of Pt(533) 
reconstructs into double steps at ~300 °C during temperature-programmed reaction at a total 
pressure of 10-2 Pa. The reconstructed surface favored higher NO selectivity. The double steps 
were stable, but disappeared upon further heating under reaction conditions. Hence, even ideal 
systems, i.e. single crystals under UHV conditions, undergo reaction- and adsorbate-induced 
reconstructions, which have not been related so far to the previously discussed macroscopic 
changes under more severe reaction conditions of catalytic ammonia oxidation. 

2.2.2 Morphology changes induced by oxygen treatment 

Pt modifications that deserve special attention are those caused by oxygen treatments. 
Penetration of oxygen into the subsurface region of a catalytic surface, forming a phase 
“subsurface oxygen”, has been reported for various transition metals (Pd, Rh, Ru, Ag) [185]. 
Nevertheless, oxygen pre-treatments of samples at high temperature in oxygen (>1000 °C, 
[10, 152, 154]), or O2 adsorption at medium temperature (~300 °C) followed by heating to 
high temperature (~1000 °C, [22, 71, 97] ) are commonly used to clean Pt surfaces prior to 
UHV studies. The assumption of a clean surface after such treatment is in contrast to reports 
on the formation of Pt-oxygen phases. Gland et al. [21, 73] concluded that treatment of 
Pt(111) and stepped Pt12(111)x(111) in O2 above 600 °C forms a stable “subsurface oxide”; a 
place exchange of O with Pt atoms was proposed [73]. The “oxide” decomposed only well 
above 800 °C. Berdau et al. [90] studied Pt(210) by TDS and work-function measurements 
after O2 exposure. The existence of a stable and non-reactive “subsurface oxide” was 
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confirmed. Another species, “subsurface oxygen”, was proposed as reactive and weakly 
bound species that was difficult to saturate. Desorption of subsurface oxygen was proposed to 
go through the surface state, obstructing the isolation of the subsurface species. 

Some authors assigned an AES signal at 510 eV [21] and a binding energy of 530.0 eV 
(XPS-O1s) on polycrystalline Pt [186] to the “oxide species”, although it is not clear if the 
assignment refers to a Pt bulk-oxide, (sub-) surface oxide or rather subsurface oxygen. The 
investigation of surface oxides, applying LEED to oxygen-treated Pt single crystals, indicated 
similarities to the structure of Pt3O4 and PtO2 [187]. 

Formation of the “oxide” results in a decreased activity of stepped Pt(111) for ammonia 
oxidation at 200 °C [21]. Akiyama et al. [97] reported that Pt(311) prepared by dosing of O2 
at low temperature and annealing to 800 °C had a decreased activity for CO oxidation, the 
effect being more pronounced on steps than on terraces. An influence of the stable high-
temperature oxygen phase on the activity of Pt(111), Pt(755) and Pt(10,8,7) has been also 
shown for the dehydrogenation of cyclohexene at 150 °C by Smith et al. [98]. 

Some authors attributed the observed stable “oxide” phase on Pt to impurities. Niehus and 
Comsa [188] investigated the influence of silicon impurities on the oxidation behavior of 
Pt(111) crystals (AES, Low Energy Ion Scattering LEIS). Si was concluded to diffuse into the 
bulk of Pt, but to segregated to the surface under oxidizing conditions. The observed oxide 
promoted by Si had properties similar to the “Pt oxide” described by Gland  [73]. Legare et al. 
[186] observed Si segregation on polycrystalline Pt-Si in high-temperature treatments. Ko and 
Gorte [189] demonstrated that Si and Al impurities segregate into islands on the surface of Pt 
foil, and that large quantities of such impurities were needed to decrease the saturation 
coverages of CO and H2 on the surface. All these studies indicated that some kind of stable 
oxygen forms on Pt in presence of Si under oxidizing conditions. Nevertheless, it was not 
demonstrated that the stable “Pt-oxide” phase does not form in the absence of impurities. 

The effects “subsurface oxide” and “subsurface oxygen” on Pt are not fully understood yet 
with respect to the implicated morphology and activity changes. Nevertheless, such phases are 
likely to be formed in ammonia oxidation at high temperature, and with oxygen partial 
pressure in the kPa range as applied in the present study. Hence, structural modifications of Pt 
by oxygen may determine catalyst properties, i.e. morphology and activity.  

2.2.3 Structure sensitivity of ammonia oxidation on Pt 

Not only does the surface of Pt reconstruct under reaction conditions, but some reaction paths 
of ammonia oxidation are also known to be structure sensitive: dissociative oxygen adsorption 
on Pt(111) and Pt(110) differs significantly in the reported initial sticking coefficients [82], 
and step sites are preferred over terrace sites in oxygen adsorption and dissociation [54]. 
Bradley et al. [71] reported that ammonia decomposes on the clean reconstructed 
Pt(100)-(5x20) surface, but not on the original Pt(100)-(1x1) phase. The activity of different 
Pt faces for ammonia decomposition was proposed to decrease in the order 
polycrystalline > 210 > 110 > > 100-hex > 111 [92]: Pt(210) is about 10 times more active for 
ammonia decomposition than Pt(111) [72] (note: pretreatment in oxygen and repeated 
annealing to 1100°C before each run was required to obtain reproducible TPD data).  
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The structure sensitivity of a secondary reaction of ammonia oxidation, catalytic NO decom-
position on Pt, has been reviewed by Sugisawa et al. [131]. While Pt(111) and (110) are 
inactive, Pt(100) dissociates NO at room temperature. Stepped single crystals with (110) steps 
and (100) terraces are active at room temperature (Pt(210), (310), (410)). In contrast, 210 °C 
are required before NO can decompose on Pt(211) with (100) steps and (111) terraces. 

Such structure sensitivity, as demonstrated for the interaction of NH3, O2 and NO with 
Pt surfaces, is also observed in ammonia oxidation: steps increased the activity of Pt(111) for 
ammonia oxidation [21]. Moreover, the group of Imbihl [19, 101] reported that Pt(533) is 
more active for ammonia oxidation than Pt(443), although NO selectivity on Pt(533) is lower. 
The higher activity was attributed to a higher step density on Pt(533). 

This combination of reaction-induced restructuring and structure sensitivity of ammonia 
oxidation leads to a complex and dynamic reaction system, especially at high-temperatures 
and/or pressures. Best evidence for this conclusion is the reversible formation of double steps 
on Pt(533) during temperature-programmed ammonia oxidation, coinciding with an increase 
in selectivity for NO over N2 [22]. Hence, modifications of Pt morphology and changes in 
catalytic activity are closely related, and catalytic tests need to be accompanied by extensive 
characterization of the investigated Pt surface. 

2.3 Micro reactors applied to exothermic heterogeneously-catalyzed 
reactions  

Studies of ammonia oxidation on polycrystalline Pt wires and Pt black, carried out in conven-
tional reactors at pressures in the kPa range, failed due to ignition of the reaction [10, 11]. 
Micro-reactor technology offers equipment with excellent mass- and heat-transfer charac-
teristics, avoiding ignition and hot spots in the reactor channels during the investigation of fast 
exothermic reactions [190-192]. Therefore, micro-structured reactors are a reasonable choice 
to study intrinsic kinetics of fast exothermic reactions, as demonstrated up to 360 °C for 
temperature-controlled ammonia oxidation over supported Pt by Rebrov et al. [23, 91]. 

Despite of numerous benefits, certain disadvantages are associated with micro-structured 
reactors as well. One possible drawback being related to the choice of reactor material is the 
upper temperature limit imposed by blank activity of the reactor walls, mechanical failure of 
the reactor material, or degradation of wall coatings. Another potential disadvantage is related 
to the fact that ammonia induces morphology changes on the catalyst surface, and hence 
extensive catalyst characterization is required. Restrictions on characterization are imposed by 
difficulties in disassembling the micro-reactor after usage, and the fact that reactor plates may 
be simply too large for the analysis chamber of characterization equipment. Accordingly, Pt 
morphology studies in catalytic ammonia oxidation so far lacked either temperature control 
[163, 165, 173, 193] or surface characterization [23, 91]. A brief overview is given below 
over existing designs for micro-structured reactors that were considered for application in this 
study. Their suitability for the investigation of catalytic ammonia oxidation is discussed. 

Rebrov et al. [158] used aluminum in the design of a micro-structured reactor and heat 
exchanger for ammonia oxidation. The reactor walls were converted into Al2O3 by anodic 
oxidation and impregnated with Pt. Catalytic tests of ammonia oxidation were reported up to 
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360 °C [23]. Aluminum melts around 660 °C, but mechanical stability decreased already at 
lower temperatures. Aluminum is therefore not an optimal choice for high-temperature 
application. Monolith reactors, manufactured directly from the catalyst material, were 
proposed as an alternative (Pt: [158], Ag: [192]). Such Pt reactors are financially challenging, 
considering the need for pure Pt and numerous catalyst/reactor samples. 

Micro-structured metal reactors for the present study (stainless steel, Ti) were developed at 
the Institute of Microtechnik Mainz, Germany, and applied by Steinfeldt et al. in the oxidative 
dehydrogenation of propane [194]. Tests for blank activity in ammonia oxidation indicated 
significant conversion for both reactors (stainless steel, Ti) above 400 °C and 350 °C, respec-
tively. To decrease blank activity of reactor walls, passivating SiO2 overlayers can be 
produced by CVD, by sputtering [195] or e-beam evaporation [196]. Blank activity for 
ammonia oxidation was tested with a SiOx coated micro-structured reactor (stainless steel); 
conversion of ammonia started around 450 °C. Moreover, the SiOx films had limited stability 
in long-term operation. Alternatively, coating of an assembled steel micro-reactor with Al2O3 
(CVD) was described by Janicke et al. [197]. The alumina film was impregnated with Pt and 
operated successfully up to 400 °C in H2 oxidation. Kestenbaum et al. [192] reported that at 
high temperature the iron from the reactor wall segregated on top of the alumina layer. The 
examples show that coating of micro-structured metal reactors with inert layers for high-
temperature application is challenging and not yet ready for high-temperature application. 

Knitter et al. [198] fabricated the reactor from technical ceramics, instead of coating a layer 
with low catalytic activity on a metal. A modular design (Al2O3) without sealing gaskets was 
operated up to 1000 °C and 120 kPa. Similar alumina particles, tested for blank activity in 
ammonia oxidation, promoted N2 formation above 500 °C. Activity might be due to the 
presence of impurities in technical ceramics materials, and limits the temperature range in 
ammonia oxidation experiments. 

Veser [199] reported the design of a tubular micro-structured reactor made from quartz that 
allowed to study the catalytic H2+O2 reaction over Pt wire up to 1000 °C. The reactor 
consisted of a narrow quartz-glass tube (d = 0.6 mm), and a Pt wire (d = 0.15 mm) arranged in 
axial tube-direction. Explosions were avoided due to radical quenching in the small channel. 
Owing to the negligible area for heat exchange between wire and reactor wall, the catalyst 
was operated almost adiabatically. Hence, negligible blank activity and easy catalyst 
exchange were achieved, but isothermicity was not established. 

From the discussed literature, the need for a different reactor design suited to the investigation 
of catalytic ammonia oxidation is obvious. Improving the design of the quartz-glass reactor 
proposed by Veser [199] in combination with a modular approach [198] seems promising. 

2.4 Conclusions 

Catalytic oxidation of ammonia on Pt is well studied under ideal conditions (low pressure, 
low index Pt surfaces). Kinetic models exist for N2 and NO formation, but UHV studies of 
ammonia oxidation fail to describe the production of N2O. Moreover, high oxygen coverage 
on the surface of Pt(100), as would be expected under conditions near atmospheric pressure, 
was shown to shift the significance of reaction paths [25]. The extrapolation of UHV kinetics 
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to high-pressure conditions can only describe “trends” observed under industrial conditions. 
Effects like the switching from high initial activity to low steady-state activity at low 
temperatures and atmospheric pressure [29, 31] are not reflected in UHV studies at all. 
Furthermore, phenomena such as oxygen penetration into the Pt subsurface range are likely to 
occur at high temperature and pressure, but oxygen-modified Pt was not the subject of 
comprehensive UHV studies. For all these reasons high-pressure kinetics might be 
significantly different from low-pressure kinetics. 

Ammonia oxidation is sensitive to the surface structure of Pt catalyst. Steps increase the 
activity, but can also reduce the selectivity towards NO [19, 21]. Moreover, catalyst support 
[30] and particle size of Pt [157] change the catalytic properties of a Pt catalyst. Thus, 
information obtained on a specific Pt catalyst cannot be assumed as valid for a different Pt 
catalyst without verification. Therefore, catalytic tests and surface characterization should 
cover a broad range of related reactions and methods, and should be carried out using 
identical or at least very similar catalyst samples and pretreatment procedures. 

Reconstruction of the surface of Pt catalysts occurs on macroscopic (catalytic etching) and 
microscopic scales (step doubling on Pt(533)) during ammonia oxidation and sample 
pretreatment; the reconstruction can also extend into the subsurface region of the catalyst 
(subsurface oxygen). High pressures and temperatures promote catalyst restructuring. 
Published studies of reaction-induced (macroscopic) changes of Pt morphology were 
conducted under conditions where no temperature control was obtained. Ammonia oxidation 
is known to be structure sensitive, but catalyst restructuring and intrinsic activity have not 
been related yet. Since reaction-induced changes of catalyst morphology and activity are 
likely to occur at pressures and temperatures applied in the present work, catalysts were 
extensively characterized parallel to the catalytic tests. 

Kinetic studies of ammonia oxidation on non-supported polycrystalline Pt at pressure in the 
kPa range have been so far limited to temperatures below 300 °C, and therefore lack a de-
scription of NO formation. Recent reports [91] indicate that temperature control in the ammo-
nia oxidation over alumina supported Pt catalyst was extended to ca. 360 °C applying micro-
reactors as tool for efficient heat removal. The investigation of kinetics of ammonia oxidation 
over polycrystalline Pt will benefit from the application of such reactors, but existing reactor 
designs need to be modified to allow for higher temperatures and convenient access to the 
catalyst for characterization. Reducing the reaction rate by dilution of the feed gas (instead of 
using pure NH3 + O2 mixtures [91]) should result in a broader temperature range for the kinet-
ic regime and thus permit to establish intrinsic kinetics for the formation of NO, N2O and N2.   

Briefly, a comprehensive investigation of ammonia oxidation kinetics at atmospheric or 
elevated pressures should also: 

 - study primary and secondary reactions on the same kind of catalyst  
 - include reproducible and consistent catalyst pretreatment  
 - describe the influence of reaction conditions on catalyst morphology  
 - relate morphology changes to changes in catalytic performance  
 - establish and verify conditions for studies of intrinsic kinetics. 
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3 Methodology 

The catalytic ammonia oxidation over polycrystalline Pt was investigated at atmospheric 
pressure level under two aspects, reaction kinetics and reaction-induced changes of catalyst 
morphology. In a first step, major influences on catalyst morphology were studied by 
exposing Pt to flows of different gases (O2, H2, N2O; T < 900 °C), and to ammonia oxidation 
(NH3 + O2; T < 700 °C), followed by catalyst characterization. The surface composition 
(XPS, EDX), surface morphology (SEM) and bulk structure (XRD) were examined. From the 
results, pretreatments were derived that produce defined morphologies of Pt catalyst 
(O2 treatment and H2 treatment at 900 °C). 

Pt samples pretreated in such a way were catalytically tested in primary and secondary reac-
tions of ammonia oxidation (decomposition of N2O/NH3/NO; reaction of ammonia with N2O, 
with NO, and with O2) in a continuous flow reactor to establish a reaction network of 
ammonia oxidation, and to elucidate the influence of catalyst pretreatment on catalytic 
performance of Pt. Moreover, activity was followed as a function of temperature and time-on-
stream to study reaction-induced changes of catalytic performance. The results allowed to 
identify the major reaction paths, and to determine experimental conditions for a steady-state 
kinetic study of ammonia oxidation. 

This knowledge was used to derive the experimental design and measurement procedure for a 
steady-state kinetic investigation of Pt-catalyzed ammonia oxidation. Influence of feed 
composition (pNH3, pO2; pNO, pN2O) and temperature on formation of N2, N2O and NO were 
studied in the temperature range (286-385 °C) where kinetic regime and steady-state could be 
established applying a novel micro-structured quartz-reactor (one alternative: Appendix A-9).  

With the measured kinetic data and mechanistic information from literature, three kinetic 
models were derived, two of them being based on the kinetic models of Scheibe et al. and 
Rebrov et al. as described in the state of the art (see chapter 2.1.4). The models were fitted to 
experimental data and discriminated. 

The applied methodology is outlined in detail below concerning (1) Pt morphology, 
(2) catalytic activity and major reaction paths, (3) kinetic measurements, and (4) kinetic 
modeling. A schematic summary of the strategy is given in Appendix A-1 and A-2. Reactor 
setup, experimental procedures and catalyst characterization will be described in chapter 4. 

3.1 Pt morphology 

From literature, two important influences can be deduced that may alter morphology and 
activity of platinum in catalytic ammonia oxidation. One influence is high-temperature 
O2-pretreatment that changes activity of Pt in low-temperature ammonia oxidation, an effect 
that was studied so far only at 200 °C (stepped Pt single crystal, UHV: [21]); the other 
influence is surface roughening and faceting induced by ammonia oxidation near atmospheric 
pressure [163-165], which was previously studied only in the ignited regime of ammonia 
oxidation (T > 500 °C). Both phenomena were investigated in this thesis in a broader 
temperature range (ca. 200-900 °C) and under temperature-controlled conditions, as described 
in the following two sections (strategy: Appendix A-1). 
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Treatments in N2O, O2 and H2 

It was previously reported that treatment of Pt single crystals in O2 atmosphere at 600-800 °C 
changed their activity for ammonia oxidation at 200 °C [21] and for cyclo-hexane dehydro-
genation at 150 °C [98]. The changes of Pt properties were assumed to be due to formation of 
an “oxide” or “strongly bound oxygen”. Activity data for higher temperatures were not 
presented, neither was the morphology modification on Pt fully explained. 

In order to improve the understanding of such oxygen-induced changes, in this work 
Pt samples were prepared with varying degree of oxygen exposure (pO2/N2O/H2, T, t). The 
samples were tested for their catalytic activity (N2O decomposition), surface composition 
(XPS, EDX), surface morphology (SEM) and bulk structure (XRD). 

To follow activity changes as a function of treatment conditions, it is preferable to carry out 
the activity-modifying oxygen treatment and activity measurements simultaneously and not 
separately as reported before [21, 97, 98]. Unfortunately, simple Pt treatments in O2 flow do 
not allow recording of catalyst activity. In contrast, N2O decomposition offers both, creation 
of surface oxygen, and a reaction (N2 formation) that indicates activity. The influence of 
oxygen on Pt morphology should be similar under N2O and O2 exposure, since both species 
decompose on Pt forming adsorbed atomic oxygen (eq. 2-9, 2-10). Hence, N2O 
decomposition was used as a test reaction for catalyst activity, and also to create oxygen-
induced morphology changes of Pt. 

Temperature of catalyst pretreatment (800-900 °C), pretreatment medium (O2, H2), reaction 
temperature (550-750 °C) and time-on-stream (< 48 h) were studied. To elucidate the 
influence of reaction temperature and time-on-stream, catalytic N2O decomposition was 
carried out as temperature-programmed reaction (TPR) and time-on-stream (TOS) measure-
ments at different temperatures. To check if oxygen-induced morphology changes can be 
reversed, H2-treatments at different temperatures were applied prior to catalytic tests in 
N2O decomposition. Moreover, O2-pretreated Pt was tested to elucidate whether O2 and N2O 
induce similar catalyst modifications. Catalyst pretreatments and catalytic tests with N2O 
were carried out in the tubular reactor over Pt gauze. Additional experiments were performed 
with Pt foil, to confirm the catalytic results and surface morphology changes observed on 
Pt gauze on another polycrystalline catalyst.  

In many previous studies, the investigation of oxygen-modified Pt morphology was limited to 
few selected properties. If effects similar to those reported for silver are expected, i.e. faceting 
and different bulk-dissolved oxygen species [200, 201], then surface composition as well as 
surface and bulk structure need to be studied. 

Catalyst samples were characterized after pretreatments (O2, H2) and catalytic tests (N2O), 
and subsequent exposure to air at room temperature during the sample transfer. In a first step, 
XPS measurements were carried out to study the surface with respect to oxidation state of Pt, 
nature and amount of oxygen species, and presence of impurities. Thereafter, changes induced 
to the Pt lattice in the bulk of the catalyst were elucidated by XRD. Finally, the catalyst 
surface was studied with respect to morphology (SEM) and local composition (EDX). 

From the results of N2O decomposition and catalyst pretreatment studies, two kinds of Pt 
samples (treated in either O2 or H2) were identified which showed pronounced differences in 
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activity and morphology. Both kinds of Pt samples, prepared by the respective pretreatment 
procedure in O2 and H2 at 900 °C, were applied in catalytic tests of primary and secondary 
reactions of ammonia oxidation, as described in section 3.2.      

Ammonia oxidation 

Changes of the surface morphology of Pt catalyst during ammonia oxidation were previously 
observed on an atomic scale (UHV: step-doubling on Pt(533) [22]) as well as macroscopic 
scale (atmospheric and elevated pressures: faceting and cauliflower growth [163-165]). 
Besides feed composition, temperature was identified as a major factor [163]. The investi-
gation of morphology changes of Pt induced by ammonia oxidation at atmospheric pressure 
level has so far been limited to catalysts that were restructured in the ignited reaction regime 
(T > ca. 500 °C) [163, 165, 173]. Since temperature control is essential to access lower 
temperatures, reaction-induced changes of catalyst morphology were studied in the present 
work after ammonia oxidation over Pt foil (at 286 to 700 °C) carried out in a micro-structured 
reactor developed for that purpose. 

The influence of temperature and time-on-stream on the surface morphology of platinum was 
investigated. Ammonia oxidation on fresh Pt foil was carried out in two ways, (1) at constant 
temperature (286-374 °C) for ca. 30 h time-on-stream (in combination with the kinetic 
studies), and (2) in temperature ramps to 700 °C with a total duration of 1 d and 10 d, 
respectively. Thereafter, the Pt foil was removed from the reactor and studied by electron 
microscopy (SEM). The results are discussed in terms of possible transport mechanisms of Pt 
to explain surface reconstructions. 

3.2 Catalytic activity and major reaction paths 

Pretreatment in oxygen (T > 600 °C) changed the performance of Pt in ammonia oxidation at 
200 °C studied in a differential reactor [21]. Little is known, how the overall reaction net-
work, i.e. primary and secondary reaction steps, is affected. One aim of this thesis was there-
fore, to investigate in detail how reaction steps are influenced by catalyst pretreatment, which 
reactions occur at what temperature and on which Pt morphology, and whether the reactions 
modify the catalyst activity. Moreover, catalyst pretreatments should be defined, reproducible 
and consistent in all studied reactions, an aspect that often questions the comparability 
between published results. Therefore, all catalytic tests aimed at elucidating reaction paths 
were carried out on two defined kinds of Pt samples (O2- and H2-treated), which were iden-
tified during the investigation of oxygen-induced Pt morphology changes (see section 3.1). 

Development of a kinetic model for a complex reaction network requires knowledge of the 
major reaction paths for which rate equations have to be found [202, 203]. Such a scheme of 
reaction paths is difficult to obtain if several products originate from few reactants, and if pri-
mary reaction products participate in secondary reactions. One solution is to divide the reac-
tion network into smaller blocks, investigate these blocks separately, assemble the 
information in a consistent model, and finally to study the overall reaction ([204], see [205, 
206] for examples).  

The search for a reaction scheme can be assisted using independently obtained information 
about reaction mechanism and reaction intermediates, e.g. by spectroscopic methods or 
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theory-based calculations [207, 208]. For this thesis, valuable supporting information about 
surface species and the mechanism of primary and secondary reactions of catalytic ammonia 
oxidation was generated by computational methods (DFT) [13, 18] as well as transient [20] 
and steady-state [19] low-pressure experiments carried out in the frame of the DFG-SPP-1091 
project [17]. 

Possible primary and secondary reactions of catalytic ammonia oxidation were suggested in 
literature [10, 91, 154]. The reactions studied in this thesis are the catalytic decomposition of 
feed molecules and products (NH3; NO, N2O) as well as catalytic interactions of ammonia 
with oxygen-containing species (O2; NO, N2O). Each reaction was investigated by 
temperature-programmed reaction (TPR) over pretreated Pt gauze, i.e. the Pt catalyst initially 
had a defined morphology (strategy: Appendix A-1). 

After catalyst pretreatment, the product distribution was recorded during the catalytic reaction 
as a function of time-on-stream at different temperatures. In order to be comparable to each 
other all reactions were studied with similar flow rates (200-300 ml/min STP) and amounts of 
Pt (ca. 0.05-0.35 g). Blank experiments allowed to distinguish the heterogeneously catalyzed 
contribution from blank activity. Experimental procedures of pretreatment and TPR are 
described in chapter 4.4. 

The TPR investigations provided for each tested reaction the information which products are 
formed in what temperature range, how the morphology (induced by pretreatment) influences 
activity and selectivity, and how the catalytic performance changes with time-on-stream and 
temperature during the reaction (see chapters 6 and 7). Using these data, a scheme of reaction 
paths was assembled, elucidating the importance of reaction steps as a function of temperature 
(section 7.4). Moreover, a range of conditions for a steady-state kinetic study of ammonia 
oxidation was proposed, and parameters for a kinetic study were identified. 

3.3 Kinetic measurements in ammonia oxidation 

From the procedure described in section 3.2, knowledge was derived under which conditions 
a steady-state kinetic study of ammonia oxidation is feasible, and which parameters need to be 
considered in the design of experiments. By combining that knowledge with guidelines for 
good kinetic practice [202, 209, 210] and for statistics including nonlinear regression analysis 
[211-213], the methodology of kinetic studies was deduced. The measurement and modeling 
procedures are outlined in this and the following section (3.4), respectively, and summarized 
in Appendix A-2 and A-4. 

Experimental design 

Kinetic modeling and model discrimination are based on measured values of sufficient 
quality, i.e. accurate and well-distributed data. Planning techniques for the design of 
experiments offer the possibility to bring an unbiased insight into the influence of variables 
(pNH3/ O2/ N2O/ NO, T) on the response(s) (rN2/ N2O/ NO) of a multivariate system. Such techniques 
improve the efficiency of measurements (fewer runs) and increase the precision of the 
parameter estimates while reducing computational effort ([202], p.226). In published kinetic 
studies of ammonia oxidation no comments were given on the applied method of 
experimental design [23, 101, 154]. 
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Experimental designs do not necessarily have to be of the a-priori type (i.e. Box-Behnken, 
central composite, factorial, equi-radial, etc.; see [202, 212-214]). So-called sequential 
designs predict experimental conditions for best discrimination between two or more pro-
posed models [215, 216], or for optimum parameter estimates with a given model [217-219], 
based on previous experimental data and kinetic modeling. Unfortunately, most publications 
deal with synthetic examples of such designs, not with real cases. Although theory is 
developed to generate experimental designs with narrow confidence limits (“D-optimal 
design” [220] and with the ability to find conditions for maximum divergence between two 
proposed kinetic (multi-response) models numerically (“T-optimal” [221]), practical 
application of such methods is still limited to simple monomolecular reactions at a single 
temperature [221, 222]. Therefore, conventional, a-priori type experimental designs (central 
composite, Box-Behnken) were applied in this work. 

Kinetics of ammonia oxidation were previously measured applying reactors operating in 
differential (gradientless reactor) [101, 102] and integral mode (integration of rate equation 
through reactor) [23, 91]. Differential reactor operation avoids the additional effort involved 
in numerical integration of a complex system of rate equations, and the associated difficulties 
to converge to a solution [223]. Moreover, considering the influence of reaction products in 
the experimental design for the differential reactor (good examples in [206, 224]) leads to 
results of equal quality as obtained in an integral reactor [225, 226]. Therefore, a reactor 
operating in differential mode (small conversion) was applied in this work, using a strategy 
proposed by Froment and Bishoff [223]. Interactions of “pure feed” (NH3, O2) with the 
catalyst were studied first, reducing the number of rate equations by assuming negligible 
readsorption and secondary reactions. Product interactions were investigated in the second 
step where “mixed feed” was supplied to the catalyst, i.e. pure feed (NH3+O2) mixed with one 
of the reaction products (N2O, NO) (general measurements strategy: Appendix A-2). 

The investigated parameters were feed composition (pNH3, pO2; pNO, pN2O) and temperature. 
Pure and mixed feeds were studied in the temperature range from 286 to 385 °C. The upper 
temperature limit was imposed by ongoing catalyst activation, and (experimental evidence 
for) mass-transfer limitation. Nitric and nitrous oxide undergo secondary reactions, and were 
therefore included in the studies of mixed-feed. Water and N2 were not considered, since both 
species desorb from Pt surfaces well below temperatures of investigation (at 150 K [109, 227] 
and 52 K [228], respectively), and recent kinetic studies reported negligible surface coverages 
[23, 102]. Temperature levels were chosen to record the same amount of data in the low-
temperature regime where nitrogen and nitrous oxide are formed (N2, N2O: 286, 330 °C), as 
in the high-temperature regime of NO formation (N2, N2O, NO: 374, 385 °C). 

The objective of the applied experimental design (see Fig. 4) was to obtain well-distributed 
data on the rate of formation of all nitrogen-containing products, i.e. N2, N2O and NO. 
Nitrogen formation is known to be favoured in ammonia excess, NO production in oxygen 
excess. Hence, a sufficiently wide range of ratios NH3:O2 had to be covered (1:6 to 6:1) 
around the centre point (3:3). A faced-composite design was applied in the study of NH3-O2 
interactions (Fig. 4a-pure feed: squares). It combined a three-level full factorial design (32 = 9 
points) with mono-variant responses around a central point for higher resolution (+4 points). 
Estimates of experimental error variance were obtained from replicate runs. Since product 
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distribution in ammonia oxidation depends strongly on the NH3:O2 ratio, and the centre point 
does not provide information on NO formation, the corners of the parameter space were 
selected as representative for replicates (+4 points). Additional data were recorded for two 
feed compositions at different contact times each to verify experimentally the assumption of 
differential reactor operation (+6 points) (Fig. 4a-pure feed: circles). 

The influence of NO and N2O concentration (Fig. 4b-mixed feed) was studied applying an 
experimental design similar to a Box-Behnken design. Already measured points of pure feed 
were used in the design (p0

NO = p0
N2O = 0 kPa) to reduce the number of experiments. 

Additional points were recorded for NO (+7 points) and N2O (+7 points) each. A possible 
interaction between NO and N2O was neglected. 
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Fig. 4  Experimental design to measure the rates of product formation (rN2, rN2O, rNO)   
 depending on feed composition (p0

NH3, p0
O2; p0

N2O, p0
NO) in ammonia oxidation  

 a) pure feed:  variation of feed composition (NH3, O2)  
   (variation of contact time (~ flow-1) to verify the assumed differential reactor) 
 b) mixed feed:  variation of feed composition (NH3, O2, NOx); NOx is either NO or N2O  

The total number of experimental points summed up to 148. Excluding the replicates and 
variation of contact time, 108 distinct points remained for the evaluation of the influence of 
five experimental variables (p0

NH3, p0
O2, p0

NO, p0
N2O, T) on three model responses (rN2, rNO, 

rN2O) (see Appendix A-3 for details). The applied measurement strategy is summarized in 
Appendix A-2, the experimental procedure is described in chapter 4.4. 

Reactor 

A new-developed micro-structured quartz reactor was applied for kinetic measurements, 
avoiding the ignition encountered by other authors in similar pressure ranges [9-11, 165]. The 
reactor is described in section 4.3.2. Using Pt foil as wall and catalytic surface in the micro-
structured geometry assured temperature control (due to large contact area catalyst - wall), 
short diffusion paths (small reaction channels) and easy access to the catalyst for 
characterization (removing the complete Pt foil after reaction). Blank activity was negligible 
due to the usage of pure quartz. 
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According to the classification of lab reactors given by Anderson and Pratt [229], the micro-
structured reactor was operated in steady-state as continuous plug-flow reactor in differential 
mode. Differential operation was assured by establishing small conversion, adjusting contact 
time at each temperature by changing the amount of Pt. The assumed small axial concentra-
tion gradients allowed direct calculation of rates from observed concentration changes. Rates 
were related to the geometrical surface area of catalyst (see section 4.5). Since the calculated 
amount of heat generated by the reaction was much smaller than the supplied electrical 
heating power, the heating power determined the temperature profile over the reactor. The 
(measured) axial temperature profile in the reaction channel, induced by the heating element, 
was flat in the catalyst zone (see section 4.3.2). Hence, negligible axial temperature gradients 
were assumed. 

Kinetic measurements require that the kinetic regime is established, i.e. absence of external 
(in the fluid boundary layer) and internal transport limitation (by diffusion in catalyst pores). 
Pt foil is a non-porous catalyst and can only be subject to external transport limitation. The 
absence of such limitation was tested experimentally by modifying the mass transfer charac-
teristics, while checking if measured reaction rates are influenced [202, 209, 230]. Observing 
negligible deviations (< 5 %) in rates when the mass transfer coefficient is changed indicates 
the kinetic regime. Main influences on mass transfer in micro-structured reactors are channel 
geometry (diameter) and diffusion coefficient [230]. As proposed by Walter [230], the kinetic 
regime was tested in the present study by replacing the dilutant gas Ar with He, which results 
in an estimated increase in oxygen and ammonia diffusivity by a factor of 3.6 and 3.2, respec-
tively. Thus, agreement between measurements in Ar and He proved the kinetic regime. 

Steady-state was assured by catalyst equilibration to reaction conditions for extended periods 
of time prior to kinetic measurements (see Appendix A-2). The extent of catalyst activation in 
the course of kinetic tests was estimated by measuring with a standard feed before and after 
acquisition of kinetic data. To minimize the influence of catalyst pretreatments, pieces of 
fresh Pt foil, cut from the same Pt foil sample, were applied in kinetic measurements for each 
temperature (Appendix A-2). 

From the investigation of primary and secondary reactions of ammonia oxidation described in 
section 3.2, a scheme of possible reaction paths was derived. This scheme was refined using 
the measured kinetic data of ammonia oxidation, excluding reactions and parameters of 
negligible influence. Thus, the major reaction paths of ammonia oxidation in the range of 
investigated conditions were identified. Results are presented in chapter 8.1, the procedure of 
translating the reaction paths into a kinetic model is outlined in the following section.  

3.4 Kinetic modeling 

The previously described evaluation of primary and secondary reactions of ammonia oxi-
dation (section 3.2) as well as kinetic measurements (section 3.3) indicated which reactions 
are relevant for a kinetic model. Using mechanistic and kinetic information available in 
literature, elementary reaction steps were proposed to account for the reaction paths, and the 
respective kinetic equations were deduced. Three kinetic models were derived, based on 
published kinetic studies of Scheibe et al. [101, 102] and Rebrov et al. [23] (see 
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chapter 2.1.4), as well as an improved model. The model parameters were then adjusted to 
minimize the deviation between measured and simulated kinetic data. Thereafter, the models 
were discriminated by their ability to describe the data qualitatively and quantitatively. The 
applied methodology of model implementation, parameter estimation procedure and model 
assessment is described below. The kinetic models are presented in chapter 8.2. 

Model implementation 

The required level of detail in kinetic models is determined by the purpose for which the 
models are developed. The choice represents a compromise between the amount of detail that 
is accessible by experiment, and the desirability of defining all reactions in the form of 
elementary steps [207]. Empirical models are only valid for the conditions under which they 
were obtained [202, 231]. A better approach is to base kinetic models on mechanistic 
knowledge, and to assume one reaction step to be slow compared to the others (“rate-
determining step”, rds), thus simplifying rate equations. Such models are valid as long as the 
assumed reaction step is considerably slower than the others, limiting the applicability of an 
rds-model to a respective range of experimental conditions. A micro-kinetic model, deduced 
from elementary reaction steps without rds assumption, is desirable to preserve the option of 
kinetically describing a wide range of pressure and temperature [231, 232].  

A major objective in this study was a contribution to bridging of pressure gaps in 
heterogeneous catalysis [17], with kinetic studies carried out at pressures from 10-3 to 105 Pa. 
Thus, kinetic modeling was implemented with elementary-step kinetics for as many reaction 
steps as possible. Recently published kinetic models of ammonia oxidation [23, 102] 
consisted of elementary reaction steps, describing only activation of the adsorbed ammonia 
molecule as lumped reaction. In the respective rate equation, the first dehydrogenation step 
(NH3-s + O-s) was assumed to be rate-determining. The same approach was followed in this 
work (see models in sections 8.2.2-8.2.4). 

Such level of detail results in several problems [232]: The number of unknown rate constants 
is large. Even the order of magnitude for such rate constants is often unknown. Furthermore, 
rate constants may be correlated due to rapidly equilibrating reversible reaction steps. Finding 
the best-fitting parameters requires therefore a robust optimization strategy, which converges 
in a large parameter space, despite of the aforementioned correlation of reaction rates.  

A suitable optimization strategy is the genetic algorithm, adapted by Wolf and Moros [232] 
for kinetic modeling, and successfully applied by Wolf et al. [233-235], Soick et al. [236], or 
more recently by Linke et al. [237]. Details of the algorithm’s implementation were given by 
Wolf and Moros [232]. Briefly summarized, the algorithm starts by generating an initial 
generation of sets of kinetic constants, expressed by string variables. The parameter sets are 
random, but well distributed within the chosen boundaries of the parameter space. The string 
variables, representing the kinetic parameters, are then modified by crossover and mutation in 
an evolution procedure that generates new solutions. Solutions with higher fitness are more 
often involved in the evolution process. Thus, improved parameter sets are obtained.    

The genetic algorithm is suitable for converging solutions to the near optimum, but perfor-
mance in the near-optimum region is poor. Better performance is achieved by local optimi-
zation with gradient (Simplex etc.) or gradientless methods (Nelder-Mead). Since the numeri-
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cal calculation of derivatives can be problematic [211, 232], the gradientless Nelder-Mead 
method [238] was applied to further optimize values obtained with the genetic algorithm.   

The temperature dependence of rate constants is usually expressed in terms of an Arrhenius-
type equation. When the range of studied temperatures is small (here: 99 K) compared to the 
mean temperature (here: 608 K), the calculation of activation energies and pre-exponential 
terms often results in highly correlated parameter estimates [211]. To reduce the correlation, 
the temperatures can be centered around an intermediate temperature, or some other local 
convenient origin Tref [212] (eq. 3-1): 
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The procedure for the calculation of kinetic parameters recommended by Box and Draper 
[212] as well as Bates and Watts [211] was followed. In a 1st step, rate constants were calcu-
lated for fixed temperatures (here: 374 and 385 °C, since rNO is zero at lower temperatures). 
Then, the derived parameters (ki(Tref)) were used as fixed reference values for the centering of 
reaction temperature (eq. 3-1), and estimates of the activation energies (EA,i) were computed. 
Finally, rate constants and activation energies (ki(Tref), EA,i) were optimized simultaneously. 

A standard approach in nonlinear regression analysis is to minimize the “sum of squares” of 
the deviation between modeled and measured responses, assuming that the deviations are 
(a) statistically independent, have (b) constant variance and (c) correspond to normal distri-
bution [212]. Assumptions (a) and (c) can be tested after model fitting by appropriate sta-
tistical plots. Constant variance can be obtained in the objective or residual function (“RESF”, 
(eq. 3-2)), by introducing so-called weights, related to the average response size [211]. The 
weights adjust, how strong each experimental point influences the residual value.  

 ∑∑ ×−=
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 with n number of the measurement  
   i the chemical species i   
   w weights 

In kinetics of ammonia oxidation, an imbalance existed between the quantitative influence of 
rates measured at high and low temperature (ri, 286 °C < ri, 385 °C), and also of rates measured for 
the different products (rN2 > rNO > rN2O). To take into account that these rates are equally 
important, weights were introduced into the objective function (eq. 3-2). The weights were 
calculated for each temperature and chemical species, based on the average of values 
measured for the rate of product formation of a species (N2, N2O, NO) at a certain 
temperature level (286, 330, 374, 385 °C). 

Parameter estimation procedure 

The genetic algorithm [232] was applied to find initial parameter estimates for the kinetic 
models; these initial parameter estimates were improved by application of the Nelder-Mead 
algorithm. In agreement with the advice of  Bates and Watts [211] for nonlinear regression 
analysis, the parameter values for activation energies and pre-factors were constrained to a 
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meaningful range, i.e. a narrow interval that is consistent with the values reported in literature 
for each reaction step. The limits were obtained from previous studies of relevant elementary 
reactions (see [19, 23, 91, 102] and references therein).  

Limits for the activation energy of activated elementary reaction steps, i.e. surface reactions 
and desorption (see models A, B, C in chapter 8.2), were set to the respective literature value 
EA,i

lit ± 30 kJ/mol. For the lumped reaction of ammonia activation by adsorbed atomic oxygen 
(EA,3h), the reported activation energy ranges from 75 kJ/mol (Pt(533): [102]) over 90 
(Pt(443): [102]) and 131 (Pt/Al2O3: [23]) to 141 kJ/mol (Pt/Al2O3: [91]). Accordingly, limits 
were adjusted in this work to allow a sufficiently wide range (55-170 kJ/mol). The adsorption 
of ammonia [23, 71, 102] and dissociative adsorption of oxygen [23, 102, 108, 239-241] are 
usually described as non-activated process. Hence, the respective activation energies 
(EA,1h = EA,2h ≡ 0) were fixed to a constant zero value in the kinetic simulation. Limits for pre-
factors were set to the literature values ki

lit x 10±6. Deduced ki
lit were checked against 

reasonable values from transition-state theory [207, 232].  

To find optimum parameters, a residual function (eq. 3-2) was minimized. Rate constants 
(ki(Tref)) were calculated first at fixed temperatures, using the genetic algorithm (GA, 10 
runs), and the Nelder-Mead algorithm (NM) for refining. Then, the four best solutions were 
used to compute estimates of activation energies (EA,i, by GA). Temperature dependence of 
rate constants was described by a re-parameterized Arrhenius equation (eq. 3-1). Thereafter, 
pre-factors and activation energy were optimized simultaneously ({ki(Tref), EA,i}, by NM) for 
these four solutions. The best solution for each model represented the global optimum. 

The optimization algorithm was implemented in Fortran 77 with Compaq Visual 
FORTRAN 6.6. Code for the genetic algorithm, written by Wolf and Moros [232], for the 
Nelder-Mead algorithm from Numerical Recipies [242], and the integration routine D02HBF 
from the Numerical Algorithm Group (NAG) [243] were used.  

The general scheme of the program is given in the appendix (Appendix A-4). Briefly, the data 
file was read (INPUT) and the chosen optimization algorithm was started (OPTIMISATION). 
The algorithm was supplied by RESF with values for the residual function. These values were 
calculated based on the simulated rates, computed by FCN. The routine D02HBF supplied the 
necessary steady-state surface coverage from numerically integration of the terms 
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 with kΘ  surface coverage of species k  

   jr  rate of reaction j  

   jk ,ν  stoichiometric coefficient of species k in reaction j  

   ip  partial pressure of species i  

   jkn ,  reaction order with respect to species k in reaction j  

for all surface species, starting from an initially empty surface, and running until a steady-
state was reached  (recognized by TH_STOP). The results were written to a file for further 
evaluation and visualization. 
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Model assessment and discrimination 

The best fits of all models were compared in a model discrimination procedure. As suggested 
by Bates and Watts [211], the models were first assessed by general science criteria (i.e.: are 
the partial pressure and temperature dependencies described), and only then subject to a 
statistical analysis. Models were compared to each other based on the lack-of-fit. An F-test 
(eq. 3-4, 3-5) between two models was carried out to see if the differences in simulation 
quality are significant. Satisfying the F criterion indicated that the models are not significantly 
different on a chosen confidence level (1-α). Finally, an F-test was carried out between the 
lack-of-fit of the models (eq. 3-11) and the error variance (eq. 3-8) obtained from replicate 
experimental runs (α = 1 %) to decide if the remaining lack-of-fit is significant [202].  
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 with N number of measurements    
  M  number of distinct measurements   
  P number of parameters in a model   
  Ri number of runs at a point i     
  yi exp or sim values  
  df degree of freedom  
  SS sum of squares  
  MS mean squares  
      indices exp experimental    
  sim simulated  
  e error from genuine replicates   
  L  lack of fit  
  t  total  

Further statistical analysis, including the calculation of confidence intervals or likelihood re-
gions, can be carried out if a good model is found [211]. Since no good model was found, 
such calculation was omitted. Rather, the deviation of the modeling results from experimental 
observation was discussed in context of catalyst characterization. The discrepancies ques-
tioned the validity of some required modeling assumptions (known surface area; discrete and 
constant number of active sites; surface uniformity). Chapter 8 presents the measured kinetic 
data (8.1), modeling results (8.2), model discrimination (8.3) and interpretation (8.4). 
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4 Experimental 

The experimental details of this study are presented. In the following sections, catalysts, test 
setup and reactors are introduced. Thereafter, experimental procedures, evaluation of MS data 
and experimental errors are discussed. Finally, equipment and procedures applied for catalyst 
characterization are commented on. 

4.1 Catalyst 

Two types of polycrystalline Pt material, gauze and thinfoil, were studied. Pt gauze was used 
in the investigation of Pt morphology and major reaction paths. The foil catalyst was applied 
in ammonia oxidation experiments, and to confirm oxygen-induced morphology and activity 
changes. Basic catalyst properties are described below. 

Gauze catalyst was supplied by former Degussa Metals Catalysts Cerdec (dmc2), Hanau, 
Germany. The knitted gauze (“0-76-04-1800”) was made of pure Pt wire (industrial grade) 
with a wire diameter of 76 µm. The gauze (Fig. 5) had a porosity of 96.4% and a thickness of 
ca. 2.5 mm. The gauze geometry is identical to that of commercial knitted Pt-Rh gauzes of 
type MULTINIT © 04. Specific surface area is estimated to be 0.0025 m2/g (assuming 
smooth cylindrical wires), and measured as 0.0022 m2/g (Kr-BET). SEM (Fig. 5) revealed a 
smooth surface. XPS characterization of fresh Pt gauze showed only peaks at binding energies 
characteristic for platinum, carbon and oxygen.   
 

               
Fig. 5  SEM of fresh Pt gauze catalyst, as supplied by
 

Pt thin-foil (purity 99.95%) was supplied by Al
thickness amounted to 4 µm. SEM (Fig. 6) shows 
minor scratches and holes. XPS spectra indicate
peaks that are characteristic for platinum, carbon a
 

1 mm 
50 µm
 
 dmc2 
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d that the surface of fresh Pt foil features 
nd oxygen species.    
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Fig. 6  SEM of fresh Pt foil catalyst, as supplied by Alfa Ae

4.2 Setup for catalytic tests 
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calculated for standard temperature and pressure (STP: 0°C, 101.325 kPa). Each MFC was 
calibrated for six different flow rates covering the flow range used in experiments. The 
following gases were used: 

  Ar  Messer Griesheim 99.99 %  
  He  Messer Griesheim  99.99 %  
  Ne Messer Griesheim  99.9 %  
  NH3  Messer Griesheim  99.8 %  
  O2 Messer Griesheim  99.98 %  
  NO  Messer Griesheim  9.76 % NO in Ar (99.99 %)  
  N2O  Messer Griesheim  99.996 % 

Piping and pressure control 

Gas supply, reactor and analytics were connected by stainless-steel piping. All pipes exposed 
to gas mixtures were electrically heated to 180 °C to avoid condensation of water and 
ammonium nitrate (Tmelt = 170 °C). Pressure was adjusted manually by a needle valve at the 
gas outlet of the setup. Pressure was also recorded before the reactor and before the needle 
valve. All measurements were carried out close to atmospheric pressure (100-130 kPa). 

Gas-composition analysis 

Gas composition was analyzed by a mass spectrometer (QMS: Balzer Omnistar GSD 300). 
Intensity at atomic mass units (“amu”) 2, 4, 15, 17, 18, 20, 22, 28, 30, 32, 40, 44 and 46 was 
continuously recorded every 10 s for quantification of H2, He, NH3, H2O, Ar, Ne, N2, NO, O2, 
N2O and NO2. Neon (10 %) served as internal standard. The average of five consecutive 
measurements was used in the computation of gas composition. Concentration was calculated 
by multiplying a calibration factor Fi for each species with the ratio of intensities for a species 
and standard neon (amu 22): 

 ci = Fi x Ii / INe        (4-1) 

MS calibration was routinely carried out and included fine-tuning of the mass scale (amu), 
recording the fragmentation of each species, and determining the calibration factors. The 
calibration factor for each species was computed by linear regression analysis of five 
measurements of (known) gas concentration vs. intensity ratio of gas species to neon. The five 
points covered the range of expected product quantity. Calibration was verified at the 
beginning of each experiment by admitting a feed gas of known composition. 

4.3 Reactors 

Two different quartz-glass reactors were used in the catalytic measurements. A tubular reactor 
was applied in pretreatment and catalytic tests of Pt gauze, and in high-temperature 
pretreatment of Pt foil. For steady-state kinetic measurements in ammonia oxidation over Pt 
foil, a micro-structured reactor was applied. Both reactors are described in this section.    

4.3.1 Tubular reactor 

The tubular reactor was a standard U-type reactor made from quartz-glass as shown in section 
A-5 of the Appendix. The reactor was immersed into a temperature-controlled bed of 
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fluidized sand (thermocouple: Thermocoax, type K, 0.5 mm), providing isothermal conditions 
along the reactor wall and good heat transfer between the reactor and the fluidized bed. 
Circular pads of Pt gauze catalyst were mounted in the reactor perpendicular to the flow 
direction. The reactor wall pre-heated the incoming gas to reaction temperature before it 
reached the catalyst. Temperature of the product gas was monitored by a thermocouple 
(Thermocoax, type K, 0.5 mm) located inside the reactor, downstream of the catalyst. The 
material of the thermocouple was catalytically active in ammonia oxidation. Therefore the 
thermocouple had to be protected from gas exposure by a quartz sleeve. The protective sleeve 
was in direct contact with the gauze pad. To monitor axial temperature gradients, the 
thermocouple was moved axially inside the quartz sleeve. 

The reactor was applied in the investigation of reaction-induced changes of catalyst 
morphology and performance, i.e. treatments of Pt gauze in N2O, O2 and H2 flow. Moreover, 
possible reaction paths were studied over pretreated Pt gauze, i.e. decomposition of diluted 
gases (NH3, N2O, NO) and reaction of ammonia with different oxygen containing species (O2, 
N2O, NO). The temperature indicated in the respective diagrams of chapters 5 to 7 was 
measured inside of the reactor. 

4.3.2 Micro-structured reactor 

A problem always present in investigations of catalytic ammonia oxidation at atmospheric 
pressure level is the exothermicity of the reaction, causing loss of temperature control [9-11, 
165]. Rebrov et al. [23, 91, 158, 161] solved the problem in the temperature range of 
ca. 200 to 360 °C by application of a micro-structured aluminium reactor. To extend that 
range of temperature-controlled operation, to allow the investigation of non-supported Pt cata-
lyst, and to make the Pt samples accessible for characterization, a micro-structured quartz-
reactor was developed in the present study. Geometry and characteristics of the reactor are 
discussed below. 

The choice of reactor material determines the reactor properties. Different materials were con-
sidered, but were not applied owing to (measured) blank activity (stainless steel, Ti: [194]), 
Al2O3: [198]) or limited temperature range (Al: [91]). As suggested by Veser [199], quartz-
glass was chosen for its temperature-stability and low blank activity. A drawback of alumina 
and silica is their lower thermal conductivity compared to metals. Thus, the reactor was 
operated with diluted feed to reduce partial pressures of reactants and thus heat generation on 
the catalyst surface.    

Reactor geometry 

Existing reactors made by Little-Things-Factory GmbH [244] consist of stacks of fusion-
bonded glass plates, which are micro-structured by sandblasting prior to the permanent assem-
bly. The design was adapted in the present work to replace the bonding of the plates: gas-tight 
sealing between the plates was obtained using screws and numerous clamps around the reac-
tor. This allowed easy disassembly of the reactor after reaction and ex-situ characterization of 
the used catalyst. In contrast to existing designs, where the gasket material often limits the 
temperature range of reactors, the present reactor (see design: Fig. 8, Fig. 9; geometry details: 
Appendix A-6) was operated without gaskets up to 140 kPa without gas leakage (similar to 



4 Experimental  41 

 

the ceramics reactor in [198]). The high purity of quartz material (Suprasiel) minimized blank 
activity up to 700° C. 
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Fig. 8  Micro-structured quartz reactor, assembled, schematic 
 

The reactor consisted of a stack of three quartz-plates, two heating elements, two 
thermocouples, hollow screws to connect gas supply and outlet, and screws and clamps to 
achieve sealing. The base plate was 125 mm long, 100 mm wide and 6 mm thick. Material 
was removed in two cut-outs to hold the heaters. Two fluid connectors were mounted via 
holes through the stack. Screws that connected the stack of plates were placed at its corners. 

The middle plate (channel plate) was structured from both sides. The bottom contained cut-
outs for the heaters; the upper side carried two micro-structured reaction-channels (Fig. 9). 
Broader passages connected the reaction channels with gas inlet and outlet. The two reaction 
channels were each 30 mm long, 500 µm wide and 300 µm deep, with a 1 mm wide wall in 
between. 

On the upper side of the reaction channels, Pt thinfoil was placed as catalytic material (Fig. 9). 
Most of the ca. 20 mm2  (~2x10 mm) area of the foil samples was covered by the reactor wall. 
Hence, only two small ranges of the foil were exposed to reactants with a surface area in the 
order of 2 mm2 (2 x 500 µm x 2 mm). Catalyst thickness (4 µm) was negligible in comparison 
to the dimensions of reaction channels (500 x 300 µm) and the reactor. A sectional view of 
the channels and catalyst is shown in Fig. 9 (catalyst thickness is greatly exaggerated to 
indicate the position of Pt foil). 

A top plate with flat bottom completed the reactor, sealing the reaction channels and holding 
the catalyst in position. The flat geometry offered the largest possible contact area between Pt 
foil and reactor wall, assuring optimal heat dissipation from the catalyst. The top of the plate 
contained conical holes along the flow direction to place thermocouples on specified 
locations. Remaining wall thickness between the holes and catalyst was less than 200 µm. 

Two heating elements, made of Si3N4 (Carlo Loysch GmbH), were fitted to the cut-outs in the 
quartz-plates. Nominal heating power was 250 W each; the material allowed a surface 
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temperature of 1000 °C in air. Two heating zones resulted: one around the catalyst, a second 
at the gas outlet. Each heating zone provided temperature regulation via Eurotherm controllers 
(2416) and thermocouples (type K, 0.5 mm, Thermocoax). Temperatures were measured from 
the top plate, at the bottom of the conical holes. The temperature at the reactor exit was set to 
175 °C in all experiments to avoid condensation in the micro-channels. 
 

   
Fig. 9  Assembly of micro-structured quartz reactor and catalyst (Pt foil) 

Temperature profile 

The primary goal of the reactor design was to provide isothermal conditions (flat axial tem-
perature profile) over the catalyst for kinetic measurements. On the other hand the zone of the 
gas inlet and outlet (see Fig. 8) had to be colder to allow the use gaskets for the fluid con-
nectors. To meet both demands the reactor had to be long (125 mm) compared to the catalyst 
length (~2 mm). The catalyst bed was also short compared to the width of the heating ele-
ments (15 mm). The heating element for the reaction zone was located in the center of the al-
most symmetrical reactor. Hence, a symmetrical temperature profile developed along the 
channel axis (Fig. 11). The temperature profile had a flat broad maximum in the middle, 
where the heating element was located. Thus, the axial temperature gradient in the center had 
to be zero for symmetry reasons. The catalyst was placed in the center of symmetry. The as-
sumed temperature distribution was verified by reactor simulation using Fluent CFD software 
(quartz glass, lmesh = 1 mm, Theater 1 = 700 °C, Qheater 2 = 0.1 W m-2, αsurface-air = 9 W m-2 K-1, no 
chemical reaction). The computed result, the temperature profile induced by the center heater 
(Fig. 10), confirms the assumed temperature distribution. Moreover, the simulated axial tem-
perature profile is almost flat in a range of at least 5 mm along the channel axis (Fig. 11). 

The amount of heat generated in the reaction had to be small compared to the supplied heating 
power, in order to preserve the controlled symmetrical temperature profile under reaction 
conditions. To reduce the heat generation accordingly, experiments were performed with 
significantly diluted feed gas (pNH3,pO2  < 6  kPa), in contrast to measurements carried out by 
Rebrov et al. in a Pt/Al2O3/Al micro-reactor (pNH3 < 20 kPa, pO2 < 88 kPa: [23], 
Qchem < 149 W: [158]). The chemical heat production in the present study amounted to less 
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than 1 W, compared to the power of the heater in the 250 W range. Hence, the axial 
temperature profile was determined by the heater, and therefore negligible along the catalyst. 

 

                              
Fig. 10  Computed temperature distribution over the micro-structured quartz reactor as induced 
 by the central heating element 
 

                               
Fig. 11 Computed temperature profile along the axis of micro-structured reaction channels 
 as induced by the central heating element; catalyst position is indicated at 61 mm,  
 catalyst length is 2 mm 

The axial temperature profile was experimentally verified by measuring the temperature 
inside a reaction channel with a thin thermocouple (Thermocoax, type K, 0.25 mm). Channel 
temperature vs. axial position in the reaction channel and catalyst position are indicated in 
Fig. 12. The temperature difference along the channel amounted to less than 9 K in a range of 
4 mm at the highest temperature level. Moreover, temperature profiles changed by less than 
1 K when a flow of 250 ml/min of Argon was admitted. Thus, the measurements support the 
assumption of an isothermal zone around the catalyst. 

Pt catalyst 
location T ( K)

T ( K)
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Fig. 12  Measured axial temperature profile in the reaction channel without flow or reaction;   
 position and length of the catalyst (2 mm) are indicated 

Reactor tests 

Blank activity of the micro-structured reactor in ammonia oxidation was tested 
(400 ml/min STP, 3 % NH3, 3 % O2). Ammonia conversion was below 0.3 % at the highest 
temperature, 700 °C. Blank activity is therefore negligible. 

Ammonia oxidation over Pt foil was carried out to verify that the aim - avoiding ignition and 
establishing temperature control - was reached. The results are shown in Fig. 13 as plot of 
ammonia conversion vs. temperature, comparing Pt gauze (tubular reactor) and Pt foil (micro-
structured reactor). On Pt gauze, ammonia conversion increases with temperature, and jumps 
suddenly from ca. 15 % to almost full conversion (Fig. 13a). No such sudden increase of 
conversion is observed in the micro-structured reactor (Fig. 13b), i.e. ignition is avoided: 
conversion can be controlled up to 700 °C by adjusting temperature. 
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Fig. 13  Ammonia conversion vs. temperature in ammonia oxidation, carried out over:  
 a) H2-treated Pt gauze in the tubular reactor; ignition and loss of temperature control   
     at ca. 270 °C  (400 ml/min STP, 3 % NH3, 3 % O2, mPt = 0.06 g) 
 b) H2-treated fresh Pt foil in the micro-structured reactor* 
      (250 ml/min STP, 3 % NH3, 4.5 % O2, Pt foil: l = 1.5 mm)   
     (* note: the reaction is limited by mass transfer above ca. 400 °C)  
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4.4 Experimental procedures 

The experimental standard procedures applied in the present thesis fall into the following 
categories: catalyst pretreatment, temperature programmed reaction (TPR), and steady-state 
kinetic measurements. The procedures are explained below; details about temperature levels, 
time intervals and concentrations are briefly introduced when presenting the respective 
results. 

Catalyst pretreatments carried out in the tubular reactor consisted of heating a catalyst sample 
(foil, gauze) in gas flow (100 ml/min STP; either 100 % O2, or 10 % H2 in Ar) to 
ca. 800-900 °C. The procedure started by mounting the catalyst in the reactor, followed by 
admitting the gas to the reactor at room temperature. The sample was heated in the flow of 
gas to the desired temperature. The temperature was held constant for ca. 12 h, before cooling 
down in flowing gas. Gauze samples were cooled to reaction temperature, then the reactor 
was flushed with a mixture Ar/Ne (>30 min) and the experiment was started. Foil samples 
were cooled to room temperature and transferred to the catalyst characterization. 

Temperature-programmed reactions were performed for catalytic decomposition (NH3, N2O, 
NO), as well as reaction of ammonia with oxygen-containing species (NH3+O2 / N2O / NO) 
over fresh and pretreated catalysts. The tubular reactor (with catalyst) was flushed with a 
mixture of Ar and Ne. Then, the feed mixture was admitted to the bypass for one hour. 
Thereafter, feed gas was switched to the reactor and the temperature-program was started. 
Alternating, temperature was adjusted to a new level, and gas composition was monitored vs. 
time on stream (TOS). After a defined time interval (usually one hour), the next temperature 
level was adjusted. The procedure was repeated as often as necessary and included stepwise 
increase of temperature, followed by stepwise decrease of temperature down to less 
than 50 °C. In some experiments, the temperature-ramping procedure was repeated. A bypass 
measurement was carried out at the end of each experiment to verify the absence of drift in 
the MS calibration. 

Steady-state kinetics of catalytic ammonia oxidation were measured on Pt foil using the 
micro-structured reactor, applying the strategy summarized in Appendix A-2. The 
experiments were started with flushing of the reactor at room temperature, followed by 
admission of a standard feed-mixture (250 ml/min STP; 3 % NH3, 4.5 % O2) to the bypass. 
Thereafter, the feed gas was switched to the reactor. The reactor was heated to the desired 
temperature level (286, 330, 374, 385 °C) to equilibrate the fresh catalyst to reaction 
conditions for 14 h TOS. Thereafter, product gas composition was recorded at different flow 
rates and feed gas compositions. Each condition was measured for at least 15 minutes; 
product gas composition was usually constant after 5 min. Following the experimental design 
(section 3.3), kinetic data were recorded in the order “pure feed” (p0

NH3, p0
O2), influence of 

contact time, replicate runs, and “mixed feed” (p0
NH3, p0

O2, p0
N2O; NO). Respective bypass 

measurements were carried out separately. At the end of each experiment, the standard feed 
mixture was re-measured at reaction temperature and in bypass to check for catalyst activation 
and MS drift, respectively.  Temperature and pressure were held constant throughout the 
experiment. 
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4.5 Data evaluation 

Composition of feed gas and product gas was calculated from MS data. Then, conversion, 
selectivity and reaction rate were computed from the concentration of each species. The 
change of volume due to reaction was assumed to be negligible since the feed gas was 
strongly diluted by inert gas (88-98 %). 

Concentration (ci / vol %) of a species in the feed gas or product gas was obtained by 
multiplication of a calibration factor (Fi) with the ratio of the measured MS intensity of a 
species (Ii) relative to the measured intensity for the internal standard neon (INe, 
c0

Ne = 10 vol%): 

 
Ne

i
ii I

IFc ×=  (4-2) 

In the stoichiometric reactions of ammonia and oxygen forming N2, N2O, and NO (see 
eq. 2-1, 2-2, 2-3), the volume of the reaction mixture increases by a factor of 8/7, 8/8 and 10/9, 
respectively. Moreover, the feed gas was strongly diluted. Therefore, the increase of the 
volumetric flow rate due to reaction was negligible (< 1.7 %). Hence, concentrations in feed 
and product gas could be compared directly. Thus, the change of concentration due to product 
formation, or to consumption in a reaction, was calculated from concentrations in feed (c0

i) 
and product gas (ci): 

  0
iii ccc −=∆  (4-3) 

Conversion (Xi / %) of they key component (usually NH3) was calculated from the change of 
molar flow due to reaction, related to the initial molar flow. Since ideal gas and negligible 
volume change were assumed, the ratio of molar flows was replaced by the ratio of 
concentrations: 
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For small conversion the error in the calculated change of concentration is large compared to 
the value itself. In such cases, the consumption of ammonia was calculated from the amount 
of nitrogen measured in nitrogen- containing products (N2, N2O, NO). 

Selectivity (Si / %) was calculated as the ratio of ammonia molecules consumed to form one 
product, compared to the total consumption of ammonia molecules. Again, the ∆c values were 
used, since they were proportional to the respective mol numbers: 
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Reaction rates (ri / mol m-2 s-1) were calculated from the change of molar flow over the 
reactor, related to the available catalyst surface area. For this calculation the reactor was 
assumed to be differential: 
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Introducing the assumption of ideal gas behavior and the definition of the concentration as 
ratio of volumes, the equation can be re-written: 

 TRnVp ii ××=× CC     ;      
V
Vc i

i =       �    
cat

ii ART
Vpcr 1××∆=
C

 . (4-10) 

The element balances result from the calculation of in-flowing and out-flowing moles of an 
element, and were used to judge the accuracy of measurements (at reasonably high 
conversion):  

  nitrogen 2,2,,3,3,  2 2 NoutONoutNOoutNHoutNHin nnnnn CCCCC +++=  (4-11) 

  oxygen OHoutONoutNOoutOoutOin nnnnn 2,2,,2,2,  2
1 2

1 2
1 DDDDD +++=  (4-12) 

  hydrogen 2,2,3,3,  3
2 3

2
HoutOHoutNHoutNHin nnnn DDDD ++=  (4-13) 

 

4.6 Error discussion 

Experimental errors for measured values can be calculated based on the known error of a 
measurement device, or estimated from repeated independent measurements of a response 
under identical conditions. The factors influencing the accuracy of experiments are discussed 
below. 

Concentrations were calculated from measured MS data (eq. 4-2). It was difficult to assign a 
quantification error to the MS device; thus, error estimates were obtained from replicate runs. 
Independent measurements of concentration during MS calibration could be usually 
reproduced within 2 % (exception NH3: 3 %). Errors estimated during the measurements of 
ammonia oxidation kinetics were in the range of 5-13 % (see section 8.1.5). 

Flow rates were adjusted by mass-flow controllers (MFC), hence, the respective error 
depends on the accuracy of the MFC devices. A relative error of 0.5 % was indicated by the 
manufacturer. 

Temperatures were measured by type K thermocouples. The accuracy of readings is given 
by the manufacturer as ±2.5 K up to 333 °C, and ±0.75 % above 333 °C.  

Pressures were recorded by means of mechanical analog manometers. The accuracy of 
pressure readings was 1 kPa. 

Area of the Pt foil catalyst was calculated from the geometrical foil size. The size was 
measured using optical microscopy. The area is believed to be accurate within 0.05 mm2. 

Reaction rates in ammonia oxidation kinetics were calculated (see eq. 4-10) from pressure, 
flow rate, temperature and surface area of catalyst, as well as the difference of measured 
concentrations. The respective relative error, derived from eq. 4-10, can be computed: 
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The example (eq. 4-15) indicates errors in the rate calculation in the order 10 %, the major 
influence being the concentrations: 
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4.7 Catalyst characterization 

Specific surface area of Pt gauze was determined by Kr physisorption at 77 K using standard 
one-point BET analysis (Micromeritics Gemini III 2375 analyzer). 

Surface morphology of Pt catalyst was studied by Scanning Electron Microscopy (SEM). 
Images were recorded on a Hitachi-S4000 equipped with FEG (cold) in SE mode. An energy-
dispersive analyzer (DX 4, EDAX Inc.) equipped with Li-doped Si crystals was attached to 
the SEM for  element analysis (EDX). Electron accelerating voltage for images and spectra 
was 15 kV. 

XPS analysis of Pt samples served to determine near surface composition of the catalyst and 
binding energies of core electrons. XPS was carried out in an ESCALAB 220iXL 
spectrometer (Fisons Instruments) after exposure of the catalyst to air (at room temperature). 
Measurements were performed at constant pass energy of 150 eV (survey) and 25 eV (for 
quantification), and without charge compensation. Monochromatic Al-Kα radiation 
(1486.6 eV) was applied as the X-ray source. The final peak position was determined using a 
calibration function based on routinely calibration with the appropriate XPS lines of Au, Ag 
and Cu.  Peaks were evaluated after Shirley background subtraction. The peaks were fitted 
with Gauss-Lorentz functions. The derived peak areas were divided by the element-specific 
Scofield-factor and the analysator-specific transmission function to obtain the elemental 
composition in the near-surface region.   

Bulk structure of platinum catalysts was characterized by high precision XRD (with Si NBS-
Standard No. 640) using a theta/theta X-ray diffractometer system (Seifert; Ahrensburg, 
Germany) in reflection geometry with Cu-Kα radiation (40 kV and 35 mA, primary 
monochromator, scintillation counter). Data interpretation was carried out using the software 
X-POW (STOE) and the database of Powder Diffraction Files (PDF) of the International 
Center for Diffraction Data (ICDD). 
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5 Reaction-induced changes of Pt morphology 

The influence of reaction conditions on the morphology of Pt and its catalytic activity is 
described, applying the methodology outlined in section 3.1. First, oxygen-related changes of 
the morphology of Pt, i.e. induced by N2O decomposition, O2 and H2 exposure, are discussed. 
Then, morphology changes induced on the surface of platinum by temperature-controlled 
ammonia oxidation are dealt with. 

5.1 Morphology of Pt after N2O decomposition,  
and after treatments with O2 and H2 

To elucidate oxygen-related changes of the morphology of Pt, catalysts treated in N2O, O2 and 
H2 were studied applying XPS, XRD, SEM and EDX. The ability to decompose N2O was 
used as a benchmark for catalytic activity of Pt. The influence of catalyst pretreatment (O2, 
H2) and reaction temperature on catalytic activity of Pt in N2O decomposition is presented 
below (5.1.1). Thereafter, the morphology of Pt is discussed with respect to surface 
composition (XPS, EDX) (5.1.2), bulk structure (XRD) (5.1.3) and surface morphology 
(SEM) (5.1.4). Finally, implications for catalytic ammonia oxidation are deduced (5.1.5).  

Experimental 

N2O decomposition over Pt gauze was studied in a tubular reactor. Catalyst samples included 
fresh Pt gauze (as supplied), Pt gauze regenerated in hydrogen flow (H2+Ar, 800-900 °C, 
14 h) and Pt gauze pretreated in oxygen flow (O2, 900 °C, 14 h). N2O decomposition was 
carried out in TPR experiments at 550 to 750 °C, and in time-on-stream (TOS) experiments at 
constant temperature of 650 and 750 °C. In all experiments 4 layers of Pt gauze were used 
(mPt = 0.34 g). Feed gas was adjusted to 150 ml/min (STP) containing 7 or 20 % N2O in Ar. 
Blank activity was tested for all reaction conditions. N2O conversion was calculated from 
measured N2 production. Selected samples were studied by XPS, XRD, SEM and EDX after 
sample transfer (which included exposure to air at room temperature). Additional catalytic 
tests and SEM characterization were performed on Pt thin-foil. 

5.1.1 Activity in N2O decomposition 

Catalytic activities of Pt in N2O decomposition are presented for the temperature-programmed 
reaction at 550-750 °C. Thereafter, the influence of catalyst pretreatment in O2 as well as H2 
is shown, varying also the temperature of the H2 treatment. Finally, the effect of reaction 
temperature is elucidated.   

Results 

Temperature ramp and conversion of N2O over fresh Pt gauze for temperature-programmed 
N2O decomposition are shown in Fig. 14. Fresh Pt gauze was active already at 550 °C. 
Conversion of N2O increased with temperature. Activity appeared to be constant vs. time-on-
stream up to 650 °C. At 700 °C and 750 °C deactivation was observed: deactivation pro-
gressed faster at higher temperature. The strong deactivation observed at 750 °C persisted 
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when the measurement at 700 °C was repeated. The results indicate that interaction of N2O 
with Pt gauze induces above ~650 °C a slow but permanent deactivation.  
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Fig. 14 N2O conversion and temperature vs. time-on-stream in temperature-programmed  
  N2O decomposition over fresh Pt gauze catalyst; blank activity is indicated   
 (150 ml/min STP, 7% N2O in Ar, 550-750 °C) 

The influence of Pt pretreatment on its catalytic activity in N2O decomposition is shown in 
Fig. 15 as conversion of N2O vs. time-on-stream at 650 °C for fresh Pt, Pt treated in H2 at 
800-880 °C after deactivation, and fresh Pt treated in O2 at 900 °C. High initial activity of Pt 
was restored in hydrogen at temperatures well above 800 °C, thus reversing the reaction-
induced deactivation. Exposure of Pt to H2 for at least 14 h at 880 °C was necessary to come 
close to activity of fresh Pt. The treatment in O2 suggests that oxygen plays the major role in 
deactivation: O2-treated catalyst (900 °C, 14 h) was almost inactive for N2O decomposition. 
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Fig. 15  N2O conversion vs. time-on-stream in N2O decomposition over Pt gauze at 650 °C,  
 comparing fresh Pt, O2-treated Pt, and Pt regenerated in H2 flow at 800/850/880 °C,  
 blank activity is indicated (650 °C, 150 ml/min, 20 % N2O in Ar) 

The influence of reaction temperature on activity of Pt is shown in Fig. 16 as conversion of 
N2O vs. time-on-stream, measured at constant temperature of 750 and 650 °C on an initially 
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active catalyst. After 12 h of time-on-stream at 750 °C, the catalyst retained less than 30 % of 
its initial ability to convert N2O, while at 650 °C the catalyst still possessed more than 60 % 
of its initial activity. Pt deactivates faster at higher temperature. 
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Fig. 16  N2O conversion vs. time-on-stream in N2O decomposition over Pt gauze at constant   
 temperature of 650 °C and 750 °C; blank activity at 650 and 750 °C is indicated  
 (150 ml/min STP, 20 % N2O in Ar) 

Discussion 

The catalytic tests on Pt gauze indicate that N2O decomposition over Pt did not reach a steady 
(active) state at temperatures above 600 °C. Moreover, the deactivation in N2O decomposition 
was reproduced also over Pt thin-foil (4 µm, Alfa Aesar, 99.95 % Pt) and Pt foil (0.125 mm, 
Mateck GmbH, 99.99 %) (not shown). Such pronounced deactivation during N2O 
decomposition has not been reported before. 

That deactivation at high temperature occurred in N2O as well as O2 treatments indicates that 
it is related to the presence of atomic or molecular oxygen species on the catalyst surface 
(eq. 2-9 to 2-12). H2 treatment at high temperature, which presumably removes oxygen, 
restored catalyst activity. 

Deactivation occurs in the investigated temperature range on a timescale of hours, suggesting 
a slow process like phase transformation of Pt by diffusion (of oxygen?) in the solid catalyst. 
Since the deactivation progresses faster at higher temperatures, Pt can reach its inactive state 
within a few hours under conditions of industrial ammonia oxidation, i.e. roughly 105 Pa 
oxygen pressure and about 900 °C. 

The deactivation effect is different from inhibition of the reaction by co-feeding O2 (see 
section 6.1), which decreases the reaction rate of N2O decomposition reversibly by 
competitive (dissociative) adsorption of additional O2 (eq. 2-10), and occurs on a timescale of 
minutes, not hours. 

From the catalytic tests, the nature of the deactivation did not become clear, however, it might 
be connected to restructuring of the surface, or formation of inactive Pt-oxygen phases. To 
improve the understanding of morphology changes that relate to the deactivation 
phenomenon, the catalysts listed in Table 1 were characterized. The Pt samples were 
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classified into active and non-active catalyst. Three different kinds of samples were 
catalytically active: fresh Pt, Pt after N2O treatment at 600 °C (active, no deactivation) and Pt 
after regeneration in H2. The inactive Pt was obtained by N2O treatment at 750 °C, and 
O2 treatment at 900 °C. Characterization results are reported below. 
 

Table 1 List of characterized Pt gauze samples, and respective sample treatments in N2O, O2 and H2  

sample name description of sample treatment active in N2O 
decomposition? 

fresh fresh unused Pt gauze (as received) active 

N2O 600°C H2 pretreatment, N2O treatment at 500-600 °C for 
more than 80 h; no deactivation 

active 

N2O 750°C fresh Pt, deactivated at 750 °C in N2O flow inactive 

O2 900°C fresh Pt, O2-treated at 900 °C inactive 

H2 900°C fresh Pt, deactivated at 750 °C in N2O flow,  
then H2 treatment at 900 °C 

active 

 

5.1.2 Surface composition 

To understand the morphology changes of Pt catalyst that result in its deactivation during 
high-temperature N2O decomposition, the surface composition of Pt was studied by ex-situ 
XPS for the H2-, O2- and N2O-treated samples listed in Table 1. The XPS spectra are 
discussed below with focus on the Pt4f, C1s and O1s regions. Moreover, the results of a peak-
fitting procedure for the O1s spectra are presented, and peaks are assigned to oxygen species 
based on binding energies, literature data, temperature dependence of formation, and the 
observed change of Pt activity for N2O decomposition. In addition, the local composition of 
different areas on the surface of Pt was studied by EDX to elucidate the possible influence of 
segregated impurities.  

XPS spectra and peak assignment 

The measured XPS data are shown in Fig. 17 for the Pt4f and O1s region of the respective 
spectra. Major signals were detected at binding energies associated with Pt (Fig. 17 - Pt4f), 
carbon (C1s) and oxygen (Fig. 17 - O1s). The estimated surface composition was in the range 
of ~30 at% Pt, ~30 at% C and ~40 at % O, with small amounts of metal impurities (Si, Zn, 
Al). 

The Pt4f region (Fig. 17 - Pt4f) remained unchanged throughout the various catalyst treatments. 
A doublet peak was observed at 71.0 eV and 74.3 eV, which is characteristic for the Pt4f 7/2 
and Pt4f 5/2 electron levels of metallic Pt. There are no clear shifts or shoulders at higher 
binding energies, which would indicate platinum oxides PtO (Pt4f 7/2: 72 eV) or PtO2 
(Pt4f 7/2: 74 eV). Hence, independent of catalyst treatments, metallic Pt prevailed.  
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Fig. 17  Pt4f and O1s region of XPS spectra recorded on Pt gauze samples pretreated in   
 O2, N2O and H2 at 600-900 °C, as well as fresh Pt gauze; treatments as indicated in Table 1 

The carbon region (C1s) of all samples was dominated by varying amounts of two carbon 
species around 284.7 eV and 286.3 eV, respectively. Since all samples were transferred 
through ambient air at room temperature to the XPS analysis, adsorption of carbon species is 
likely. Possible candidates for adsorbed carbon species on Pt are CO (286 - 286.6 eV), CO2 
(291.1 eV), CxHy (285.5 eV) and graphitic carbon (284.4-284.8 eV) [89, 245, 246]. The major 
contribution (up to 40 at%) was assigned to graphitic carbon on the surface (~284.7 eV), the 
second peak (up to 10 %) was assigned to adsorbed CO (286.3 eV). Carbon species at 
284.7 eV on Pt are known to be very resistant towards high-temperature treatment in oxygen 
and hydrogen atmosphere [247, 248], therefore the appearance of such a signal is not 
unexpected, even after exposure to N2O at 750 °C and O2 at 900 °C.  

The O1s spectra are more complex (Fig. 17 - O1s); a broad signal at 529-534 eV appeared. 
Thus, a peak-fitting procedure was carried out to support the interpretation and peak 
assignment for O1s spectra (see Fig. 18). H2-treated platinum should have the simplest 
spectrum (Fig. 18: H2 900 °C), since oxygen-containing species can only result from 
adsorption at room temperature during the sample transfer through ambient air. Relevant 
species from literature are adsorbed CO (532.5-532.7 eV [89, 246, 249]), adsorbed H2O 
(532.0-532.3 eV [245, 250]), adsorbed OH (531.0 eV [245, 250, 251]) and adsorbed atomic 
oxygen (530.0-530.8 eV [78, 81, 89, 246]). The O1s signal of H2-treated Pt could be fitted 
well with two species at 530.8 and 532.6 eV (Fig. 18: H2 900 °C). Hence, the 530.8 eV signal 
was assigned to atomic oxygen. The species at 532.6 eV can result from either CO or H2O. 
CO was already found in the C1s spectrum, but probably both species adsorb during the 
sample transfer and contribute to the spectra. 
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Fig. 18  Fitted peaks in the O1s region of XPS spectra recorded on Pt gauze samples that were   
 pretreated in O2, N2O and H2 at 600-900 °C; treatments as indicated in Table 1 

Inactive Pt samples (Fig. 18: O2 900 °C, N2O 750 °C) clearly show another contribution to the 
O1s signal at 529.7 eV that does not seem to exist on active catalysts (Fig. 18: H2 900 °C, 
N2O 600 °C). Nevertheless, fitting the signals of samples treated with N2O and O2 with three 
fixed binding energies (532.6 eV, 530.8 eV, 529.7 eV) indirectly revealed the need for 
another oxygen species at a binding energy higher than that of atomic oxygen. The final 
picture (Fig. 18) indicates that a species at ~531.6 eV exists on all O2- and N2O-treated 
samples, but significant amounts of the low binding energy species (529.7 eV) exist only on 
the inactive catalyst after high-temperature treatment in O2 and N2O. 

Discussion 

Interpretation of the oxygen species is difficult. Depth information was not obtained in the 
present XPS measurement, and therefore signals cannot directly be assigned to surface or 
subsurface species. Two subsurface oxygen-species were proposed in earlier studies of 
Berdau et al. [90]: mobile and reactive dissolved oxygen formed below 600 °C, and a non-
reactive “oxide” species formed above 600 °C. Weakly bound subsurface oxygen was 
previously reported after O2 treatment at 300-500 °C of Pt (100) and (111) [78], of poly-
crystalline Pt [186], and Pt(577) [252] and characterized by a binding energy of 
531.6-532.0 eV. The signal at 531.6 eV (Fig. 18) was therefore assigned to such a dissolved 
interstitial O species in the subsurface region of Pt, with the oxygen located at octahedral sites 
in the fcc crystal. 

The species at lower binding energy, 529.7 eV, is strongly bound and seems to be oxidic. 
Some authors [21, 73] proposed the stable high-temperature oxygen to reside on Pt atom 
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positions in the crystal. This interpretation was supported by Parkinson et al. [81] who 
measured XPS and angle resolved ISS on Pt(111) after dosing atomic oxygen up to a high 
coverage state (> 1 ML); they assigned a species with a binding energy of 0.6 eV below 
atomic oxygen to oxygen atoms on Pt positions. We therefore assume that the “oxide” signal 
(Fig. 18: 529.7 eV) belongs to substitutional oxygen atoms located in Pt positions in the fcc 
lattice of platinum. The presented interpretation of oxygen behavior on Pt is further supported 
by studies of subsurface-oxygen species on Ag by Nagy et al. [200, 201]: A mobile O species 
(interstitial) and oxygen that replaces Ag atoms in the fcc lattice were shown to modify the 
crystal structure of silver. Moreover, XPS binding energies similar to the ones observed on Pt 
here, i.e. of 531 and 529 eV, respectively, were assigned to these oxygen species [200, 201]. 

Impurities 

Although the existence of the “oxide” species on Pt catalysts is not debated in general, its 
formation on pure Pt was questioned. Some authors did show that Si impurities, common on 
Pt, may segregate to the surface upon high temperature treatment in oxygen [188, 253]. 
Silicon can form oxides on the surface that are characterized by O1s binding energies of 532.0 
and 533.4 eV [186]. Such oxides are stable at high temperature and behave similar to the 
stable “oxide” of Pt. In comparative studies of Pt and Pt97Si3 [186], Legare et al. demonstrated 
that the Pt “oxide” also forms on pure Pt. Niehus and Comsa [188] suggested that impurities 
accelerate the formation of subsurface oxide, although the fact that the “oxide” was not 
formed on their clean Pt may be simply due to a too low oxygen exposure (15 min at 800 °C 
in 10-6 mbar).  

We cannot exclude an accelerating effect of Si impurities on the formation of the stable high-
temperature oxygen species. Nevertheless, the minute amounts of impurities on the 
deactivated N2O-750 °C sample (Zn, 0.3 %) and the reproducibility of catalyst deactivation 
on different pure Pt foils allow the conclusion that the oxygen at a binding energy of 529.7 eV 
cannot be attributed to impurities.  

Local distribution of impurities 

The XPS analysis of surface composition indicated the presence of small amounts of 
impurities on the platinum surface. Since the spatial resolution obtained by XPS is in the 
range of millimeters, formation of an overlayer or segregation into islands cannot be 
distinguished. Thus, a combination of SEM and EDX was applied to map the local 
distribution of elemental composition near the surface (up to 2 µm deep) with a resolution on 
the µm scale. 

EDX spectra of the Pt gauze surface, in combination with the respective SEM image, are 
shown in Fig. 19 for catalyst that was repeatedly exposed to H2 and O2 at up to 800 °C. Most 
of the surface appears as clean Pt (Fig. 19 a, b); Pt is the dominating species, in combination 
with carbon. Preferably near the grain boundaries, small circular patches can be distinguished 
in SEM. EDX analysis of such areas indicates local enrichment of silicon (Fig. 19 c, d). The 
small surface structure resembling a flake Fig. 19 (e, f) was also associated with local silicon 
enrichment. 
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inactive impurity layer that covers and blocks the platinum surface: morphology changes of Pt 
are responsible for activity changes. 

Summarizing the XPS results, three different species of atomic oxygen were detected after 
high-temperature exposure of the Pt catalyst to N2O or O2. At room temperature, O2 
dissociates into atomic oxygen on the surface (~530.8 eV). By exposure of platinum to N2O 
up to 600 °C a bulk-dissolved O species was formed (531.6 eV) which is mobile [90], and 
does not affect Pt activity. Exposure of Pt to O2 at 900 °C, or to N2O at 650-750 °C, led to 
formation of an inactive Pt-oxygen phase and appearance of significant amounts of oxygen at 
a binding energy of 529.7 eV, attributed to O replacing Pt atoms in the lattice. All three 
O species exist on Pt that is inactive in N2O decomposition. Thus, the stable Pt-Ox phase, 
sometimes referred to as an oxide in literature, is possibly formed from dissolved subsurface 
oxygen of high concentration.  

The assignment of O species was based on literature data, binding energy and the observed 
temperature dependence of activity. However, the interpretation of XPS data assumes a 
homogeneous surface, and that all discussed oxygen species feature a unique binding energy 
on all the discussed Pt samples. Moreover, no depth information was available from XPS. The 
assignment of binding energies for both subsurface-oxygen species is similar to observations 
previously reported for Ag crystals. 

5.1.3 Bulk structure 

The bulk structure of Pt-gauzes (see Table 1) was investigated by XRD to derive further 
information on subsurface and bulk oxygen species, and their structural influence on the Pt 
lattice. Assignment of reflections to different Pt bulk phases is discussed in this section. 
Comparing the samples, the influence of catalyst treatment on the morphology of the Pt lattice 
is elucidated. 

Results and discussion 

The XRD measurements indicate that all catalyst treatments preserved the fcc lattice structure 
of Pt, i.e. the crystalline bulk oxides (PtO, PtO2, Pt3O4) were not detected. The high-resolution 
diffractograms of the Pt(200) reflection for Pt gauzes treated in O2, H2 and N2O (sample list: 
Table 1) are shown in Fig. 20. H2-treated Pt gauze features one symmetric reflection peak at 
46.27° (Fig. 20: H2 900 °C). Position of the reflection and symmetric peak shape indicate the 
presence of only one bulk phase, metallic platinum. The peak position confirms the high 
accuracy in the present XRD measurements.  
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Fig. 20  Pt(200) reflection in XRD, diffractograms were recorded on Pt gauze samples after  
 treatments in O2, N2O or H2 at 600-900 °C; treatments as indicated in Table 1 
 

After N2O treatment of platinum at 600 °C, the peak was shifted to smaller angles, it was 
asymmetric and wider (Fig. 20: N2O 600 °C). The shift indicates larger distances between Pt 
atoms. Hence, the Pt unit cell expanded due to the N2O treatment. An increase in peak 
halfwidth points toward formation of defects or the building up of stress in the crystal lattice. 
Such lattice expansion observed on silver [200, 201] was interpreted as a strong indication for 
the presence of bulk-dissolved oxygen. The symmetry of the fcc lattice implies that expansion 
should appear isotropical, as long as oxygen is statistically dissolved. 

In contrast, treatment of platinum in N2O at 750 °C caused a much more pronounce shift of 
the peak, correlating to stronger expansion of the Pt lattice (Fig. 20: N2O 750 °C). Moreover, 
after O2 treatment at 900 °C the reflection splits up into two peaks (Fig. 20: O2 900 °C). The 
effect observed on O2-treated (inactive) Pt is clearly different from the previous modification 
by statistically dissolved oxygen.  The appearance of two separate peaks can occur when the 
symmetry of the Pt crystal is lost and the unit cell shows anisotropic expansion. The oxygen 
treatment of the sample suggests that O plays a role in the anisotropic expansion, and that the 
oxygen is ordered. Such an ordered structure can be caused by an ordered arrangement of 
dissolved oxygen in high concentration, where O occupies more than one edge of each Pt unit 
cell. A second possibility is the replacement of Pt atoms in the lattice by oxygen. As discussed 
before (XPS: section 5.1.2), previous evidence exists that oxygen can occupy substitutional 
positions, i.e. Pt positions, in the Pt lattice [21, 73, 81] similar to the situation on silver after 
oxygen treatment above 650 °C [200, 201]. 
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Combining XPS and XRD evidence, the oxygen species in the stable high-temperature Pt-Ox 
phase is assigned to positions of Pt atoms in the lattice. Hence, high-temperature treatment of 
Pt in oxygen induces recrystallisation and formation of a distorted Pt-Ox phase, which has a 
significantly lower activity for N2O decomposition. The transformation of Pt into Pt-Ox 
during N2O treatment at 750 °C is not so pronounced in the diffractograms (Fig. 20: 
N2O 750 °C), but it is indicated by the strong shift of the peak towards smaller angles. The 
different temperatures for deactivating N2O treatment (750 °C) and O2 treatment (900 °C) can 
account for the difference: Higher temperatures promote faster diffusion of oxygen into the Pt 
bulk and therefore higher oxygen concentrations. Thus, a stronger manifestation of the effects 
in the bulk region is expected at higher temperature. Earlier XRD studies on Pt after HNO3 
treatment [254] support the interpretation of two related oxygen-induced effects, i.e. a stable 
lattice expansion of Pt, and the existence of a mobile and fast-diffusing oxygen species. 

In summary, XRD measurements provided evidence for three different Pt and Pt-oxygen 
phases:  
(I) Metallic, oxygen-free platinum was obtained by H2 treatment.   
(II) Exposure to N2O up to 600 °C led to a moderately expanded and probably cubic 
Pt structure, which can be explained by statistically dissolved oxygen on octahedral sites in 
the Pt bulk. Both catalysts were active in N2O decomposition.   
(III) Treatment in N2O or O2 at 650-900 °C produced an anisotropic distorted Pt phase that 
was interpreted as a re-crystallized phase with oxygen replacing some Pt atoms in the lattice. 
This Pt-Ox phase was inactive for N2O decomposition.   

None of the structures resembled a platinum oxide; the dimensions and fcc structure of the 
Pt lattice, although slightly expanded, were preserved. The structural interpretation is 
complementary to the interpretation of XPS data, i.e. assignment of oxygen species to 
interstitial and substitutional positions in the surface region of Pt. Hence, the reported oxygen-
related surface effects are also reflected in subsurface and bulk of platinum catalyst. 

5.1.4 Surface morphology 

The surface morphology of Pt gauze catalyst and Pt foils was studied by SEM after different 
high-temperature treatments in O2, N2O and H2. The gauze samples and sample treatments 
were listed earlier in Table 1; additional Pt foil samples are described in Table 2. The SEM 
micrographs of gauze and foil samples are presented in Fig. 21 a-j. Depending on the 
treatment conditions, different surface morphologies were observed. The morphologies are 
discussed with respect to the responsible mechanisms of treatment-induced restructuring. 
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Table 2 List of characterized Pt foil samples, and respective sample treatments in N2O, O2 and H2  

sample name description of sample treatment 

fresh fresh unused Pt foil, as supplied 

N2O 750°C fresh Pt foil, deactivated at 750°C in N2O flow 

O2 900°C fresh Pt foil, O2-treated at 900°C 

H2 900°C fresh Pt foil, deactivated at 750°C in N2O flow,  
then regenerated by H2 treatment at 900°C 

fresh H2 900°C fresh Pt foil, H2-treated at 900°C 
 

Results 

SEM images of fresh Pt gauze and foil (Fig. 21 a,b) show in general a smooth and flat surface 
of the samples. In some places textural damage, supposedly from manufacturing, and 
occasional holes are seen. After the (deactivating) treatment in N2O at 750 °C the appearance 
changed drastically (Fig. 21 c,d). Sharp facets developed and the surface became covered with 
parallel columnar or needle-like structures in the 0.1 µm size range. All structures on one 
grain were oriented into the same direction. The faceting looks slightly different on different 
grains, indicating that the extent of faceting might depend on the initial orientation of the 
lattice of each grain. The appearance of the sample surface after O2 treatment at 900 °C (Fig. 
21 e,f) strongly resembles that of the other inactive Pt catalyst, which had been treated in N2O 
at 750 °C (Fig. 21 c,d). The same sharp facets and columnar structures in the 0.1 µm size 
range developed on the surface. 

When such a catalyst was regenerated in H2 at 900 °C to restore high initial activity for N2O 
decomposition, the sharp edges and columnar structures disappeared (Fig. 21 g,h). The ap-
pearance of the surface became softer, with either long, parallel and rounded facets (Fig. 21 g) 
or at least a smoothed version of the previously sharp facets (Fig. 21 h). The initially flat and 
smooth surface of fresh catalyst was not restored. The formation of shallow cavities indicates 
that significant mass transport on the surface is involved in the restructuring process.    

After repeated deactivation and regeneration in H2, followed by N2O decomposition at 
600 °C, the surface of active gauze catalyst was covered with relatively large, smooth and flat 
facets in the µm size range (Fig. 21 i). Fresh Pt foil after H2 treatment at 900 °C was also re-
constructed, but only into long, smooth and parallel facets (Fig. 21 j) that looked completely 
different than the structures created during O2 treatment. The whole surface appeared 
somehow soft and melted. Comparing the images, the surface of the regenerated Pt catalyst 
(Fig. 21 h) resembles a possible superposition of reconstructions observed on the deactivated 
(Fig. 21 f) and the H2-treated (Fig. 21 j) surface. Foil and gauze catalyst in general developed 
similar facets, although structures tended to be somehow smaller on the foil samples. 
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N2O and other gases at 600-950 °C (<70 h), and reported pit formation and deposition of 
small crystals in colder areas of the catalyst surface. Unfortunately, their SEM micrographs 
were not shown, and a comparison is not possible. Moreover, they discussed faceting at a 
resolution about 20 times lower as compared to the present images. Nevertheless, Nilsen et al. 
found evidence for platinum oxides (PtO, PtO2) in the gas phase; therefore restructuring was 
interpreted as evaporation and deposition process via volatile PtOx.  

High-resolution SEM work has been reported by Wu and Phillips [255] for platinum foil 
treated in an oxygen / nitrogen flow at 900 °C. Small scale (<5 µm) sharply-defined facets 
appeared, which were very similar to the structures observed in the present study after 
O2 treatment at 900 °C (Fig. 21 e). The restructuring was attributed to thermal etching. 

According to Wei and Phillips [166] the reconstruction phenomena on metal catalyst surfaces 
can be classified into thermal and catalytic etching, although sometimes the classification is 
difficult. As thermal etching they defined surface reconstruction that “can occur in the ab-
sence of chemical reactions involving gas-phase species”, but including the possible forma-
tion of volatile species in combination with gas-phase molecules, faceting, pit formation and 
(not necessarily) loss of catalyst mass. Catalytic etching occurs only during the catalytic reac-
tion between adsorbed gas-phase species, and “leads to the production of highly irregular sur-
face structures which are not minimum-energy configurations”. According to these defini-
tions, the reconstruction observed on Pt in O2 or H2 atmosphere in the present study are proc-
esses of thermal etching. 

As also discussed in [166], thermal etching can occur as a kinetically controlled process 
(preferred evaporation of metal or metal oxides from specific surface planes), or under 
thermodynamic control (the surface species reorganize into a minimum energy state by 
surface migration). The thermodynamically controlled case assumes that, by forming facets of 
low-indexed terminating crystal planes, the respective increase in surface area is over-
compensated {i.e. (E0 x A0) > (Eetched x Aetched)}, and the total surface free energy decreases 
[201]. PtO2 is known to be volatile [168, 169, 256], thus kinetically controlled etching is 
possible during O2 and N2O treatment. Platinum certainly does not evaporate during 
H2 treatment at 900 °C. Nevertheless, hydrogen is known to enhance mobility of Pt atoms on 
Pt surfaces [180]. The soft facets formed in hydrogen atmosphere may therefore represent the 
thermodynamically favored configuration of oxygen-free platinum in H2 atmosphere. 

A definite explanation of the faceting of Pt after the deactivating high-temperature treatments 
in O2 and N2O, is not possible with the available data. On one hand, oxygen incorporated into 
the Pt lattice leads to lattice expansion and might stabilize a different surface structure than 
that of oxygen free Pt, i.e. thermodynamics control the thermal etching. On the other hand, 
although weight loss of Pt during O2 and N2O treatments was below detection limits, it cannot 
be excluded. Therefore, kinetic control of the observed thermal etching is also possible. 

5.1.5 Conclusions 

Catalytic decomposition of N2O studied over Pt foil and gauze after different treatments by 
N2O, H2 and O2 show that activity and morphology of the catalyst are strongly correlated. 
Different Pt phases were identified: Pt, Pt+Odiss, and Pt-Ox+Odiss. Oxygen-free metallic Pt is 
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active for N2O decomposition. COad/H2Oad and Oad are detected on the surface after exposure 
to ambient air. A Pt phase with bulk-dissolved oxygen, Pt+Odiss, is formed during N2O 
treatment of metallic Pt up to 600 °C. Catalyst activity was not influenced. The bulk-oxygen 
species is mobile (see also chapter 6.2); it induces a slight cubic expansion of the Pt lattice. A 
XPS-O1s binding energy of ~531.6 eV was assigned to the bulk-dissolved oxygen species. 
The oxygen is believed to reside on octahedral sites in the Pt lattice. 

Treatment of Pt in N2O above 600 °C, or in O2 at 900 °C results in a stable Pt-oxygen phase, 
Pt-Ox. The phase transformation was indicated by further expansion and tetragonal distortion 
of the Pt lattice, and a XPS signal at ~529.7 eV. The stable Pt-Ox phase was inactive for N2O 
decomposition and required H2 treatment at about 800-900 °C to restore catalytic activity. The 
two oxygen species assigned to the Pt bulk, Odiss and (Pt-)Ox are in agreement with earlier 
interpretations of oxygen behavior on polycrystalline Ag catalysts. 

The reason of Pt deactivation is not clear, although literature provides a possible explanation. 
Bertolini investigated the effect of surface stress on the reactivity of Pt overlayers [257]: 
Pt layers compressed by 2-5 % showed very different chemisorptive properties with respect to 
H2 and CO, as well as different reactivity for the 1,3-butadiene hydrogenation. The differ-
ences were explained by modified electronic properties of the Pt surface atoms on the com-
pressed surface. A similar interpretation could apply in the case of oxygen-modified Pt 
surfaces: bulk-dissolved oxygen modifies the Pt-atom distances, thus changing the adsorption 
and surface diffusion of species relevant to N2O decomposition (N2O, N2, O, O2).  A different 
explanation could be that N2O decomposition is possibly structure sensitive [63, 120, 202], 
and the formed facets (indicated by SEM) are inactive for N2O decomposition. 

The oxygen-induced modification of Pt morphology at high reaction temperature influences 
all reaction steps of ammonia oxidation (see chapter 7.4): Oxygen dissolves in Pt and contrib-
utes to reactions. Moreover, two phases of different activity (in N2O decomposition) exist: 
oxygen free Pt, obtained by H2 treatment at 900 °C, and a stable Pt-Ox phase, produced by 
O2 treatment at 900 °C. Since properties of Pt and Pt-Ox materials were so different, both 
were applied in the investigation of reaction paths of catalytic ammonia oxidation. Pro-
nounced differences were observed for the catalytic performance of Pt and Pt-Ox in decompo-
sition of NH3 and NO (chapter 6), and ammonia activation by O2, N2O and NO (chapter 7). 

The strong dependence of the reversible phase transition Pt � Pt-Ox on reaction conditions 
(p, T, t) has consequences for low-pressure experiments. Under such conditions the Pt-Ox 
phase is not formed, or is not stable under reaction conditions. In contrast, at higher pressures, 
i.e. conditions of industrial ammonia oxidation, the catalyst can quickly transform into the 
Pt-Ox alloy. Hence, catalytic results obtained under vacuum and high-pressure conditions may 
deviate significantly. Nevertheless, the principle effect occurs also at low pressures. 
Depending on temperature, several mono-layers of oxygen were adsorbed when O2 or N2O 
was pulsed over H2-treated Pt gauze under transient vacuum conditions (Kondratenko [20], 
TAP reactor, O2: 100 °C: < 0.8 ML O, 400 °C > 5 ML O, 800 °C > 14 ML O), i.e. oxygen is 
stored in subsurface and bulk of Pt. Such an oxygen-storage effect should be kept in mind in 
the interpretation of vacuum studies carried out on Pt surfaces.  
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5.2 Morphology of Pt after catalytic ammonia oxidation 

Ammonia oxidation modifies the surface structure of Pt catalysts: in the reaction at ca. 
100 kPa Pt gauze becomes facetted and  “cauliflower“ structures grow. Such changes occur 
within hours and days, and influence the catalyst performance [258]. The phenomenon was 
subject to a number of studies [163-165, 173, 259]. Partial pressure of O2 and NH3 as well as 
surface temperature determined which surface structures were formed [163]. Due to 
exothermicity of the reaction, investigations at atmospheric pressure were limited to catalyst 
that was restructured in the ignited reaction regime (T > ca. 500 °C) [163, 165, 173].   

Applying a micro-structured reactor (as described in chapter 4.3.2), the reaction-induced 
surface reconstruction in ammonia oxidation was investigated under temperature-controlled 
conditions at 274 to 700 °C. Results are presented below concerning catalyst activity and 
reaction-induced changes of surface morphology (SEM). Thereafter, possible mechanisms of 
surface restructuring are discussed, and changes of Pt morphology are related to catalyst 
activity. Finally, conclusions are drawn about the temperature influence on the Pt transport 
mechanism, how the surface morphology changes at low and high pressure might be related, 
and what the catalytic etching implies for steady-state kinetic measurements. 

Experimental 

Pt foils were exposed to ammonia oxidation (a) at fixed temperatures (286, 330, 374 °C), and 
(b) temperature-programmed reaction (20-700 °C: 1 d, 10 d) to elucidate the influence of 
reaction temperature and time-on-stream. The surface morphology of Pt samples listed in 
Table 3 was studied by SEM.  

(a) Pt samples used in ammonia oxidation at constant temperature were prepared, applying to 
fresh Pt foil at 286, 330 and 374 °C the procedure reported in section 4.4 for kinetic 
measurements (see also Appendix A-2).  
(b) Two Pt samples were prepared in TP ammonia oxidation at 20-700 °C with a standard 
feed mixture (250 ml/min, 3 kPa NH3, 4.5 kPa O2, balance Ar+Ne). For one sample, catalyst 
activity was followed for 1 h at each temperature. The temperature ramp was repeated once, 
resulting in a total reaction time of about 24 h. The second sample was studied at each tem-
perature level for ~12 hours during the upramping of temperature, and for 4-12 h at each 
temperature level during downramping. Total time-on-stream for this catalyst was about 10 d. 

Table 3 List of Pt foil samples, used for ammonia oxidation and SEM characterization 

sample name description of sample treatment 

Pt foil NH3 ox 286 °C (a) fresh Pt foil, ammonia oxidation, 286 °C, 30 h 

Pt foil NH3 ox 330 °C (a) fresh Pt foil, ammonia oxidation, 330 °C, 30 h 

Pt foil NH3 ox 374 °C (a) fresh Pt foil, ammonia oxidation, 374 °C, 30 h 

Pt foil NH3 ox 1 d (b) fresh Pt foil, H2-treated, ammonia oxidation, two 
temperature ramps 20-700-20 °C, total time 1 d 

Pt foil NH3 ox 10 d (b) fresh Pt foil, ammonia oxidation, one temperature ramp 
20-700-20 °C, total time 10 d 
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5.2.1 Activity in ammonia oxidation 

Results of catalytic tests are presented and discussed in the order of increasing temperature 
and time-on-stream as indicated in Table 3. In the experiments at constant low temperature, Pt 
catalysts were subject to activation at all temperatures (286, 330, 374 °C). The activation was 
more pronounced during the first 2-6 h of time-on-stream (Fig. 22), and progressed slowly 
thereafter. Activation did not stop completely, even after 30 h. 
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Fig. 22  Oxygen conversion vs. time-on-stream in ammonia oxidation over fresh Pt foil  
 (286-374 °C, 250 ml/min, 3 % NH3, 4.5 % O2, balance Ar + Ne)  

Catalytic results of TP ammonia oxidation in the faster temperature ramp (1st cycle) are 
presented in Fig. 23 as ammonia conversion vs. temperature. The diagram indicates a 
hysteresis, where Pt becomes more active after high temperature exposure. The activation was 
permanent and progressed further in a 2nd temperature cycle.  
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Fig. 23  Ammonia conversion vs. temperature in TP ammonia oxidation (texp=12 h)  
 over H2 pretreated fresh Pt foil; (250 ml STP / min, 3 % NH3, 4.5 % O2, 1.5 mm Pt foil) 
  full circles: heating  open circles: cooling 

Results of long-time TP ammonia oxidation for 10 days are presented in Fig. 24 as ammonia 
conversion vs. temperature. Again, hysteresis behaviour was observed: the catalyst was more 
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active in the cooling than in the heating branch. Activation was more pronounced than in the 
fast temperature ramp (Fig. 23). The decrease of ammonia conversion in the cooling branch 
(Fig. 24) at 250-180 °C seems unreasonable strong. A possible explanation for the steep slope 
of the cooling curve will be given when the SEM images are discussed (partial loss of 
temperature control over heavily reconstructed catalyst after high-temperature exposure). 
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Fig. 24  Ammonia conversion vs. temperature in TP ammonia oxidation (texp=10 d)  
 over fresh Pt foil; 250 ml STP / min, 3 % NH3, 4.5 % O2, 1.5 mm Pt foil 
  full circles: heating  open circles: cooling 

Pt catalyst activated under all investigated conditions of ammonia oxidation (Fig. 22, Fig. 23, 
Fig. 24). The activation at low temperature (< 374 °C) progressed fast in an initial phase, and 
slowed down thereafter. Activation at high temperature resulted in hysteresis behavior, which 
was more pronounced at low temperatures (Fig. 23, Fig. 24). Activation should be also 
present at higher temperatures, although mass transfer limits the reaction under such 
conditions, and may thus mask the increased activity. 

Catalyst activation induced by ammonia oxidation can have different reasons, including 
faceting of Pt, adjustment of the bulk-oxygen content of the catalyst, or surface cleaning 
(burning of carbon). The in-situ XPS studies carried out at low-pressure conditions by the 
group of Imbihl (Pt(533), NH3+O2, ptotal < 0.06 kPa) [260] indicated that carbon burn-off is a 
rapid process even under UHV conditions. Thus, it is not likely to be a major factor in catalyst 
activation. Another possible contribution to activation, the effect of decreasing bulk-oxygen 
content during reaction, is discussed in chapter 7. The SEM images of Pt foils, presented in 
the following section, indicate that reaction-induced faceting and surface roughening are key 
factors in the catalyst activation. 

5.2.2 Surface morphology 

To elucidate the reasons for catalyst activation in ammonia oxidation (described above), the 
surface morphology of the Pt foils listed in the previous Table 3 was studied by SEM. The 
results are presented below, and discussed in context of literature, trying to obtain a general 
understanding of reaction-induced changes of the surface morphology of Pt. 
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Surface morphology after ammonia oxidation at constant temperatures of 286-374 °C 

Fig. 25 shows SEM micrographs of Pt foil treated in ammonia oxidation at 286 °C. The 
images were taken in two different regions of the foil sample. Graphs a) and b) show the area 
of the catalyst that was not participating in the reaction: the quartz walls of the micro-
structured reactor located beside the reaction channels covered this area (see Fig. 9). Hence, 
this part of the Pt sample was exposed to reaction temperature, but not to the feed gas. 
Compared to the (previously shown) fresh Pt foil (Fig. 6) the surface appears basically 
unchanged. Visibility of grain boundaries is slightly better than on fresh foil, indicated by the 
contrast between different areas in Fig. 25 (a,b). 
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needles, where each “roof” belongs to one needle. Looking at the “roofs” from different 
angles, they appear as parallel row of triangles, or a step-terrace structure. The terraces feature 
occasional holes with a square shape (Fig. 26 d). 

Looking at all the SEM images of Pt used for ammonia oxidation, the main direction of 
parallel facets on all “independent” samples is the same. The samples have two things in 
common that could influence the orientation of facets: (1.) the direction (relative to the SEM 
image) in which they were mounted in the reactor is the same, and (2.) they were all cut as 
parallel pieces of the same Pt foil. Fig. 27 indicates the main orientation of Pt needles (Fig. 
27a), relative to the cutting direction when Pt samples were prepared (Fig. 27c), and relative 
to the direction of the gas flow during the reaction (Fig. 27c). The needles are neither oriented 
in the direction of the gas flow, nor rotated by 90°. Therefore, forces applied by the flowing 
gas to the surface are not likely to influence the facet orientation. A better explanation for the 
common facet orientation is that all three “independent” samples share the same information 
from the manufacturing process of the Pt foil, i.e. the direction of the rolling process. The 
forces and directions applied during the rolling result in strain and texture imprinted on the Pt 
material, which may then determine the direction in which the growing facets orient. 
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Fig. 27  Schematic drawing of the reconstructed Pt surface (NH3 oxidation at 374°C)  
 indicating orientation and directions of gas flow, etching and rolling 
 a) detail: general appearance of crystals (as needles), main orientation from SEM 
 b) detail: SEM of sample “NH3 ox 374 °C”  
 c) original Pt foil and the cut foil sample, orientation relative to a),  
  - indicating the gas flow direction, and  
  - proposing the directions of texture due to foil manufacturing (by rolling) 

The surface reconstructions look similar at all foils exposed to low-temperature (<374 °C) 
ammonia oxidation. Parallel facets grow, and become bigger when the reaction temperature is 
higher. The surface consists of flat crystal faces that indicate thermodynamically stable crystal 
planes, resulting in a reduced total free surface energy. The thermodynamically stable surface 
structure, the absence of “deposits” and most of all the low temperatures imply that the recon-
struction proceeds via surface diffusion of Pt atoms, enhanced by increased Pt mobility under 
reaction conditions. The surface etching is not uniform over the whole surface at low tempera-
ture, which hints towards non-uniform surface activity. The total surface area increases, ex-
plaining the observed increase in ammonia conversion. Activation also has a qualitative as-
pect, since different structures are formed, which might be differently active in a structure 
sensitive reaction like ammonia oxidation. The different extent and quality of etching at each 
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studied temperature indicates that the active surface area may strongly vary with reaction 
conditions. 

Surface morphology after temperature-programmed ammonia oxidation at 20-700 °C 

Fig. 28 (a,b) shows SEM images of the Pt surface after two temperature ramps to 700 °C 
during ammonia oxidation, with a total duration of about 24 h. The sample differs from the 
previous low-temperature samples not so much in exposure time, most of all it was exposed to 
reaction at higher temperatures up to 700 °C. The surface still shows somehow parallel rows 
of facets (Fig. 28 a, right side), although the defined roofs are not visible. Rows are now about 
2 µm apart, compared to less than 0.5 µm at 286-374 °C. In some areas the surface 
reconstruction appears much more three-dimensional than before (Fig. 28 a, left side): rows 
are deeper and undercut, holes penetrate deeper and reach sizes similar to the crystal 
dimensions, crystals grow from the surface. The growing crystals still consist of flat faces and 
sharp edges (Fig. 28 b), but the sharp edges start to disintegrate and become faceted (Fig. 
28 a,b). The whole appearance of the surface is more porous. 
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and to other crystals. The flat faces and straight edges have disappeared; only the underlying 
shape of well-formed crystals is visible, although crystals appear now smooth and rounded. 
Even the holes are rounded. Hence, the well-ordered, regular-shaped structures observed after 
less severe exposure to the reaction are not found anymore, indicating that the driving force 
and/or the mechanism responsible for surface reconstruction has changed. The edges are 
attacked first in this process of rounding (Fig. 28 b) and disappear (Fig. 28 c), suggesting a 
kinetically-controlled etching process where the least active Pt remains. Judging from the po-
rosity of the surface and the thin remaining connections between crystals (Fig. 28 c) it is pos-
sible that temperature gradients develop across the surface, and ignition occurs on some al-
most disconnected parts of Pt. The increase in surface area, compared to fresh Pt, is immense. 

Discussion 

Looking at all the presented SEM evidence, the following picture evolves: Changes in surface 
morphology of Pt are related to the severity of reaction exposure (temperature, time). The 
changes can be assigned to  

 a low temperature regime (“NH3ox 286-374 °C”: Fig. 25c, d; Fig. 26a-d), and   
 a high temperature regime (“NH3ox 10 d”: Fig. 28c, d),  

with a transition phase in between (“NH3ox 1 d”: Fig. 28a, b). In the low temperature regime 
etching starts locally, forming thermodynamically stable facets with planar faces and sharp 
edges. The facets extend into the bulk as parallel oriented needles. The needles grow with 
temperature. Orientation of the needles is determined by the foils initial texture. In the 
transition phase, starting around ~500 °C, the facets grow further in size and start to protrude 
from the surface. Well-shaped crystals become rounded and straight edges break up into 
smaller structures. The long-range order of crystals, observed at low temperature, is getting 
lost. The surface finally becomes completely smoothed and rounded with an almost melted 
appearance. Rounded crystals can still be distinguished in loosely connected assemblies, 
resulting in an extremely porous surface.  

That the described phenomena are due to catalytic etching becomes evident looking at the 
surface of Pt samples treated in H2, N2O and O2 (Fig. 21): only few similarities exist. The 
surface of Pt treated at 750 °C in N2O shows some layers and perhaps roofs (Fig. 21 c,d), but 
the size of structures is significantly smaller than the 0.5 µm found after ammonia oxidation, 
regardless of the much higher temperature. Neither is uniformity of needle sizes obtained in 
N2O, nor can one find the total ordering effect on the surface. H2-treated Pt foil features 
smooth parallel facets, but not the roof structures on the facets (Fig. 21 h,j). So in the sense of 
the review of thermal and catalytic etching on metal catalysts by Wei and Phillips [166], the 
etching is classified as catalytic, since the chemical reaction between at least ammonia and 
oxygen is required to achieve the observed modification of surface morphology.   

Not all of the presented observations are new. Parallel facets were reported in different studies 
of catalytic etching on Pt during catalytic ammonia oxidation [163, 165, 173, 261]. The fine 
structure of these facets was not well described, missing the very sharp edges, the “roof” tops 
as well as the extension of the facets into the bulk as parallel needles. Reported facet 
structures were usually bigger than what is found in the present investigation (> 1 µm). The 
difference in observation quality might be due to the fact that all reported etching studies so 
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far were conducted at catalyst temperatures above 500-600 °C, corresponding to the adiabatic 
temperature of the fully converted feed gas (ignited reaction). Moreover, the resolution of 
SEM images shown here is higher than in most of the cited studies. The high temperature 
applied in earlier investigations led to measurements in what was assigned in this work to the 
transition and high-temperature regime (i.e. > 500 °C, Fig. 28). Hence, the growth of the 
smaller sharp-edged crystals at low temperature (Fig. 26), and their respective smoothing and 
rounding at high temperatures, escaped the observation in previous studies, since the 
processes of forming defined crystal planes and edges and destroying them again were 
probably in operation at the same time, and could not be distinguished.  

It was previously observed [165, 173, 261] that neighboring grains of Pt are etched to a 
different extent. The difference was attributed to an underlying different original grain 
orientation, different exposed crystal faces, therefore different activity and thus distinct 
etching. While this may be true for the high-temperature regime, etching in the low 
temperature regime rather seems to start near grain boundaries. Hence, the less ideal and 
rougher surface near grain boundaries is favored in the etching and recrystallisation process at 
low temperatures, and initial grain orientation is at least not the only reason for local 
differences in the extent of catalytic etching. 

The growth of “cauliflowers” from the surface was reported for Pt-Rh gauzes under industrial 
conditions [164, 259], but also for pure Pt wires after 16 d of ammonia oxidation [165]. Such 
complex structures were not observed in the present study, which can be due to shorter 
experiments, or the lower temperatures. Bulky, three-dimensional micro-crystals growing 
from the surface after an induction period of 2-8 h were previously interpreted as initial stages 
of cauliflower growth [173]. Micro-crystals protruding from the surface were also seen in the 
high-temperature regime (Fig. 28 a-c) of this study, although they were much smaller than 
reported elsewhere [173]. The crystal growth shown in (Fig. 28 a-c) is interpreted in the same 
way, as a possible initial phase of growing the stalk of a cauliflower.      

Agreement exists in literature on the observation that holes are formed on the Pt surface 
during reaction [163, 165, 261] (so-called pitting), and that such holes exist in fourfold-
symmetric shape, or preferably rounded at higher temperatures. Holes with a diameter of up 
to 2 µm occurred at higher temperatures [163, 165]. The pitting is usually attributed to more 
active places and/or line defects in the crystal, which seems reasonable at high temperatures. 
Nevertheless, for the initial hole formation at low temperatures, segregated and migrating 
impurities can not be excluded as a contributing factor. 

Parallel facets covering an area much larger than the (assumed) initial grain size have not 
been reported before for Pt after ammonia oxidation, neither was the same favored main 
orientation of facets observed for different samples. The main orientation was here attributed 
to the same texture and strain existing in the original material before reaction (Fig. 27). That 
the effect has not been reported before may be due to the fact that usually small spheres [261] 
or wires [163, 165, 173] were used, which simply lack a unique direction of the strain 
resulting from the manufacturing process.    

Some of the effects of reaction-induced changes of catalyst morphology as observed in this 
investigation are not unique to the Pt+NH3+O2 system. Parallel facets and needle formation 
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were discussed in the oxidative coupling of methane (OCM) on Ag [200], hole formation was 
seen after methanol oxidation over Ag [201]. Moreover, faceting and the formation of terraces 
were shown for OCM on Cu [262]. Finally, Wu and Phillips reported etching and deposition 
of small Pt spheres on Pt foil during ethen oxidation [255]. Such studies are considered in the 
following discussion of the mechanism of Pt transport. 

Mechanism of Pt transport 

Different ways of Pt transport have been proposed to explain catalytic etching on Pt surfaces: 
transport via gas phase, surface diffusion and bulk diffusion. Bulk diffusion was discarded for 
the reason that it requires too high temperatures [163]. Transport via gas phase was favored, 
and was explained by different models. Wu and Phillips [170] proposed the reaction between 
Pt and radicals as the step that allows platinum to enter the gas phase: the Pt clusters react 
homogeneously, agglomerate, and fall back to the surface. 

McCabe et al. [163] claimed that the major Pt transport occurs via Pt oxidation. PtO2 is 
formed in areas of high O surface concentration, the Pt oxide evaporates due to a significant 
vapor pressure, diffuses in the boundary layer of the gas phase and decomposes when hitting 
the surface again. This view was supported by experimental proof of Pt gas phase species 
(PtO+, PtO2

+) [165], and by earlier studies on Pt-oxygen interaction at high temperatures [168, 
169]. Another transport mechanism was proposed by Lyubovsky and Barelko [173], assuming 
that ammonia oxidation leads to local heat generation. The heat is not dissipated but causes 
local overheating, resulting in Pt evaporation, diffusion through the gas phase and re-
deposition in colder areas. As stated before, all these mechanisms were reported for 
temperatures above 600 °C. 

On the other hand, Pt transport via surface diffusion is known from studies at lower pressure 
and temperature. The mobility of Pt adatoms increases with temperature [263], and is in 
addition drastically enhanced even at room temperatures by adsorbates like hydrogen [180] or 
ammonia [19]. In addition to enhancing Pt mobility, adsorbed NH3 also stabilized a different, 
meandering surface configuration of the steps on Pt(533). Therefore, adsorbate-enhanced 
surface diffusion of Pt has to be considered at low temperatures. Transport of Pt via gas phase 
diffusion is an option for the higher temperatures in the TPR experiments to 700 °C, although 
exclusive transport via PtO2 seems unlikely, judging from the differences in surface 
morphology of Pt after O2 and NH3+O2 exposure. An additional mechanism seems required to 
explain the extensive reconstruction of Pt at 286-374 °C. One (purely speculative) explanation 
is as follows: It was shown that oxygen penetrates the Pt bulk at temperatures above 500 °C. 
The penetration of Pt by the smaller H atoms could occur already at lower temperatures. If 
hydrogen has a similar mobilizing effect on Pt in the bulk as it has on the Pt surface, then 
significant Pt bulk diffusion even at ~300 °C seems possible.  

Having presented different options for the mechanism that alters the surface morphology of Pt 
under reaction conditions, a model is proposed now that explains the presented experimental 
evidence, and also builds a bridge between vacuum studies and industrial conditions. 
Adsorbate-enhanced surface diffusion dominates in the low temperature regime of ammonia 
oxidation up to approximately 500 °C. The temperature is too low to allow Pt transport 
through the gas phase via any of the presented mechanisms. The driving force of 
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reconstruction is the formation of crystal faces with a minimum of total free surface energy. It 
is not known whether the formed facets are stabilized by an adsorbate species. Bulk 
reconstruction at low temperature needs further investigation, but could be, in analogy to the 
surface diffusion, promoted by a mobility enhancing species formed during the reaction.  

The dominating transport mechanism changes upon increasing the temperature above 
~500 °C: Pt transport occurs via gas phase species which are formed by interaction of Pt with 
reaction intermediates of ammonia oxidation. The surface modifications develop into bulky 
micro-crystals, an initial stage of cauliflower growth. The surface morphology is determined 
by kinetically controlled etching. Thus, more active parts of the surface are etched and 
evaporated (as volatile PtO or PtO2), while less active parts are preserved, or even grow due 
to Pt deposition. The resulting porous Pt structure is prone to steep local temperature 
gradients. In the transition phase between the temperature regimes both described transport 
mechanisms are active, i.e. adsorbate enhanced self diffusion of Pt and gas-phase transport. 

The presented model of catalytic etching has shortcomings that require further attention: 
Oxygen content of the Pt bulk, already established to have a major influence on Pt structure 
and activity (see section 5.1), is not included in this investigation yet. A related aspect, the 
principle effect of bulk-oxygen on activity of platinum in ammonia oxidation over Pt gauze, is 
discussed in chapter 7. 

Surface structure and catalyst activity 

An understanding of catalyst activity as a function of etching progress has not been 
developed. Activation was observed on all samples. At low temperature, activation goes 
through a faster initial phase and progresses slower thereafter. The activation can have 
different reasons. The most obvious contribution comes from surface roughening and the 
respective increase in surface area as a function of time-on-stream and temperature. Besides 
this quantitative aspect, activation can be also of qualitative nature. Different crystal planes 
are exposed in different stages of etching, and although all of them are supposed to catalyze 
ammonia oxidation, activity and selectivity varies for different crystal faces [19, 21]. In 
addition, the number of surface defects and their contribution to the reaction are completely 
unknown. It is further not known if the heat generated by the reaction is dissipated in the Pt 
lattice, or local differences in temperature exist. Moreover, if Pt transport via gas phase 
occurs, then the Pt species in the gas phase are expected to be catalytically active as well 
[264]. Finally, the mentioned influence of bulk-oxygen species on activity of Pt cannot be 
neglected. Activation of Pt is therefore a complex process that requires further investigations 
of etched surfaces to improve the description of the surface modifications, and to quantify the 
associated changes in catalyst performance. 

The lack of detailed understanding of Pt activity and the activation process has implications 
for kinetic studies of ammonia oxidation. The non-uniform etching indicates that different 
parts of Pt are differently active. Therefore the concentration and nature of active sites 
remains unknown. Moreover, the actual surface area depends on reaction temperature and 
time, and is (at least for the Pt foil samples) too low to be measured by conventional 
adsorption methods (BET). Thus, a kinetic evaluation has to be based on simplifying 
assumption that include a uniform homogeneous surface, a surface area equal to the geometric 
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surface area, a rough estimate for the concentration of active sites, and the interpretation of 
slow activation as steady-state. One more conclusion for kinetic studies is to start 
investigations with fresh Pt catalyst, and to avoid all kind of activating high-temperature 
(pre-) treatment. 

The mentioned aspects clearly demonstrate that fundamental kinetic studies of ammonia 
oxidation near atmospheric pressure [23, 91] remain incomplete without comprehensive 
catalyst characterization. Moreover, it is difficult to relate kinetics directly to low pressure and 
single crystal studies, where the catalyst is subject to fewer [13, 20] or completely different 
morphology changes [19]. 

5.2.3 Conclusions 

Ammonia oxidation over Pt foil activated the catalyst with time-on-stream in the whole 
investigated temperature range, i.e. 286-700 °C. Even at the mildest conditions, activation 
was accompanied by changes in surface morphology. The obtained surface morphology was 
different from what was observed after Pt treatment in O2, N2O and H2 (section 5.1.4). Some 
of the observed effects have not been described before in literature (rows of parallel facets 
(<0.1 µm) that grow to 0.5 µm wide rows with unique facet orientation over the whole surface 
(Fig. 26); breaking up of the sharp edges of well shaped micro-crystals (Fig. 28)). 

Temperature control in the micro-structured reactor allowed to monitor activity and surface 
morphology, and to establish temperature as a major influence even at 286-374 °C. A model 
for reaction-induced surface reconstructions in ammonia oxidation was proposed that distin-
guishes between a low-temperature regime of adsorbate-enhanced surface diffusion of Pt, and 
a high-temperature regime of gas phase transport via volatile PtO/PtO2 species. This interpre-
tation is in agreement with both, UHV studies that indicated mobility of Pt surface atoms near 
room temperature [19, 180], and experimental proof for platinum oxides in the gas phase 
during ammonia oxidation at atmospheric pressure and temperatures well above 500 °C [165].  

The observed activation and reconstruction of Pt in ammonia oxidation limits the range of 
experimental conditions for kinetic studies to low temperatures, where reaction-induced 
changes are slow. Still, non-uniform etching, as well as an increase in surface area with 
temperature and time-on-stream, require simplifying assumptions to be made in the kinetic 
data evaluation. 

Further studies are required to derive a fundamental understanding of the reaction-induced 
changes on Pt in catalytic ammonia oxidation. The influence of temperature, time-on-stream 
and gas composition needs to be investigated systematically. Moreover, quantity and quality 
of the formed facets should be described, and related to changes in catalytic activity. Finally, 
the nature and role of mobility-enhancing adsorbates needs to be elucidated. 
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6 Catalytic decomposition of N2O, NH3 and NO over Pt 

The catalytic decomposition of N2O, NH3 and NO over Pt was studied, i.e. of species that can 
undergo a uni-molecular catalytic decomposition reaction with formation of gas-phase 
products. Since major differences in structure and activity exist between H2- and O2-treated 
Pt catalyst (chapter 5.1: “Pt”, “Pt-Ox”), both materials were tested. 

The results of catalytic tests are presented below. For each reaction, observed effects are 
described and discussed with respect to catalyst activity, possible reactions paths, and 
influence of catalyst pretreatment. In a final part, a basic reaction network is assembled from 
the collected data, and activation / deactivation behavior is related to the pretreatment-induced 
structural changes of catalyst morphology.  

6.1 N2O decomposition 

The results of temperature-programmed N2O decomposition experiments, carried out on 
O2- and H2-treated Pt, were reported in chapter 5.1. Hydrogen-treated catalyst was active from 
ca. 500 °C, but deactivated rapidly in N2O flow at temperatures above 600 °C. Oxygen-
treated Pt, in contrast, was inactive for N2O decomposition. Deactivation and inactivity were 
attributed to the transformation of Pt into an inactive platinum-oxygen phase, Pt-Ox, upon 
high-temperature exposure to O2 or N2O. To study also the distinct role of surface-oxygen 
species in N2O decomposition, additional catalytic results are presented below for the 
temperature range in which Pt does not deactivate, i.e. 500-600 °C. 

Catalytic N2O decomposition over Pt gauze (0.672 g) pretreated in H2 (14 h, 900 °C, 10 % H2 
in Ar) was studied, applying the tubular reactor in steady-state experiments at 500, 550 and 
600 °C. The influence of partial pressures of N2O (0.2-4.3 kPa) and O2 (0-0.41 kPa) on the 
formation of nitrogen was investigated. 

Results 

The influence of temperature and partial pressure of nitrous oxide on N2 formation is shown 
in Fig. 29; Fig. 30 shows the relative decrease in N2 formation when O2 is added to the N2O 
flow at 550 and 600 °C. Product formation increased with increasing partial pressure of N2O 
in the feed (Fig. 29), and with increasing temperature (Fig. 29). Adding oxygen to the feed 
decreased the formation of N2 drastically (Fig. 30). The inhibition was more pronounced at 
lower temperatures (Fig. 30). Oxygen formed by the catalytic conversion of N2O had the 
same inhibiting effect on the reaction as co-feeding of O2: the produced O2 is responsible for 
the deviation from 1st order dependency in Fig. 29. Due to the strong oxygen-inhibition effect, 
the tubular reactor operated already at low N2O conversion as integral reactor.     
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Fig. 29 Integral rate of N2 formation vs. feed concentration of N2O at 500, 550, 600 °C  
 for catalytic steady-state N2O decomposition over H2-treated Pt gauze 
 (mPt=0.672 g, pN2O=0.2-4.3 kPa, 550 ml/min STP) 
 (RN2 derived from total N2 production, related to available catalyst surface)    
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Fig. 30 Influence of feed concentration of oxygen (p0
O2) on normalized Rate of N2 formation  

 for steady-state N2O decomposition at 550 and 600 °C over H2-treated Pt gauze 
 (mPt=0.672 g, pN2O=1.7 kPa, p0

O2=0-0.41 kPa, 550 ml/min STP) 
 (RN2 and RN2

pO2=0 derived from total N2 production, related to available catalyst surface)  

Discussion 

The temperature where N2O conversion starts, ca. 500 °C, agrees with the previously reported 
temperature range (400-500 °C). The major trends observed here in N2O decomposition at 
500 to 600 °C are that (1) product formation increases with temperature and partial pressure 
of N2O, (2) co-feeding of O2 inhibits the reactions, and (3) inhibition by O2 is less pronounced 
at higher temperatures. The simple model of Hinshelwood and Prichard (eq. 2-9, 2-10 [114, 
115]) is sufficient to describe these observations. No evidence was found to support or to re-
ject other models which proposed a second way of N2 formation (eq. 2-11) (Riekert and Staib 
[116, 126], Kondratenko and Baerns [119]), and which were obtained at temperatures 
(> 600 °C) where catalyst deactivation was observed in the present study (section 5.1.1). 
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The temperature window for steady-state studies of N2O decomposition on polycrystalline Pt 
as concluded from literature and this study, about 450-600 °C, is very narrow. In summary, 
catalytic N2O decomposition depends on temperature as follows: N2O adsorbs molecular at 
temperatures up to approximately 100 K on Pt (Pt(111) [112]). Between room temperature 
and about 400 °C, N2O adsorbs dissociatively on polycrystalline Pt, but the resulting atomic 
oxygen on the surface is unable to recombine and desorb [63, 113]. Oxygen recombination 
and desorption starts above ca. 450 °C [63, 113], leading to measurable N2O conversion in 
steady-state around 500 °C for the experimental condition of the present study. Up to 600 °C, 
the reaction can be described by a simple model of dissociative N2O adsorption, and 
reversible dissociative O2 adsorption (eq. 2-9, 2-10) that competes for adsorption sites. 
Pt deactivates at temperatures above 600 °C (section 5.1). 

Decomposition of N2O in the ammonia-oxidation network 

The limiting factor for N2O decomposition below 450 °C is the removal of atomic oxygen 
that is adsorbed on the surface. Such oxygen was reported to be reactive in presence of 
hydrogen [113]. A similar behavior, oxygen removal from the surface by reaction with 
adsorbed H or NHx instead of O-s recombination and desorption, is expected in the presence 
of ammonia. A reducing agent, e.g. NH3, would therefore extent the range of sustained N2O 
decomposition towards lower temperatures. Hence, N2O decomposition has to be included in 
the reaction scheme of catalytic ammonia oxidation as one reaction path of N2 formation (Fig. 
35), along with an interaction of N2O and NH3 (see section 7.1). 

6.2 NH3 decomposition 

Adsorption and decomposition of ammonia on the Pt surface are possible primary reaction 
steps in catalytic ammonia oxidation: the catalytic decomposition offers a reaction path for 
nitrogen formation. In order to elucidate the influence of reaction temperature and catalyst 
pretreatment on activity of polycrystalline Pt in steady-state ammonia decomposition, the 
reaction was investigated over oxygen- and hydrogen-treated gauze catalysts. Differences in 
catalytic performance of both respective catalysts are discussed to reveal the contribution of 
bulk-oxygen species to the activation of ammonia molecules. Experimental results are 
interpreted with respect to possible reaction paths and to reaction- and pretreatment induced 
changes of catalyst properties. 

NH3 decomposition was studied in the tubular reactor over Pt gauze catalyst (4 layers, 
0.238 g). The catalyst was pretreated by standard procedures deduced before (chapter 5.1), 
either in hydrogen flow (H2+Ar, 930 °C, 12 h), or in oxygen flow (O2, 920 °C, 12 h). 
TP experiments were carried out at 550 to 850 °C with a gas mixture (200 ml/min STP) 
containing 3 % NH3 in Ar and Ne. Blank activity was tested for all reaction conditions. 
Conversion was calculated from the measured N2 production. The signal at amu 2, related to 
H2, could not be quantified accurately with the used QMS. Furthermore, quantification of 
small amounts of H2O was inaccurate as well, due to a relatively large volume of the setup. 
Therefore, interpretation of catalytic data is limited to the observed nitrogen formation, and 
does not include the N2/H2 or N2/H2O ratio. 
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Results 

Ammonia reacted over oxygen-treated Pt at 550-850 °C to N2, H2 and H2O. Catalyst activity 
decreased with time-on-stream. The deactivation progressed faster at higher temperatures. In 
contrast to O2-treated Pt, H2-treated Pt was inactive for ammonia decomposition, ammonia 
conversion being on the same level as blank activity. The results are described in detail below. 

Fig. 31 shows ammonia conversion and temperature vs. time-on-stream for measurements 
without and with pretreated catalysts. H2-treated Pt gauze did not catalyze ammonia 
decomposition in continuous-flow experiments, ammonia conversion was the same as 
separately measured blank activity at 550-750 °C (Fig. 31). In contrast, ammonia decomposed 
already at 550 °C over O2-treated Pt gauze. Activity decreased with time-on-stream at 550 to 
650 °C, to reach the level of blank activity after 4 h (Fig. 31). Surprisingly, ammonia 
conversion started to increase at 750 °C, and the catalyst re-gained some activity. N2, H2 and 
small amounts of H2O were the only observed products of ammonia decomposition. 
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Fig. 31  Ammonia conversion and temperature vs. time in TP ammonia decomposition  
 over O2-treated and H2-treated Pt gauze, and in blank test  
 (mPt=0.238 g, 200 ml/min, 3 % NH3, 550-750 °C) 

A temperature ramp from 550 to 850 °C was measured on O2-treated Pt to test its long-term 
catalytic activity: ammonia conversion vs. time is shown in Fig. 32. Consistent with the 
previous experiments, oxygen-treated Pt is active at 550 °C, and activity decreases slowly. 
Raising the temperature to 750 °C increases the ammonia conversion, and Pt still deactivates. 
At 850 °C, activity drops rapidly. Pt is almost inactive upon lowering the temperature to 
750 °C. 
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Fig. 32 Ammonia conversion and temperature vs. time in TP ammonia decomposition  
 over O2-treated Pt gauze, and in blank test  
 (mPt=0.238 g, 200 ml/min, 3 % NH3, 550-850 °C) 
 

Discussion 

Comparing blank activity and activity of pre-treated Pt gauzes, only O2-treated gauze was 
found to be active. This result is in agreement with pulse experiments on similar pretreated 
gauze catalyst carried out in the TAP reactor. As reported by Kondratenko [20], formation of 
N2, H2 and H2O was observed at 300-800 °C when pulsing NH3 over O2-treated Pt (O2, 
800 °C), while H2-treated Pt did not activate ammonia molecules at 100-800 °C. 

Different activity regimes were observed in ammonia decomposition (Fig. 31, Fig. 32): 
deactivation occurred below 700 °C, and activity was temporary restored above 700 °C. Since 
H2-treated Pt was inactive, the activity of O2-treated Pt must be related to oxygen that was 
stored in the bulk and subsurface region of the catalyst during the O2-pretreatment procedure. 
Previously discussed catalyst characterization (chapter 5.1) revealed that N2O treatment of 
Pt gauze up to 600 °C resulted in formation of a bulk-dissolved oxygen species (Odiss). 
Treatment in N2O and O2 of Pt at higher temperatures (as applied here for the 
oxygen-pretreatment) resulted in formation of an additional stable bulk-oxygen species: a 
Pt-oxygen phase (Pt-Ox) was formed. Hence, two different oxygen species (Odiss, Pt-Ox) were 
identified in subsurface and bulk region of Pt, which differed in the temperature range of for-
mation. Such oxygen species should be removed from oxygen-loaded Pt at the according tem-
peratures when the concentration of surface-oxygen is low. Hence, the following interpre-
tation of ammonia decomposition over oxygen-treated Pt gauze is suggested (Fig. 33): 

The low-temperature oxygen species (Odiss), which is dissolved in bulk and subsurface region 
of Pt, diffuses to the catalyst surface during exposure to ammonia flow at 550-650 °C, 
forming some kind of surface oxygen O-s. Such considerable diffusivity already at 550 °C 
indicates significant mobility of the dissolved oxygen. On the surface, oxygen reacts with 
ammonia in at least one step of the H abstraction from NHx (6-1) that was proposed for 
ammonia activation [24, 25, 27, 29]. The formed hydroxyl reacts further with ammonia to 
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form water (6-2) [27, 29]. Some of the NHx species decompose without oxygen contribution 
(6-3) to account for N2 and H2 formation (6-4, 5), or possibly react with each other (6-6) 

  NHx-s + O-s    NHx-1-s + OH-s     (6-1)  
  NHx-s + OH-s  NHx-1-s + H2O + s      (6-2)  
  NHx-s + s    NHx-1-s + H-s       (6-3)  
  2 N-s   N2 + 2s (6-4)  2 H-s   H2 + 2 s  (6-5)  
  2 NHx-s   N2 + x H2 + 2 s      (6-6) 

With consumption of the mobile bulk-oxygen from Pt (Fig. 33 A, Odiss), the reaction rate 
decreases. The stable Pt-Ox phase in the near-surface region probably participates in the 
reaction, but the bulk part of Pt-Ox, not accessible to ammonia, does not decompose. Hence, 
the near-surface region of Pt is depleted of oxygen (Fig. 33 B). Upon heating to 750 °C, the 
stable Pt-oxygen phase located in the catalyst bulk decomposes fast enough to supply 
significant amounts of oxygen to the near-surface region (Fig. 33 C). Ammonia reacts with 
that oxygen and activity is temporary restored. When all bulk-oxygen is spent, the remaining 
oxygen-free Pt is inactive (Fig. 33 D). 
 

 

Pt-Ox, Odiss

Pt-Ox, Odiss

Pt-Ox, Odiss

Pt

Pt-Ox

Pt-Ox

Pt       Odiss

Pt      Odiss

Pt-Ox

Pt

Pt

Pt

O2 900°C NH3 550°C NH3 700°C
NH3 850°C,
H2 900°C

active inactive active inactive

NH3 N2, H2, H2O

A B C D

Pt-Ox, Odiss

Pt-Ox, Odiss

Pt-Ox, Odiss

Pt

Pt-Ox

Pt-Ox

Pt       Odiss

Pt      Odiss

Pt-Ox

Pt

Pt

Pt

O2 900°C NH3 550°C NH3 700°C
NH3 850°C,
H2 900°C

active inactive active inactive

NH3 N2, H2, H2O

A B C D

 
Fig. 33  Schematic interpretation how activity and oxygen content of O2-pretreated Pt develop 
 during ammonia exposure at different temperatures  

The given interpretation can explain the experimental results (Fig. 31, Fig. 32), as well as the 
strange oxygen-treatment and deactivation effects reported in literature: Different authors 
stated that ammonia decomposes on Pt catalyst into N2 and H2, and that O2-treatment at high 
temperature and heating to ~1000 °C before each experiment were required to achieve 
reproducible “ammonia decomposition” [72, 92-95]. From the present results it is concluded, 
that the reported initial treatment in oxygen was necessary to store a sufficient amount of 
oxygen in the Pt bulk (Pt-state: Fig. 33 A). The periodical short heating to 1000 °C, carried 
out in vacuum, restored the oxygen concentration in the near-surface region from the supply 
of bulk-oxygen (Pt-state Fig. 33 C). Hence, the reported “ammonia decomposition” was rather 
a reaction with bulk-supplied oxygen, and the observed “deactivation” [72, 96] was the result 
of reducing the oxygen content of Pt continuously by reaction with ammonia. Therefore, the 
reported structure-sensitivity [72, 92-95], which was assigned to ammonia decomposition, 
should rather be assigned to oxygen uptake and diffusion in Pt. Also, the (concluded) ability 
of Pt to decompose NH3 is better described as “ability of oxygen-preloaded Pt to convert 
ammonia under consumption of oxygen”. Hence, the TP experiments at atmospheric pressure, 
in combination with characterization of O2- and H2-pretreated Pt, provide an explanation for 
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one artifact observed in low-pressure studies of ammonia decomposition, and contribute to a 
bridging of the pressure gap by making the “real effect” bulk-oxygen visible.    

The experiments have shown that ammonia does not decompose in the absence of oxygen. If 
oxygen is present, then it contributes to the H stripping from ammonia. The production of 
molecular hydrogen indicates the existence of atomic H on the surface, and therefore oxygen 
cannot be involved in all the reaction steps of H abstraction from ammonia. The low accuracy 
in H2 and H2O quantification did not allow to deduce from stoichiometry, in how many steps 
of H abstraction oxygen is involved. Results of DFT calculation of van Santen and coworkers 
can help in the interpretation. Activation energies were computed by means of DFT for 
H abstraction from NHx species (x = 1-3) on the Pt(111) surface in presence (eq. 6-1) and 
absence of atomic oxygen (eq. 6-3) [13, 18, 58]. Although all H-abstraction steps benefit from 
a contribution of oxygen, the most significant lowering of the activation barrier occurred in 
the first step:   
  NH3-s + O-s    NH2-s + OH-s.       (6-7)  
It is therefore assumed that oxygen is involved in the first reaction step of ammonia activation 
over O2-treated Pt, and that NH2 as well as NH either decompose directly (eq. 6-3), or 
possibly react with each other (eq. 6-6). 

Activation of ammonia in the ammonia-oxidation network 

It was shown that H2-treated Pt is inactive for catalytic NH3 decomposition. Subsurface 
oxygen, created during the O2-pretreatment procedure at 900 °C, participates in a catalytic 
reaction with ammonia. The amount and mobility of such oxygen species determines how fast 
the reaction proceeds. Oxygen acts in at least two ways in the Pt-NH3 system, as a structure 
promoter for platinum, and as reactant. The slow equilibration of oxygen-content in bulk and 
surface-region of Pt to reaction conditions influences the catalyst activity, and has to be 
considered in kinetic investigations. 

With respect to a kinetic study of ammonia oxidation, it can be concluded that ammonia 
decomposition is not a relevant reaction path. In contrast, the reaction between ammonia and 
oxygen should be included in the reaction scheme (Fig. 35). The decomposition of 
NHx fragments (x = 1, 2) on the Pt surface may be included in the reaction network only if 
significant H2 production is observed during ammonia oxidation experiments.   

6.3 NO decomposition 

Steady-state NO decomposition on platinum was investigated to elucidate whether this 
secondary reaction is sufficiently fast to influence the product distribution of ammonia 
oxidation, and to learn which products are formed from NO. The results of temperature-
ramped experiments over oxygen- and hydrogen-treated Pt gauze are reported below and 
discussed in the context of previous literature. Low-pressure transient studies of NO 
decomposition, reported by Kondratenko [20] for the same catalytic material, are briefly 
summarized and used to explain the steady-state results.  

The catalytic decomposition of NO over Pt gauze (0.098 g) was studied in temperature-
programmed experiments at 200-800 °C in the tubular reactor. The fresh Pt was pretreated in 
oxygen (O2, 900 °C, 12 h), and in hydrogen (H2+Ar, 900°C, 12 h). Premixed feed gas was 
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supplied with 300 ml/min (STP) to the reactor and contained 8.1 % NO in argon and neon. 
Measured blank activity was negligible. 

Results 

Reaction temperature and conversion of NO in TP experiments are shown in Fig. 34 as a 
function of time-on-stream. Activity of Pt gauze for catalytic NO decomposition was low. 
Only at 800 °C traces of N2 were formed; formation of N2O was not observed. Total conver-
sion of NO, estimated from measured NO, N2 and O2 concentrations, did not exceed 0.2 %. 
Such small concentration changes were in the range of experimental inaccuracy. Thus, activi-
ty of O2- and H2-treated Pt, as well as blank activity, were all on a similar low level. Hence, 
obtaining measurable reaction rates in steady-state NO decomposition required significantly 
higher temperatures (> 800 °C) than for ammonia oxidation (~200 °C) or N2O decomposition 
(~500 °C) under comparable conditions. Thus, the rate of steady-state catalytic decomposition 
of NO is too low for a secondary reaction of significance in catalytic ammonia oxidation.  
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Fig. 34  NO conversion and temperature vs. time-on-stream in NO decomposition   
 over O2-treated and H2-treated Pt (mPt=0.098 g, 300 ml/min, 8.1 % NO in Ar+Ne)  

Discussion 

It is not immediately evident why activity of Pt gauze is so low, when for NO-TPD product 
formation was reported to start around 200 °C [133-135]. Several possible reasons exist: 
Polycrystalline Pt can have an intrinsic low activity, if the surface of the catalyst consists 
mostly of (111) surface planes. Also, rapid initial deactivation could occur too fast to be 
followed in the used setup. Furthermore, if oxygen formed during the reaction is strongly 
adsorbed, recombination and desorption of O2 would be slow: the surface is poisoned by 
oxygen for further NO adsorption. Finally, a high surface coverage of NO, resulting from a 
significant partial pressure of NO in the gas phase (8.1 kPa), could hinder NO decomposition 
due to a lack of empty surface sites, which have been reported to be necessary for NO 
decomposition [105, 130, 131]. To elucidate the actual reasons for inactivity of Pt, 
V. Kondratenko investigated the catalytic decomposition of NO on the same catalyst in pulse 
experiments under vacuum conditions [20]. The experimental results, demonstrating the 
advantage of complementary transient studies, are summarized below.  
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The catalytic NO decomposition was studied [20] over oxygen-treated (105 Pa, 30 min, 
800 °C) and hydrogen-treated (105 Pa, 30 min, 800 °C) Pt gauze; reactor and experimental 
procedure are described elsewhere [119]. Sequential pulsing of NO (pNO < 6 Pa) was carried 
out at 100-800 °C at a base pressure of 10-6 Pa. NO molecules adsorbed reversible on 
O2-treated Pt gauze up to 400 °C; products were not formed between 100 and 800 °C. 
Reversible NO adsorption was also observed for H2-treated Pt gauze. Above 300 °C, NO was 
converted into N2 and N2O over H2-treated Pt. The maximum yield for nitrous oxide was 
obtained at 400 °C; N2 formation increased steadily with temperature. Whenever NO was 
initially converted, activity declined fast for repeated NO pulses. Desorption of oxygen was 
not observed, even at 800 °C. Hence, deactivation was attributed to blocking of the surface 
with oxygen species. H2-treated Pt was basically inactive after repeated pulsing of NO, even 
before 1 ML of oxygen was deposited on the surface via NO pulses.    

O2-treated Pt is inactive for NO decomposition under steady-state as well as transient 
conditions: such low activity of oxygen-treated Pt was already discussed for catalytic 
decomposition of N2O (chapter 5.1). Inactivity was explained by formation of a stable 
subsurface-oxygen species, which transformed Pt into some kind of Pt-Ox alloy. The 
explanation leaves room for speculation why the Pt-Ox alloy is also inactive for NO 
decomposition. One explanation is that strong-bound oxygen, residing on or near the surface, 
has a blocking effect. The blocking of NO adsorption by pre-dosed oxygen has been reported 
by different authors for fcc hollow sites on Pt(111) [138], for step sites on Pt(533) [130] as 
well as for defect sites [137]. Even if adsorption is not blocked and NO adsorbs, still empty 
neighboring sites are required to allow decomposition of NO [105, 130, 131]. If these 
neighboring sites are blocked by strong-bound oxygen, then NO cannot decompose either. 
Another possible reason for inactivity of O2-treated Pt is that the catalyst surface could be 
modified by the pretreatment to be dominantly composed of (inactive) Pt(111) planes, and 
have a low defect concentration. Characteristic sharp faceting was indeed observed by SEM 
for oxygen-treated Pt catalyst (section 5.1.4). Since the exact orientation of the facets could 
not be determined, the hypothesis of formation of perfect Pt(111) facets during high-
temperature O2-treatement cannot be verified. 

Although H2-treated Pt was initially active under TAP conditions, it was inactive in steady-
state experiments. Deactivation in TAP required the deposition of less than 1 ML oxygen on 
the surface by pulsing of NO. This clearly indicates that already small amounts of oxygen 
block the Pt surface even at 800 °C. Oxygen exposure corresponding to 1 ML is achieved 
within seconds in the flow experiments. Hence, inactivity of H2-treated Pt for steady-state NO 
decomposition can be rationalized by fast initial deactivation. 

The surface blocking by oxygen is in agreement with previous TPD studies on Pt after NO 
exposure, where O2 desorption temperatures in excess of 800 °C were observed [132, 133, 
135], and a strong inhibiting influence of O2 on NO decomposition was found [132]. 
Recombination and desorption of O-s appears to be the limiting step in catalytic NO 
decomposition over polycrystalline Pt. It is not entirely clear where the strong-bound oxygen 
resides, on the surface, or in the first layer under the surface. Formation of subsurface oxygen 
seems likely, at least at temperatures above 600 °C. Further characterization (XPS) would be 
required to investigate if the strongly bound oxygen species formed slowly by O2-treatment at 
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900 °C is identical to the oxygen that forms much faster at 300-800 °C during NO 
decomposition on H2-treated Pt.  

Decomposition of NO in the ammonia-oxidation network 

The transient low-pressure investigation supplied information that is consistent with the ob-
served steady-state behavior of Pt gauze in catalytic NO decomposition. Oxygen-treated Pt is 
inactive under both experimental conditions. Hydrogen-treated Pt has a high initial activity 
(under vacuum conditions) to convert NO into N2 and N2O, but deactivates fast due to non-
desorbing oxygen species. The deactivation is too rapid to be captured in the continuous-flow 
experiments.  The specific reason why Pt is not active in steady-state is not accessible without 
further characterization. 

The steady-state experiments suggest that decomposition of NO is not a major reaction path in 
ammonia oxidation. In contrast, the oxygen-free Pt surface converts NO into nitrogen, nitrous 
oxide and adsorbed oxygen in transient studies. When adsorbed oxygen is continuously 
removed from the Pt surface by a reaction (e.g. with ammonia) instead of recombination-
desorption, then the formation of N2 and N2O from NO can be an important reaction path. 
Therefore, NO dissociation was considered in the reaction scheme of catalytic ammonia oxi-
dation (Fig. 35), and the NH3-NO interaction was studied (section 7.2). Furthermore, the 
strong molecular adsorption of NO on Pt gauze up to 400 °C, observed in transient experi-
ments, should be considered in the evaluation of kinetic models for ammonia oxidation. 

6.4 Conclusions 

6.4.1 Reaction network of ammonia oxidation 

From the results of catalytic decomposition of NH3, NO and N2O, the basis of a reaction net-
work is derived for the nitrogen-containing species (Fig. 35). Catalytic decomposition of am-
monia over oxygen-free Pt is excluded; interaction between ammonia and oxygen is required 
to form products. NO decomposes into N2 and N2O, as long as the surface is cleaned from the 
resulting oxygen. Nitrous oxide decomposes on Pt forming N2 and O2. The reaction network 
(Fig. 35) will be subsequently refined in the next chapter (section 7.4), considering the results 
obtained in catalytic tests of the interaction between ammonia and different oxygen 
containing gases (NO, N2O, O2).  
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Fig. 35 Basic scheme of reaction paths deduced from TP catalytic decomposition  
 of N2O, NH3 and NO over polycrystalline Pt  
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6.4.2 Structure and activity of Pt 

The catalytic decomposition of N2O allowed to follow the effect of increasing oxygen-content 
of the Pt bulk, i.e. structure and activity. Complementary, NH3 decomposition allows 
monitoring the reverse process, oxygen removal from the bulk of Pt: H2-treated Pt is inactive 
for ammonia decomposition. Oxygen species in the Pt bulk, created by the catalyst 
pretreatment in O2 at 900 °C (Odiss, Pt-Ox), react with ammonia in two temperature regimes, 
below and above 600 °C, respectively (Fig. 33). Thus, the ammonia decomposition studies 
support the previous interpretation that two different bulk-oxygen species exist, which have 
different mobility and therefore participate in reactions at different temperatures. 
Furthermore, the experiments indicate that bulk-dissolved oxygen is reactive already below 
600 °C. Hence, all oxygen treatments of Pt catalysts prior to catalytic test - especially with 
low reactant exposure - should be done with appropriate care. 

The studies of catalytic NO decomposition indicated low activity of O2-treated Pt for the dis-
sociation of NOx in general, but behavior of H2-treated Pt catalyst in NO decomposition dif-
fered from that in N2O decomposition. In contrast to the slow deactivation in N2O flow above 
600 °C, deactivation by NO was fast and started already at 300 °C. Activity decreased so 
rapid that the process could only be followed by low-pressure pulse studies [20]. The oxygen 
species on the catalyst surface, formed from NO decomposition, was more stable 
(Tdes > 800 °C) than surface oxygen formed by N2O dissociation (Tdes > 500 °C). The ob-
served temperature-stability of oxygen formed from NO indicates that a common catalyst pre-
treatment, flashing to 800 °C after NO exposure, is not sufficient to produce an oxygen-free 
surface. 

All investigated decomposition reactions were influenced by oxygen-treatment of the Pt 
catalyst, and by the oxygen species formed or consumed during the reaction. Oxygen acts as 
both, reactant and structure promoter. Pt and Pt-Ox can be transformed into another by 
choosing appropriate reaction conditions, i.e. reaction conditions determine the oxygen 
content of Pt, and therefore its structure and activity. Hence, all surface and subsurface 
oxygen species form a connected dynamic system that strongly depends on temperature and 
oxygen partial pressure. 

The investigation of decomposition reactions shows, that complementary studies at low and 
high pressure are sometimes required to understand effects, which may otherwise result in 
misleading conclusions. In the case of NH3 and N2O decomposition, the diffusion of oxygen 
in Pt is a slow process that requires a large exposure to reactants in order to make activation / 
deactivation effects visible. In contrast, only low exposure to the reactant NO allows the 
observation of N2 and N2O formation, since blocking of the surface progresses rapidly. 
Hence, in the case of oxygen-related activity changes on Pt, the exposure to reactants relative 
to the accumulation capacity of the catalytic system is important. Low exposure is required to 
understand processes confined to the near-surface region (deactivation in NO pulses), while 
high exposure is needed in the case of bulk-related processes (activation, deactivation in NH3 
and N2O). The fact that the observed oxygen-related effects were connected to the 
accumulation of oxygen stresses the importance of being able to monitor all possible product 
species, and to obtain respective mass balances with high accuracy. 
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7 Reaction of ammonia with N2O, NO and O2 over Pt 

The reaction between ammonia and different oxygen-containing molecules (N2O, NO, O2) 
was studied over O2- and H2-pretreated platinum gauze. The data were used to further 
elucidate the reaction network of ammonia oxidation, and to understand the influence of cata-
lyst pretreatment. Experimental results for the catalytic interactions NH3+N2O, NH3+NO and 
NH3+O2 are presented. All derived information is then used to assemble a reaction scheme for 
the ammonia oxidation, and to discuss the implications of pretreatment- and reaction-induced 
changes of catalyst properties for a steady-state kinetic study of ammonia oxidation.   

7.1 Reaction between NH3 and N2O 

The reaction between ammonia and nitrous oxide was studied in TPR experiments at 
200-600 °C over pretreated fresh Pt gauze (mPt = 0.053 g), using the tubular reactor. Standard 
feed composition was NH3 (1 %) and N2O (3 %) in Ne (10 %) and Ar flow, with a total 
pressure of 101 kPa. Tests with NH3-N2O ratios of 1.5:4 and 4:2 provided additional data, 
used to estimate the apparent energy of activation.  Prior to experiments, catalysts were pre-
treated for 12 h at 890 °C in flow of either oxygen (O2) or hydrogen (10 % H2 in Ar).  

Results 

Pt gauze catalyzed the reaction between ammonia and nitrous oxide. Nitrogen and water were 
the main products, while nitric oxide was formed only on hydrogen-treated Pt. Compared to 
H2-treatment, the pretreatment in oxygen had a negative influence on catalyst activity. 
O2-treated platinum was inactive up to 550 °C, and activated slowly at 600 °C, while 
H2-treated Pt lost some activity during time-on-stream. The activation energy for the 
NH3+N2O reaction was estimated to be ca. 92 kJ/mol.     

The differences in activity of O2- and H2-treated Pt gauze are shown in Fig. 36. Ammonia 
conversion and temperature ramp of the TPR experiment vs. time-on-stream are indicated in 
the diagram. Fig. 37 shows the product distribution vs. time-on-stream at different 
temperatures for the NH3+N2O reaction over H2-treated Pt gauze. H2-treated platinum was 
active from about 330 °C for the production of water and nitrogen (Fig. 37); the formation of 
NO started around 450 °C (Fig. 37). Comparing the production of nitrogen at 450 °C after 
4 and after 8 h time-on-stream (Fig. 37) indicates a significant loss of activity. In the whole 
temperature range ammonia conversion over H2-treated Pt was well above the level of blank 
activity  (Fig. 36).  

In contrast, activity of O2-treated Pt was low, and did not differ from blank activity up to 
550 °C (Fig. 36). However, the catalyst slowly activated at 600 °C with time-on-stream. 
Thereafter, measurable ammonia conversion was also observed at the lower temperature level 
of 450 °C, where oxygen-treated Pt was before inactive (Fig. 36). N2 and H2O were the only 
reaction products. 
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Fig. 36  Ammonia conversion and temperature vs. time in TP reaction between NH3 and N2O  
 over O2-treated and H2-treated Pt gauze, and in blank test  
 (300 ml/min STP, 1 % NH3, 3 % N2O, mPt = 0.053 g) 
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Fig. 37  Product-gas composition  and temperature vs. time in TP reaction between NH3 and N2O  
 over H2-treated Pt gauze (300 ml/min STP, 1 % NH3, 3 % N2O, mPt = 0.053 g) 

Discussion 

Literature on the reaction between ammonia and nitrous oxide is scarce. Otto et al. [140] stud-
ied the reaction over Pt/Al2O3 at 200 °C in batch experiments; formation of nitrogen and wa-
ter was reported. Their product composition agrees with the present measurements at 400 °C, 
but not at 200 °C (no conversion observed). This discrepancy may be explained by the fact 
that the experimental procedure applied by Otto et al. was more suitable to study slow reac-
tions, i.e. a surface area of Pt catalyst being ca. 850 times bigger than in the present study, and 
contact times in the order of minutes, not milliseconds. Formation of NO has not been 
reported before. 

Catalyst pre-treatment had an enormous influence on its activity in the reaction between 
ammonia and nitrous oxide. O2-treated Pt was almost inactive, but became active during time-
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on-stream. H2-treated Pt was very active, but lost some of the initial high activity in the course 
of the experiment. Hence, changes of catalyst morphology, induced by catalyst pretreatment 
(see chapter 5.1), influence the rate of one or more of the elementary reaction steps. The 
activation of ammonia molecules on a Pt surface requires the presence of oxygen 
(chapter 6.2); adsorbed atomic oxygen can be provided via catalytic decomposition of N2O 
(chapter 6.1). A possible reaction mechanism, based on literature data [19, 20, 23] would then 
include at least the reactions steps (7-1 to 7-6) given below: 

 ammonia adsorption NH3 + s  NH3-s (7-1) 
 dissociative N2O adsorption N2O + s  N2 + O-s (7-2) 
 reaction between NHx and oxygen NHx-s + O-s  NHx-1-s + OH-s    (x=1-3) (7-3) 
 water formation NHx-s + OH-s  NHx-1-s + H2O + s  (x=1-3) (7-4) 
 recombination of N atoms 2 N-s  N2 + 2 s (7-5) 
 NO formation N-s + O-s  NO + 2 s (7-6) 

Such a mechanism can explain  
 (a)  the influence of catalyst pretreatment on catalyst activity,   
 (b, c)  the activation / deactivation behavior, and   
 (d, e)  the product distribution (S; X(T)) that was observed.   
The essential step is reaction (7-2), the formation of surface oxygen from N2O. The 
explanation for the observed effects (a-e) is as follows: 

a) Activity of pretreated Pt  
It was shown before (chapter 5.1), that oxygen-treated Pt cannot decompose N2O. Hence, it is 
inactive for formation of reactive surface oxygen from N2O, which is required for the 
conversion of NH3. In contrast, H2-treated Pt decomposes nitrous oxide forming adsorbed 
oxygen; thus NH3 can be activated, and N2 and NO are formed. 

b) Activation of O2-treated Pt during reaction  
Ammonia decomposition over oxygen-treated Pt, i.e. the stable Pt-Ox phase, indicated that the 
Pt-Ox phase is converted into oxygen-free Pt around 650-850 °C by ammonia (chapter 6.2). 
At a slightly lower temperature of 600 °C, oxygen-treated Pt activated in the NH3+N2O 
reaction. This can be interpreted as oxygen removal from the Pt-Ox phase, due to the presence 
of ammonia. Hence, the phase transformation of Pt-Ox into Pt starts, and the Pt phase is active 
for N2O decomposition. Thus, the catalyst gains activity for N2O decomposition, and 
therefore catalyzes the NH3+N2O reaction. 

c) Loss of activity of H2-treated Pt during reaction  
The phase transformation Pt-Ox � Pt is reversible above 600 °C. The direction of the reversi-
ble process depends on the surface coverage of oxygen. It is thus possible that oxygen pene-
trates the surface of H2-treated Pt under reaction conditions, when O-s is present. Hence, Pt is 
partially transformed into less active Pt-Ox, and loses activity during the NH3+N2O reaction. 

d) Selectivity towards NO formation  
The formation of NO from ammonia and N2O occurred only on H2-treated Pt catalyst; on 
O2-treated catalyst N2 and H2O were formed exclusively. Since reactions (7-5) and (7-6) 
determine product selectivity, a significant surface coverage of oxygen is required for NO 
formation. The oxygen coverage increases with the ability of the catalyst to decompose N2O 
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(7-2). Thus, only the catalyst that is very active for N2O decomposition, i.e. H2-treated 
platinum, provides a sufficient surface coverage of reactive oxygen, and is able to catalyze 
NO formation in the NH3+N2O reaction. 

e) Low temperature of converting N2O, as compared to the N2O decomposition reaction  
Steady-state decomposition of nitrous oxide started around 500 °C (see chapter 6.1); 
recombination of oxygen atoms was assumed to be the limiting step in this process. Hence, 
faster oxygen removal from the surface by a reducing agent, e.g. NHx species, can shift the 
temperature range of significant N2O conversion towards lower temperatures. This effect is 
indeed observed in the reaction between ammonia and N2O; significant amounts of N2O are 
already converted below 400 °C. 

The apparent activation energy for the reaction NH3+N2O over H2-treated Pt was estimated 
from the change of rate of nitrogen formation with temperature between 380 and 400 °C. The 
respective Arrhenius plot is shown in Fig. 38 for different ratios NH3:N2O. The slope of 
curves in the Arrhenius plot indicates an activation energy of 92±5 kJ/mol. Respective values 
are not available from literature. Assuming that the dissociative adsorption of N2O is the rate-
determining step, the activation energy should be assigned to reaction (7-2). Literature values 
for the activation energy of reaction (7-2) range from a non-activated process [123, 265] over 
30-40 kJ/mol (DFT, [63] and 72 kJ/mol (ammonia oxidation kinetics on Pt/Al2O3 [91]) to 
81 kJ/mol for Pt gauze (N2O decomposition kinetics over Pt gauze [119]). Hence, the 
estimated EA of 92 kJ/mol is not too far away from the highest values reported in literature, 
but the large scatter in published data does not allow any further conclusions. 
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Fig. 38  Arrhenius-plot of rate of N2 formation vs. temperature for the TP reaction NH3 + N2O over 
 H2-treated Pt gauze (300 ml/min, 1-4 % NH3, 2-4 % N2O, mPt = 0.053 g; XNH3, XN2O<11%).  
 Symbols indicate experimental points, lines indicate linear fits for the respective feed. 

Reaction between NH3 and N2O in the ammonia-oxidation network 

Pt catalyzes the reaction between ammonia and nitrous oxide at temperatures above 330 °C 
forming N2, and above 450 °C also NO. Both reaction pathways are therefore considered in 
the reaction scheme of ammonia oxidation, the importance of each reaction depending on 
reaction temperature (Fig. 45). 
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Catalyst activity is determined by the pretreatment procedure, i.e. adjusting of the oxygen-
content of platinum by high-temperature exposure to oxygen or hydrogen. Activity and 
oxygen-content of Pt can change under reaction conditions. The activation / deactivation 
behavior is satisfactorily explained with the structure-activity relationships derived in NH3 
decomposition (section 6.2) and N2O decomposition studies (section 5.1), and the assumption 
of ammonia activation by a surface reaction with atomic oxygen. 

7.2 Reaction between NH3 and NO 

The temperature-programmed reaction between ammonia and nitric oxide over pretreated 
fresh Pt gauze (mPt = 0.054 g) was studied at 200-600 °C in the tubular reactor. Standard feed 
composition was NH3 (1 %) and NO (2 %) in Ne (10 %) and Ar flow, with a total pressure of 
101 kPa and a flow rate of 300 ml/min (STP). Additional tests were carried out with pNH3:pNO 
ratios equal to 2:4 and 4:2 to study the dependence of the apparent energy of activation on 
feed composition.  Prior to experiments, catalysts were pretreated for 12 h at 890 °C in flow 
of either oxygen (O2) or hydrogen (10 % H2 in Ar). 

Results 

Pt gauze catalyzed the reaction between ammonia and nitric oxide. The reaction products 
were nitrogen, nitrous oxide and water. Compared to H2-treatment, the pretreatment of cata-
lyst in oxygen had a negative influence on catalyst activity. O2-treated platinum was almost 
inactive up to 550 °C, and activated slowly at 600 °C. Selectivity towards N2O increased 
during the activation. In contrast, H2-treated Pt was active at temperatures above 340 °C, but 
lost some activity during the experiment. The apparent activation energy for the NH3+NO 
reaction depended on the reaction regime, which was determined by temperature and partial 
pressure of NO. Values of 221 and 117 kJ/mol were estimated for the activation energy. Rate 
oscillations were not observed. The results are described in detail below. 

For the TP reaction between NH3 and NO, Fig. 39 shows the differences in ammonia conver-
sion between O2-treated Pt, H2-treated Pt and blank experiments vs. time on stream. The 
respective product distribution for the reaction on O2-treated Pt is given in Fig. 40. Hydrogen-
treated platinum was active from ca. 340 °C, where production of N2, N2O and H2O started 
simultaneously. Formation of H2 was not observed. The sudden increase in conversion during 
the heating from 400 to 420 °C (Fig. 39, curve Pt-H2) was attributed to ignition (runaway) of 
the highly exothermic reaction. Extinction upon cooling was observed in the same 
temperature range. NO conversion at 400 °C decreased from ca. 7.3 to 3.5 % during the first 
temperature cycle. Conversion in general was high compared to blank activity.  

Compared to H2-treated Pt, activity of O2-treated catalyst was low (Fig. 39). Up to 550 °C, the 
conversion over O2-treated Pt was close to blank activity. As in blank experiments, formation 
of N2, N2O and H2O started around 360 °C. Only at the highest temperature, 600 °C, the 
catalyst began slowly to activate with time-on-stream (Fig. 39). The gain in activity was 
preserved at the low temperature of 550 °C (Fig. 39, t=8 h). Not only did the catalyst become 
more active, selectivity towards N2O increased slightly (from 16.8 to 18.1 %, measured at 
550 °C). Ignition of the reaction and loss of temperature-control did not occur over O2-treated 
catalyst, probably due to the low activity in comparison to H2-treated Pt. 
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Fig. 39  Ammonia conversion and temperature vs. time in TP reaction between NH3 and NO  
 over H2-treated and O2-treated Pt gauze, and in blank test  
 (300 ml/min STP, 1 % NH3, 2 % NO, mPt = 0.054 g) 
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Fig. 40  Product-gas composition  and temperature vs. time in TP reaction between NH3 and NO  
 over O2-treated Pt gauze (300 ml/min STP, 1 % NH3, 2 % NO, mPt = 0.054 g) 

 

The apparent energy of activation for the reaction between NH3 and NO was estimated from 
the change in rate of NO consumption vs. temperature by means of an Arrhenius plot. The 
respective diagram, containing experimental points and linear fits for the three different ratios 
pNH3:pNO, is shown in Fig. 41. In a range of temperature-controlled reaction and low 
conversion, 360-401 °C, values for EA of 227, 216 (2 kPa NO) and 117 kJ/mol (4 kPa NO) 
were obtained. Hence, the apparent energy of activation seems to depend on the partial 
pressure of nitric oxide.  
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Fig. 41  Arrhenius plot for rate of NO consumption vs. temperature in TP reaction between   
 NH3 and NO over H2-treated Pt gauze   
 (300 ml/min STP, 1-4 kPa NH3, 2-4 kPa NO, mPt = 0.054 g; XNH3, XNO < 6 %)  
 Symbols indicate experimental points, lines indicate a linear fit for the respective feed. 

Product distribution 

The reaction products N2, N2O and H2O are in agreement with literature, where the formation 
of all three species has been reported for the NH3-NO reaction at pressures above 10-4 Pa 
[100, 140, 141, 145, 146, 148]. The range of significant conversion reported in literature ex-
tends to somewhat lower temperatures than observed in the present study over H2-treated Pt, 
due to higher contact times [146, 148] and larger catalyst surface [140]. The selectivity 
towards N2O measured here was about 45 % at temperatures up to 400 °C, which agrees with 
the reported value of ca. 50 % for experiments under comparable conditions [140, 148]. 
Furthermore, the lower values of N2O selectivity at higher temperatures, seen in the present 
study, confirm the same tendency in product distribution previously observed [141, 146, 148]. 

In contrast to the reports of Katona et al. [148] and Takoudis and Schmidt [146, 147], rates 
did not oscillate when the NH3-NO reaction was carried out. A possible explanation is that 
oscillations may occur only in a small temperature window, which was missed, since the 
attention was not focused on the search for the oscillatory reaction regime. Hence, sufficiently 
small temperature steps were not applied. 

Activation energy and transition between reaction regimes 

Depending on the partial pressure of NO, values of ~220 and 117 kJ/mol were estimated for 
the apparent energy of activation from the rate of NO consumption (Fig. 41). Previously, 
Katona et al. [148] observed the same effect, and concluded that the reaction between NH3 
and NO can take place in a low-coverage and a high-coverage regime. The transition between 
both regimes was indicated by a break in reaction rates, rate oscillations and a change in 
activation energy. The temperature at which the transition occurred (Ttransition) depended on 
NO partial pressure.  

The values obtained by Katona et al. [148] for the activation energy, 102 and 212 kJ/mol for 
high- and low-coverage regime, respectively, are very similar to the values calculated in the 
present study (117 kJ/mol; 216-227 kJ/mol). Moreover, temperatures for transition, 
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360-400 °C (2-4 kPa NO), are slightly higher than what Katona et al. [148] observed, 
290-330 °C (pNO < 0.6 kPa): such temperature shift is in line with the expected pressure 
influence. Hence, we were able to identify the transition range, and thus confirm the findings 
of Katona et al. [148] at slightly higher pressures. Compared to the data of Takoudis and 
Schmidt [146, 147], the transition in the present work occurred only in a somehow similar 
range of conditions, as indicated in Fig. 42. Tol and coworkers [100] pointed out, that 
measurements by Takoudis and Schmidt may have been influenced by mass transfer effect 
and temperature fluctuations. 

In agreement with previous measurements on Pt foil [148] and Pt(100) [100], the transition 
temperature in the present study depended on partial pressure of NO, but not on ammonia 
pressure. The interpretation for the transition given by Tol et al. as well as Katona et al. [100, 
148] is switching from a low-coverage to a high-coverage state of the surface, i.e. the 
existence of a “transition coverage” of NO is implied. With increasing temperature the partial 
pressure of NO that is required to achieve that coverage should increase. Assuming adsorption 
equilibrium to be reached under reaction conditions,  

 eq
NOdesdesads
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k
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the NO pressure and temperature required to obtain a certain constant NO coverage should 
follow an Arrhenius type of dependency: 
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with pNO partial pressure of NO eq
NOΘ  (const.) surface coverage of NO  

 ∆Hads heat of adsorption    R universal gas constant  
 K equilibrium constant 

Values of transition (and oscillation) temperature and respective partial pressure of NO were 
collected from literature (Pt(100): [99, 100, 145], Pt wire and foil: [147, 148]; Ttransition 
indicated by oscillation or break in reaction rates) and plotted with values from this study as 
ln(pNO) vs. T-1 (Fig. 42). Since the transition temperature was not directly measured, the 
lowest temperature of the low-coverage regime (Fig. 41, pNO=2 kPa) and the highest 
temperature of the high-coverage  regime (Fig. 41, pNO=4 kPa) were used as estimates. 

The straight line in Fig. 42 indicates a linear fit, the slope corresponding to a value of 
∆Hads = -186 kJ/mol (eq. 7-8). The values of Takoudis and Schmidt [146, 147] were not 
included in the fitting procedure for several reasons:  
- the temperature range for “isothermal” oscillations (fig. 4 in [147]) was unusually wide 
(120 K) compared to that found in other studies (ca. 40 K [148], ca. 20 K [100])  
- the values contradict those found by Katona et al. [148], although being measured under 
similar conditions and on a similar catalyst (wire, foil). The values of Katona et al. are 
assumed to be more reasonable, since accuracy of temperature measurement by pyrometer, 
applied in both studies, should be more accurate on Pt foil [148] than Pt wire [146].  
- the values (fig. 5 and 6 in [146]) are contradicting, since “isothermal oscillations” at 432 °C 
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and “adiabatic oscillations” at 430-485 °C feature the same maxima and minima for the rate 
of NO consumption, despite of a temperature difference up to 53 K (432 vs. 485 °C).  
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Fig. 42  Logarithm of partial pressure of NO (in Pa) vs. reciprocal of respective transition 
 temperature between low-coverage and high-coverage reaction regime in the reaction  
 between NH3 and NO. Symbols indicate experimental points, line represents a linear fit. 
 

The fitted line in Fig. 42 indicates the transition range that separates high- and low-coverage 
regime. The deduced value of -186 kJ/mol is in good agreement with values for the adsorption 
energy of strongly bound NO species on different Pt surfaces (Pt(111): 187-203 kJ/mol [58-
60], Pt(100)(1x1): ca. 190 kJ/mol [62], step sites on Pt(211): 186-228 kJ/mol [129]), which all 
happen to be in a similar range. 

The correlation (eq. 7-8) predicts for the transient conditions of low-pressure pulse experi-
ments (TAP reactor [20]), i.e. pNO

max ≈ 5 Pa, a transition temperature of 300 °C. In agreement 
with this prediction, for sequential pulsing of NH3 and NO over H2-treated Pt catalyst a 
significant difference is observed, comparing the results derived at 200 °C with those 
measured at 300 to 800 °C ([20] p.85). At 200 °C, the transient response of N2 (in the 
NO pulse) features a very unusual shape with two maxima after 0.3 s and 2.5 s, possibly indi-
cating two different reactions for N2 formation to be operative, i.e. in high-coverage (0.3 s) 
and low-coverage (2.5 s) regime. In contrast, at 300 to 800 °C the transient N2 signal features 
only one maximum, corresponding to product formation in the low-coverage regime. 

Influence of catalyst pretreatment 

Literature information about the effect of catalyst pretreatment on the performance of Pt in the 
NH3-NO reaction is rare. Only Katona et al. [149] stated, without further explanation or 
investigation, that “the method of preparation” of the catalyst can have a significant influence. 
In the present work, catalyst pretreatment determined the difference between a very active 
catalyst (H2-treated), loosing some activity during the reaction, and almost inactive catalyst 
(O2-treated), gaining activity in NH3-NO flow at 600°C.  

The effect of catalyst pretreatment, observed in decomposition of NH3 (section 6.2) and of NO 
(section 6.3), certainly influences catalytic performance in the NH3-NO reaction. Without 
presuming any specific reaction mechanism, a straightforward interpretation is that the 



7 Reaction of ammonia with N2O, NO and O2 over Pt  97 

 

NH3-NO reaction is a combination of NO decomposition and ammonia activation by surface-
oxygen. Oxygen species are deposited on the surface by decomposition of NO, and ammonia 
removes those O species from the surface that would otherwise inhibit further NO decom-
position. Hence, a sustained NH3-NO reaction is possible, starting at the temperature where 
NO conversion over H2-treated Pt started (ca. 300 °C). Indeed, the reaction between ammonia 
and nitric oxide took place at temperatures above 340 °C. Hence, ammonia enables the 
steady-state NO conversion by continuous oxygen removal from the surface. 

If this view on the reaction is valid, then it should be possible to explain the dependence 
between activity and pretreatment, and the activation / deactivation behavior during the 
reaction (Fig. 39), in terms of the effects found in decomposition of NH3 and NO (chapter 6.2, 
chapter 6.3; [20]). NO did neither decompose on O2-treated Pt at 20-800 °C, nor on H2-treated 
Pt below 300 °C. Hence, the NH3-NO reaction does not take place under such conditions 
either. At temperatures around 600 °C, the stable and inactive Pt-Ox phase can be transformed 
into Pt by the reducing agent ammonia. This is reflected in a slowly progressing activity gain 
for the NH3-NO reaction, which is preserved upon going to lower temperatures (Fig. 39). 
Since “activation” means here a faster decomposition of NO molecules, the surface coverage 
of oxygen increases, and hence also the selectivity for the oxygen-richer product, N2O, 
increases (Fig. 40). In contrast to O2-treated Pt, H2-treated Pt gauze lost activity during high-
temperature reaction. The effect is explained by a gradual phase transition from Pt into the 
less active Pt-Ox phase, until some kind of equilibrium is attained between surface coverage 
of oxygen and oxygen content in the platinum catalyst. The given interpretation is consistent 
with the conclusions drawn from NH3 and NO decomposition experiments, and analog to the 
interpretation of effects observed in the NH3-N2O reaction (section 7.1).   

The reaction between NH3 and NO in the ammonia-oxidation network 

Pt gauze catalyzes the reaction between ammonia and nitric oxide at temperatures above 
ca. 340 °C. N2, N2O and H2O are formed. The respective reaction pathways have to be 
included as secondary reactions in the ammonia oxidation network (Fig. 45). Furthermore, 
changes induced on the catalyst by pretreatment or NH3+NO reaction, which lead to 
activation or deactivation, depending on the state of the catalyst (Pt � Pt-Ox) and the reaction 
conditions, have to be considered in the kinetic studies of ammonia oxidation.  
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7.3 Reaction between NH3 and O2 

The catalytic ammonia oxidation over pretreated fresh Pt gauze was studied in TPR 
experiments up to 400 °C, using the tubular reactor. Temperature ramps started at 180 °C, 
continuing in steps of 20 K. Standard feed composition, oxygen being in excess, contained 
NH3 (2 %) and O2 (4 %) in flow of Ne (10 %) and Ar at a total pressure of 101 kPa. Prior to 
experiments, fresh catalysts were pretreated for 12 h at 890 °C in either oxygen flow (O2, 
mPt = 0.079 g) or hydrogen flow (10 % H2 in Ar, mPt = 0.077 g).  

Results 

The products of ammonia oxidation were nitrogen, nitrous oxide and water at 210-280 °C. 
Additionally, nitric oxide was formed at temperatures above 300 °C. Selectivity towards N2 
decreased with increasing temperature. Both catalysts, O2-treated and H2-treated Pt, were 
active already at low temperatures (< 250 °C). Pretreatment in oxygen resulted in a less active 
catalyst than hydrogen-treatment. Accordingly, loss of temperature control due to ignition was 
observed on H2-treated Pt only. Both types of Pt catalysts activated during ammonia 
oxidation, reflected in increasing conversion (O2-Pt), higher selectivity towards NO and N2O 
(O2-Pt), and lowered ignition temperature (H2-Pt).  

Ammonia conversion and temperature are shown as a function of  time-on-stream in Fig. 43 
for Pt, Pt-Ox and blank activity. The reaction over H2-treated Pt started around 210 °C (Fig. 
43) with formation of nitrogen, nitrous oxide and water. Temperature control over the gauze 
catalyst was lost at a reactor temperature of ca. 240 °C, reflected in a sudden jump of the 
ammonia conversion to about 90 % (Fig. 43); ignition of the reaction was due to high 
exothermicity of the ammonia oxidation. Catalyst temperature after ignition is unknown, but 
the measured amount of products (Tsandbed = 240 °C) corresponds to an adiabatic temperature 
rise of ca. 198 K. The high-temperature product of ammonia oxidation, nitric oxide, was 
observed in the ignited regime. Extinction of the reaction took place at a reactor temperature 
of 47 °C. Ignition in a 2nd temperature cycle was observed already at 214 °C, indicating 
catalyst activation. 

Ammonia oxidation on O2-treated platinum started at ca. 243 °C (Fig. 43) with formation of 
nitrogen, water, and small amounts of nitrous oxide; the product distribution is shown in Fig. 
44 vs. time-on-stream. NO production was observed above 300 °C (Fig. 44). At 280 and 
300 °C, the catalyst activated slowly with time-on-stream, indicated by an increase in 
conversion (Fig. 43). At a higher temperature of 400 °C, also selectivity towards NO and N2O 
increased with time-on-stream (Fig. 44). The gain in activity was permanent: re-measuring 
ammonia conversion at 220 °C, after the activation, yielded a value of XNH3=15 % at a 
temperature where O2-treated Pt was inactive upon heating (Fig. 43). Ignition of the reaction 
on oxygen-treated Pt was not observed. In all catalytic tests conversion over pretreated Pt was 
well above the level of blank activity. The MS signal at amu 2 was monitored during TPR: H2 
was not formed. 
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Fig. 43  Ammonia conversion and temperature vs. time in TP reaction between NH3 and O2  
 over O2-treated and H2-treated Pt gauze, and in blank test  
 (300 ml/min STP, 2 % NH3, 4 % O2, mPt;H2 = 0.077 g, mPt;O2 = 0.079 g) 
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Fig. 44  Product-gas composition  and temperature vs. time in TP reaction between NH3 and O2  
 over O2-treated Pt gauze (300 ml/min, 2 % NH3, 4 % O2, mPt = 0.079 g) 
 

Product distribution 

The observed temperature dependence of product formation, N2 at low and NO at high 
temperature, agrees with literature reports for ammonia oxidation under UHV conditions [13, 
21, 22, 25]. In further agreement with earlier studies [12, 23, 91], N2O formation, which is 
expected for pressures above 6 Pa [13, 20], was observed experimentally. Also, ignition of 
ammonia oxidation due to excessive heat generation is a known phenomenon [10, 11, 159, 
160] that confined many previous studies to temperatures below 150-300 °C, depending on 
reactant pressure [11, 29-31, 155, 157]. Only the application of alumina-supported Pt in a 
micro-structured reactor extended the range for temperature-controlled ammonia oxidation to 
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380 °C [23, 91]. In summary, observed product distribution and ignition of the reaction agree 
well with previous investigations. 

Influence of catalyst pretreatment: Comparison to previous reports 

The experimental results indicate a strong dependence of catalyst performance in ammonia 
oxidation on the nature of high-temperature catalyst pretreatment (in H2 or O2). Very few 
similar reports exist in literature. Oxygen-treatment around 600 to 800 °C significantly altered 
catalyst properties for CO oxidation on Pt(311) [97], and for dehydrogenation of cyclohexane 
on Pt(111), (755) and (10,8,7) [98]. The only study concerning ammonia oxidation on 
platinum was reported by Gland and Korchak [21]. The reaction was investigated at low 
temperatures (150, 200 °C) over stepped single crystal Pt-12(111)x(111) under UHV 
condition (< 10-6 Pa) after pretreatment at 630 °C in O2 or oxygen-rich mixtures NH3+O2. 
Depending on the extent (time) of the O2-pretreatment, N2 production decreased or stopped 
completely. This result was explained by the assumption that the pretreatment produces some 
kind of Pt-oxygen phase [21, 73] that is inactive for low-temperature ammonia oxidation 
under UHV conditions. Kozub et al. [266] reported a related effect for platinum alloys (Pt-Rh, 
Pt-Rh-Pd). The alloys were exposed to a hydrogen torch and different reactants (CO, CO2, 
H2O2, CH3COOH, < 240 °C), and afterwards tested in ammonia oxidation at 780 °C; the 
treatments resulted in different initial activity. Reduced catalyst activity was explained by 
depletion of Pt content in the near-surface region in favor of carbon and oxygen.  

The present results confirm the low-temperature inactivity of O2-treated Pt as previously 
reported for UHV conditions [21]. In addition, a pronounced influence of catalyst pretreat-
ment in oxygen is seen in the reaction between 200 and 400 °C. Moreover, temperature 
ranges are identified for catalyst activation with increased conversion (280-300 °C), and also 
with increasing selectivity towards oxygen-rich products N2O and NO (400 °C). 

Influence of catalyst pretreatment: Comparison to the reactions NH3+N2O and NH3+NO 

The actual reason for lower catalyst activity after O2-treatment is not clear. Since the effect is 
similar to the observations made in the reactions NH3+N2O and NH3+NO, the explanation 
may be also similar. In analogy to the given interpretation (section 7.1, section 7.2), the stable 
Pt-Ox phase formed by the oxygen-pretreatment (chapter 5.1) is supposed to have a lower 
ability to decompose O2 molecules. Hence, less surface-oxygen is available to activate 
ammonia molecules. A reaction-induced transformation of the Pt-Ox phase into Pt could 
explain catalyst activation. The lower activity of oxygen-treated Pt for catalytic 
decomposition of O2 may be for example due to a changed electronic structure of the catalyst, 
or formation of less active facets. Transient low-pressure experiments of pulsing O2 over H2- 
and O2-pretreated Pt gauze support the above interpretation of activity differences: while 
O2-treated Pt required temperatures above 300 °C to decompose O2, H2-treated Pt was active 
at all temperatures, i.e. 100 to 800 °C ([20] p.42 ff.). 

Although the general tendency that O2-treated Pt is less active than H2-treated Pt in NH3 
oxidation agrees with the results obtained in the NH3+N2O and NH3+NO experiments 
(section 7.1, section 7.2), some differences have to be pointed out. In ammonia oxidation, 
O2-treated Pt is already active at 240 °C, not only at 600 °C as in NH3+N2O/NO. Furthermore, 
reaction-induced activation of O2-treated Pt proceeds already at 280 °C, while 600 °C had 
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been required for NH3+N2O/NO. This temperature is significantly lower than the minimum 
temperature for Pt-Ox decomposition found in literature (500-600 °C [21]), and in the 
NH3 decomposition experiments (ca. 700 °C, chapter 6.2). Furthermore, in contrast to the 
NH3+N2O/NO studies, H2-treated Pt did not loose activity during ammonia oxidation. Hence, 
it is not sufficient to explain the activity differences between Pt and Pt-Ox in ammonia 
oxidation only by analogy to NH3+N2O/NO. The following interpretation in terms of surface 
faceting possibly accounts for the differences: 

Activity of oxygen-treated Pt in ammonia oxidation at 243 °C, and the cited low-pressure 
O2 pulse experiments by Kondratenko [20], indicated that O2 dissociates on oxygen-free 
platinum as well as on Pt-Ox. The inactivity of Pt-Ox for the reactions NH3+N2O and 
NH3+NO was explained with the inability of Pt-Ox to decompose the respective NOx 
molecule (sections 7.1 and 7.2), i.e. to provide the surface oxygen required for activation of 
ammonia. Hence, structure sensitivity of O2 dissociation differs from that of NO and N2O 
decomposition. Literature reports that O2 adsorbs dissociatively on different flat Pt surfaces 
already below room temperature (Pt(111) [73, 81], Pt(110) [250], Pt(100) [179]), while initial 
sticking coefficients varied between 0.05 [73]and 0.4 [250]. Step sites are preferred places for 
dissociative oxygen adsorption [21]. Hence, all previously investigated Pt surfaces dissociated 
O2 molecules, but differed in the adsorption kinetics. In contrast, certain flat Pt single-crystal 
faces were reported to be inactive for decomposition of NO (Pt(111), (110) [127]) and N2O 
[112, 122]. Thus, decomposition of O2/NO/N2O is structure sensitive and proceeds faster on 
defects and steps, but the structure sensitivity is less pronounced for O2 dissociation than for 
decomposition of NOx molecules. Hence, all Pt surfaces should catalyze the oxidation of 
ammonia, but differ somehow in activity. This is the observed effect in the catalytic tests with 
NH3+O2 on Pt and Pt-Ox, suggesting a similarity of O2-treated Pt with Pt(111) or Pt(110), and 
of H2-treated Pt with Pt(100) or stepped/kinked platinum. Since we did not determine which 
facets formed on the Pt surface during pretreatment procedures, the proposed explanation for 
different structure sensitivity of NH3+O2, compared to NH3+N2O and NH3+NO, remains 
speculative. 

Another aspect that needs to be discussed is the observation that activation of O2-treated Pt 
with time-on-stream occurs in ammonia oxidation already at 280 °C, as compared to 600 °C 
in NH3+N2O/NO reactions. The major difference between the reactions is that the NH3+O2 re-
action was already running when activation began (Fig. 43: XPt-O2 > Xblank), while activation in 
NH3+NOx started on a basically inactive catalyst (Fig. 36, Fig. 39: XPt-O2 ≈ Xblank). Hence, the 
reaction NH3+O2 seems to be responsible for catalyst activation, instead of a single reactant 
(NH3) as proposed in the NH3+N2O/NO reaction. Possible explanations are suggested below: 

a) The ammonia-oxidation reaction provides the reducing agent that transforms Pt-Ox into Pt. 
The strongly-bound oxygen of Pt-Ox is consumed in an interaction with a possible reaction 
intermediate of the ammonia oxidation (e.g. NH2, NH, H). The reaction intermediate is more 
active for a reaction with Pt-Ox than NH3, hence, the phase transformation of Pt-Ox to Pt 
occurs at lower temperature.  
b) Ammonia oxidation, running on O2-treated Pt, induces local heat-generation. The heat is 
dissipated slowly, resulting in hot-spots. The respective local temperature increase is 
sufficient to react off the strongly-bound oxygen of Pt-Ox.  
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c) Surface roughening and faceting increase the surface area of Pt-Ox, as seen in low-
temperature ammonia oxidation on Pt foil at 286-374 °C (chapter 5.2). Total catalyst activity 
increases accordingly, but increasing NO selectivity is not explained.  

Activation of O2-treated Pt gauze in NH3+NOx reactions has been discussed with focus on the 
oxygen removal from the catalyst; the possible contribution of reaction-induced surface 
roughening was not studied. Pt foil under comparable conditions of ammonia oxidation was 
significantly restructured (chapter 5.2). The activation of an O2-treated Pt catalyst during 
ammonia oxidation is therefore likely to be a combination of two effects: removal of oxygen 
from the less active Pt-Ox phase, and roughening of the catalyst surface. 

Reaction between NH3 and O2 in the ammonia-oxidation network 

Platinum gauze catalyzes the oxidation of ammonia, starting at 210 °C. N2, N2O and H2O are 
the main products; NO formation requires at least 300 °C. Compared to the secondary 
reactions NH3+N2O and NH3+NO, the ammonia oxidation takes place at significantly lower 
temperatures. Hence, it should be possible to study the primary reaction steps of ammonia 
oxidation up to ca. 330 °C without significant contribution of secondary reactions. Ignition of 
the reaction on Pt gauze, due to high exothermicity, indicates that a different reactor concept 
was needed to achieve temperature control for kinetic studies. 

Catalyst activation, induced by ammonia oxidation, was observed at 280-400 °C. Two 
different effects have to be considered in the activation process, a change of the bulk-oxygen 
content of Pt catalyst, and faceting of the catalyst surface. Hence, establishing steady-state for 
kinetic studies of ammonia oxidation is difficult even at low temperatures.  

Some aspects of the reaction-induced catalyst activation may be especially challenging with 
respect to the pressure-gap problem. The kinetics of ammonia oxidation is studied in 
(assumed) steady-state at atmospheric pressure level, although in a wide part of the 
temperature range reaction-induced activity changes occur. Hence, the respective Pt catalyst 
equilibrates to the reaction conditions, which are different from low-pressure conditions, so 
the catalyst (state) will be different as well. The resulting differences have to be considered 
when comparing results of ammonia oxidation studies that were carried out at different 
pressure levels. 
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7.4 Conclusions 

The information obtained in the investigation of catalytic interactions between NH3 and 
N2O/NO/O2 is used to derive the reaction network of ammonia oxidation. Thereafter, the 
reaction-induced and pretreatment-induced changes of catalyst activity are assessed to 
understand the limitations imposed on a steady-state kinetic study of ammonia oxidation.  

7.4.1 Reaction network of ammonia oxidation 

A set of basic reaction paths has been developed for the uni-molecular catalytic 
decomposition of N2O, NO and NH3 over pretreated Pt gauze (chapter 6.4, Fig. 35). This set 
of reaction paths is now supplemented with interactions between NH3 and different sources of 
oxygen (N2O, NO, O2). On this basis a comprehensive scheme of reaction paths is assembled 
for all nitrogen-containing gas-phase species of the catalytic oxidation of ammonia, including 
the primary and secondary reactions shown in Fig. 45. This reaction network formed the basis 
of the kinetic study of ammonia oxidation. 

Included interactions reflect the results obtained on H2-treated platinum, since O2-treated Pt 
was inactive in most reactions, and therefore did not provide the desired information. 
Moreover, NH3+O2 experiments indicated activation behavior for Pt-Ox that was interpreted 
as removal of bulk-oxygen. Thus, the working ammonia-oxidation catalyst is more likely to 
be similar to the H2-treated Pt state. The reaction paths were assigned to a high-temperature 
(T > 400 °C) and a low-temperature (T > 200 °C) reaction regime. Details of the reactions are 
discussed below. 
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Fig. 45  Scheme of reaction paths of nitrogen-containing species, deduced from TP catalytic 
 decomposition of N2O, NH3 and NO, and from TP reaction of NH3 with N2O/ NO/ O2 over Pt. 
 A low-temperature (solid lines, > 200 °C) and a high-temperature regime  
 (dotted line, > 400 °C) are indicated.  

The low-temperature regime of ammonia oxidation, indicated by solid lines in Fig. 45, 
comprises reaction paths that were relevant in the temperature range of 200 to 400 °C. The 
catalytic oxidation of ammonia started around 210 °C with the formation of nitrogen, nitrous 
oxide and water; NO formation occurred above 300 °C. Hence, 300 °C presents the lower 
temperature limit for a kinetic study of NO formation from ammonia and oxygen at the given 
pressure level. At the same temperature catalytic decomposition of NO into N2 and N2O was 
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observed on an oxygen-free surface. Therefore, 300 °C is also the approximate temperature 
above which a significant contribution of secondary reactions is expected. 

Especially for nitric oxide it is not clear whether NO-s exists already below 300 °C on the 
catalyst surface, and if only its rate of desorption is too low to detect the species in the gas-
phase. Such adsorbed NO could be the source of N2O formation at all temperatures (via 
NO-s + NO-s or NO-s + NHx-s interaction). Thus, it is not known if N2O is a primary product 
below 300 °C, or if it is formed with participation of nitric oxide. Other secondary reactions, 
namely formation of nitrogen from NH3+N2O, and of nitrogen and nitrous oxide from 
NH3+NO (Fig. 45), also start around 330 °C, but may be influenced by the presence of O2 in 
the reaction system. 

Reactions taking place only at a higher temperature level, i.e. above 400 °C, are indicated 
with dotted lines in Fig. 45. A new channel for NO formation by NH3+N2O interaction opens 
up at ca. 450 °C. Around 500 °C the steady-state decomposition of N2O into N2 and O2 
reached a significant conversion. Catalytic decomposition of ammonia was not observed on 
H2-treated Pt; only O2-treated Pt was able to catalyze the formation of nitrogen, water and 
hydrogen at ca. 550 °C and above, leading to the conclusion that oxygen is essential in 
activation of ammonia molecules. Hence, the direct catalytic decomposition of ammonia is 
not a significant reaction path, especially in the presence of oxygen. Furthermore, no evidence 
for H2 formation from NH3 was found in the presence of oxygen-supplying gases (O2, NO, 
N2O), and therefore water formation is the only reaction path that is considered to account for 
hydrogen consumption. 

Since only gas-phase species were monitored during the experiments, no information about 
the presence and amount of surface species (e.g. NH2, NH, N, H, OH, O) was obtained. It is 
thus possible (and likely), that some of the different reaction paths (Fig. 45) share the same 
elementary reaction steps (for example H-abstraction from ammonia by O-s, where O-s can 
result from decomposition of O2 or N2O). As already indicated by the two temperature 
regimes, the importance of each reaction path changes with temperature. Furthermore, when 
more than two reactant species are present, effects like competition for adsorption sites may 
lead to inhibition or suppression of some reaction paths. Hence, the actual relevance of 
different reaction paths had to be assessed in a ternary system during the evaluation of kinetic 
data (section 8.1.3 and Fig. 51). Despite of its shortcomings, the deduced reaction network 
provided valuable guidance, which influences had to be considered in the kinetic study. 
Moreover, it is consistent with a scheme of primary and secondary reactions derived by 
Kondratenko ([20], p.99) in transient pulse studies under vacuum conditions, i.e. NO and N2 
are primary products, N2O is a secondary product formed via adsorbed NO, and N2 can be 
also formed in secondary reactions of NO as well as N2O. 

7.4.2 Structure and activity of Pt 

The temperature-programmed experiments over H2- and O2-treated Pt gauzes revealed that 
activity depended in all the studied reactions strongly on catalyst pretreatment. Hence, all 
deduced reaction paths of ammonia oxidation (Fig. 45) were also subject to this pretreatment 
influence. Moreover, also the catalytic reactions induced activity changes, in the case of 
NH3+O2 interaction at temperatures as low as 280 °C. 



7 Reaction of ammonia with N2O, NO and O2 over Pt  105 

 

Reasons for activity changes were identified to be the adjusting of oxygen content in bulk and 
near surface region of platinum, as well as roughening / faceting of the catalyst surface. Both 
effects could not be fully separated. At least one of the processes, the change of the catalysts 
oxygen content, i.e. a Pt � Pt-Ox phase transition, is reversible. In contrast, faceting of the 
catalyst surface induced by ammonia oxidation appeared to be irreversible (chapter 5.2). 
Thus, the kinetics of ammonia oxidation on Pt is a function of the catalyst state, where the 
catalyst state itself depends on catalyst pretreatment, reaction conditions and time-on-stream. 
The mutual interaction between catalyst structure and reactivity is not negligible anymore 
above the lowest temperature at which activation was observed, i.e. 280 °C (NH3+O2). 

For the reasons outlined above, the significance of steady-state kinetic studies under 
conditions of observable activity changes is limited, since steady-steady ultimately means that 
the catalyst is equilibrated to the actual reaction conditions. Hence, the equilibrated state of 
the catalyst is different in each experimental point. The situation is further complicated by the 
fact that morphology changes happen on the same timescale (hours to days) that is required 
for kinetic measurements. The situation can be improved by starting each kinetic 
measurement with an identical fresh catalyst samples, equilibrate it to a “mean reaction 
condition”, and change experimental conditions thereafter in a way that minimizes the 
reaction-induced changes on the catalyst surface. Since high temperature was a major factor 
in catalyst activation, temperature was maintained on a low and constant level during each 
kinetic measurement in order to approximate steady-state (chapter 3.3, Appendix A-2). 

The experimental results are not necessarily comparable to studies under “ideal conditions”, 
e.g. low-pressure experiments and DFT calculations, for different reasons. An equilibrated 
state of subsurface and bulk of the catalyst is surely not obtained in the short time of UHV 
experiments. Even if the catalysts were equilibrated (to UHV conditions), the state of the 
catalyst would be different from the one obtained at atmospheric pressure. One way to 
investigate a comparable catalyst surface in low-pressure experiments would be to prepare the 
catalyst under “real conditions”, and then to quickly transfer and study the catalyst in UHV, 
before it is actually equilibrated to vacuum conditions. The same principle applies to 
theoretical studies, such as DFT: the identified real effects (e.g. oxygen-modified Pt structure) 
need to be considered in the calculations in order to describe the working catalyst. At least the 
trends, induced by the “real effects”, should be captured by the computations. 
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8 Kinetics of ammonia oxidation on Pt 

The results of a kinetic study of ammonia oxidation over Pt foil are reported. Experiments 
were carried out in a temperature range of 286-385 °C and with partial pressures of reactants 
up to 6 kPa. The rates of product formation (N2, N2O, NO) (eq. 4-9) were measured as a func-
tion of feed composition (NH3, O2; NO, N2O) and temperature. In section 8.1 the kinetic data 
are shown and discussed, the reaction network of ammonia oxidation (see chapter 7.4.1) is 
simplified, and the quality of the data is assessed. Kinetic data were fitted to three kinetic 
models (section 8.2), which were assembled using mechanistic and kinetic information from 
literature, and the simplified reaction network. The models were then discriminated 
(section 8.3), based on their ability to describe all experimentally observed trends, and based 
on statistical evaluation of the modeling results. In section 8.4, the modeling results are dis-
cussed with respect to the achieved quality of the best fit, the reaction steps that are required 
in the kinetic model, and with respect to possible further improvements of the best kinetic 
model. Finally, results and conclusions are summarized (section 8.5). The applied 
methodology was outlined before for kinetic measurements (section 3.3, Appendix A-2) and 
modeling (section 3.4). 

8.1 Kinetic data 

Kinetic data for ammonia oxidation, i.e. the (differential) rate of formation of NO, N2O and 
N2 as a function of feed composition and temperature, was measured in steady-state 
experiments. The experiments were carried out in a micro-structured quartz-reactor operated 
as differential reactor. At four temperature levels (286, 330, 374, 385 °C) the influence of 
partial pressure of ammonia and oxygen (“pure feed”, pNH3/O2 = 1-6 kPa) was studied 
(overview: Appendix A-2). Also, the effect of adding NO and N2O (“mixed feed”, pNO;N2O 
 < 0.47 kPa) to various NH3-O2 mixtures was investigated. At each temperature, a fresh 
sample of Pt foil was used for the measurements after an initial equilibration to reaction 
conditions (14 h, 250 ml/min, 3 kPa NH3, 4.5 kPa O2). Details of experimental design and 
experimental procedure are given in chapters 3.3, 4.4 and Appendix A-2; measured kinetic 
data are listed in Appendix A-8. 

The nitrogen-containing products di-nitrogen and nitrous oxide were formed in the whole 
studied temperature range. In addition, significant amounts of nitric oxide were produced at 
374 and 385 °C. The rate of formation of all products increased with temperature. Product 
formation increased also with partial pressure of both, ammonia and oxygen. The reaction 
towards NO and N2O was favored in oxygen excess. Adding NO to a feed of NH3 and O2 
reduced the N2 formation at low temperatures significantly, but increased the production of 
N2O at all temperatures. In contrast, the addition of N2O to ammonia-oxygen mixtures did not 
have a marked influence on product formation at 286 to 385 °C. 

The dependence of product formation on temperature (part 1), on feed composition (pNH3, pO2) 
(part 2), and on co-feeding reaction products (pNO, pN2O) (part 3) is described below. Based on 
these results, the reaction network of ammonia oxidation derived before (Fig. 45) is simplified 
(part 4). Finally, the quality of experimental data is assessed with respect to the assumption of 
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steady-state, differential reactor and kinetic regime, and the experimental error is estimated 
(part 5). 

8.1.1 Influence of temperature on product formation 

The influence of temperature on the rate of N2, N2O and NO formation in ammonia excess 
and oxygen excess is shown in Fig. 46. The dominating reaction product in ammonia excess is 
nitrogen, while only small amounts of nitrous oxide are formed. In excess of oxygen, N2 is 
still the main product. N2O is formed as well, its rate of formation increasing with tempera-
ture. Furthermore, production of NO is observed above 330 °C. At the highest temperature, 
N2 and N2O formation do not increase anymore, in favor of higher NO production.   
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Fig. 46 Influence of temperature on rate of product formation in catalytic ammonia oxidation   
 at 286-385 °C measured in a) ammonia excess (pNH3=3 kPa, pO2=2 kPa) and b) oxygen excess 
 (pNH3=1 kPa, pO2=3 kPa) on different Pt foil catalyst samples for each temperature   
 (after equilibration of Pt to the respective reaction temperature for >14 h; XNH3/O2<11%)  

The observed temperature influence on product distribution agrees well with published data; 
nitrogen was previously reported to be the main product at low temperatures in ammonia 
excess, and a maximum for the rate of N2 formation was found at 200-400 °C, depending on 
the pressure [13, 21, 22]. Moreover, the side product N2O was reported to be formed at 
pressures above 6-160 Pa [12, 13], with an expected maximum for the rate of N2O formation 
around 300-500 °C [13, 20, 23]. NO production was previously found to start at ca. 200-
300 °C (depending on pressure), and to increase with temperature [13, 21-23]. The 
observation of NO formation only at high temperatures allows assigning of the (present) 
experimental data to a high temperature reaction regime with formation of NO (374, 385 °C), 
and a low temperature regime with exclusive N2 and N2O production (286, 330 °C).   

The observed strong temperature-dependence of the rate of N2 formation, i.e. the major low-
temperature product (Fig. 46), may be connected to the differences in Pt surface morphology 
observed by SEM after reaction (chapter 5.2). Although the reaction temperatures were quite 
low, 286-385 °C, and the ”cauliflower” structures, typical for the high-temperature catalytic 
etching, were not observed, moderate reaction-induced faceting of the surface occurred (Fig. 
25, Fig. 26). For lack of a better measure, the reaction rates in this study were calculated 
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assuming the flat geometric surface area. Nevertheless, the temperature dependence of 
measured kinetics may be superimposed by a second temperature effect, related to the change 
of surface-morphology of the catalyst.  

8.1.2 Influence of NH3 and O2 partial pressures on product formation 

The influence of the partial pressures of oxygen and ammonia on the rate of product 
formation at low (330 °C: N2, N2O) and high temperature (385 °C: N2, N2O, NO) is shown in 
Fig. 47 and in Fig. 48, respectively. At 330 °C, the rate of N2 formation increased with partial 
pressures of ammonia as well as oxygen (Fig. 47a). In excess of one component, the N2 pro-
duction reached a constant value, either at the maximum level or slightly below (e.g. Fig. 47a 
{pNH3=1 kPa, pO2=1…6 kPa} and {pO2=1 kPa, pNH3=1…6 kPa}): there was no pronounced 
inhibition in excess of either ammonia or oxygen. Small amounts of N2O were formed in the 
whole range of partial pressures (Fig. 47b). N2O production increased with the oxygen content 
of the feed, but in contrast to N2, decreased in ammonia excess. The influence of feed 
composition at 286 °C (not shown) is similar to that at 330 °C. 
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Fig. 47 Influence of partial pressure of oxygen and ammonia on rate of product formation   
 in catalytic ammonia oxidation at 330 °C (400 ml/min, 1-6 kPa NH3, 1-6 kPa O2) 
 a) N2 formation     b) N2O formation  
  (dashed lines: connecting points of constant pNH3, and of constant pO2)  
  (solid lines: projection of dashed lines to ri=0) 

At 385 °C, the influences of ammonia and oxygen pressure on rate of N2 formation (Fig. 48a) 
are similar to the low-temperature behaviour (Fig. 47). A slight decrease of N2 production in 
large oxygen excess (Fig. 48a {pNH3=1 kPa, pO2=1…6 kPa}) may be due to preferred NO 
formation under such conditions (Fig. 48c). N2O production, also similar to lower 
temperatures, prefers high O2:NH3 ratios (Fig. 48b). The initial increase of rN2O with pO2 is 
almost linear, but the slope decreases in larger oxygen excess. Production of significant NO 
amounts requires excess of oxygen (Fig. 48c). Accordingly, NO formation increases with the 
O2:NH3 ratio, with an almost linear dependence on the oxygen partial pressure (in excess of 
oxygen). The influence of feed composition on product formation is similar at 374 (not 
shown) and 385 °C. 
 



8 Kinetics of ammonia oxidation on Pt  109 

 

0 1 2 3 4 5 6 7

0  1  2  3  4  5  6  7     0.0

   0.4

   0.8

   1.2

   1.6

   2.0
exp

a) N2, 385°C

p0
O2

 / kPa p0
NH3 / kPa

r
N2

 /
mol m-2 s-1

N2

0 1 2 3 4 5 6 7

0  
1  

2  3  4  5  6  7  
   0.00

   0.02

   0.04

   0.06

   0.08

b) N2O, 385°C

p0
NH3 / kPap0

O2 / kPa

rN2O /
mol m-2 s-1

N2O

 

   

0 1 2 3 4 5 6 7

0  
1  

2  3  4  5  6  7  
   0.00

   0.06

   0.12

   0.18

   0.24

   0.30

c) NO, 385°C

p0
NH3 / kPap0

O2 / kPa

rNO /
mol m-2 s-1

NO

 
Fig. 48 Influence of partial pressure of oxygen and ammonia on rate of product formation   
 in catalytic ammonia oxidation at 385 °C (400 ml/min, 1-6 kPa NH3, 1-6 kPa O2)   
 a) N2 formation     b) N2O formation 
    c) NO formation 

The observed influence of partial pressures of oxygen and ammonia on rates of N2 and NO 
formation agrees with previously reported data for flow experiments at low pressure [13, 21, 
101] and atmospheric pressure [23, 91]. Compared to the results of Rebrov et al. [23, 91], who 
investigated the effect of feed composition on selectivity towards N2O at a level of ammonia 
conversion of 80-100 %, the changes of rN2O with feed composition are much more 
pronounced. The difference may be due to the fact that the NH3:O2 ratio was varied in a wider 
range in the present study.  

8.1.3 Influence of adding NO and N2O to a mixture of NH3 and O2 

Besides the ammonia and oxygen content of the feed, also the presence of ammonia-oxidation 
products N2O and NO may change the product distribution. The effect of adding up to 
0.47 kPa N2O and NO to ammonia-oxygen mixtures (1-6 kPa O2, 1-6 kPa NH3) was studied. 
Representative examples for the influence of N2O (Fig. 49) and NO (Fig. 50) on a feed 
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containing 3 kPa NH3 and 3 kPa O2 are shown below. It can be seen in Fig. 49 that the 
influence of adding N2O was negligible. Neither the rate of N2 formation nor NO formation 
changed significantly in the whole temperature range. 
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Fig. 49 Influence of partial pressure of N2O on rate of product formation   
 in catalytic ammonia oxidation at 330 and 385 °C (400 ml/min, 3 kPa NH3, 3 kPa O2)  

In contrast, adding nitric oxide changed product formation markedly (Fig. 50). At low 
temperatures (286, 330 °C), the added NO led to a drastic decrease in rate of N2 formation, 
and hence a decrease in ammonia consumption. Furthermore, N2O production increased. At 
higher temperatures (374, 385 °C), the product distribution changed only slightly when NO 
was added. The data indicated a minimal increase in N2 formation, as well as a somewhat 
higher rate of N2O formation (Fig. 50). 
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Fig. 50 Influence of partial pressure of NO on rate of product formation   
 in catalytic ammonia oxidation at 330 and 385 °C (400 ml/min, 3 kPa NH3, 3 kPa O2)  

Discussion 

The negligible influence of N2O on product formation in ammonia oxidation, not reported in 
literature, indicates that molecular adsorption of N2O is weak, and hence N2O does not block 
adsorption sites. It also indicates that dissociative N2O adsorption, observed for Pt-SiO2 and 
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Pt-C near room temperature [63, 113, 120], does not occur at a significant rate under 
conditions of ammonia oxidation. Thus, all secondary reactions of N2O can be neglected for 
the experimental conditions of this study. 

In contrast, the inhibition of ammonia oxidation by NO at low temperatures indicated the 
significance of NO adsorption, but low reactivity of the adsorbed NO, since total product 
formation decreased markedly. The inhibition of ammonia oxidation can be explained by site 
blocking due to strongly bound NO molecules. Strong NO adsorption agrees with the obser-
vation that the desorption temperature of nitric oxide in vacuum, ca. 70-230 °C [104, 127, 
130, 131], is quite high. With increasing temperature of ammonia oxidation, the rate of NO 
desorption increases, and hence the associated site blocking becomes less evident. The experi-
mental data are consistent with the observation of Katona et al. [149], that ammonia oxi-
dation, studied in batch experiments over Pt foil at 220 °C, is slower in the presence of NO. 

The experimental results show that the rate of N2O formation increased at all temperatures 
when NO was added to the NH3-O2 feed. This observation points towards a participation of 
adsorbed NO in the formation of N2O. Moreover, the rather small change in the rate of N2 for-
mation when NO was added at higher temperatures (Fig. 50, 385 °C) suggests that NO disso-
ciation and NO-NH3 interactions play a minor role in the kinetics of ammonia oxidation. A 
possible explanation for the small influence of secondary reactions that may involve NO dis-
sociation is the presence of large amounts of oxygen on the surface: Dissociation of NO on Pt 
surfaces was reported to be hindered in the presence of adsorbed atomic oxygen [25, 26, 129, 
130].   

In the only reported study of ammonia oxidation that was carried out under comparable condi-
tions (Rebrov et al., [23, 91], Pt/Al2O3, 260-360 °C), the influence of reaction products on the 
reaction was not explicitly investigated. Kinetic data were measured feeding only NH3-O2 
mixtures to an integral reactor. Moreover, whenever NO formation was inferred from the 
mass balance (NH3 – 2 N2 – 2 N2O), the conversion of ammonia was higher than 95 %. 
Contrary to the present results (Fig. 49, Fig. 50), dissociative N2O adsorption was assumed to 
be relevant for the kinetic model, while re-adsorption of NO was not included in the simula-
tion of integral kinetic data. Low-pressure kinetic studies of ammonia oxidation [19, 21, 101, 
154] were in general only carried out in the binary NH3-O2 system at low conversion (differ-
ential reactor). Hence, information about secondary reactions and the influence of products on 
steady-state kinetics was not obtained in previous kinetic studies of ammonia oxidation.    

The role of nitrous and nitric oxide in the catalytic ammonia oxidation can be summarized: 
The influence of adding N2O to the ammonia oxidation was negligible in the studied pressure 
and temperature range. When NO was a reaction product, at 374 and 385 °C, adding NO to 
the pure feed had only a small influence on ammonia oxidation. A strong NO effect was only 
seen at low temperatures, where no nitric oxide is produced: ammonia oxidation was 
inhibited, but N2O formation increased. The results indicate that adsorbed NO may exist 
already at 286 and 330 °C on the catalyst surface, but instead of desorbing, it reacts slowly to 
form N2O. At higher temperatures, N2O formation, NO desorption, and possibly NO 
decomposition, compete for the adsorbed NO molecules. The minor influence of reaction 
products on the oxidation of ammonia implicates that the assumption of a differential reactor 
is reasonable for a relatively wide range of conversion.   
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8.1.4 Major reaction paths 

Reactions paths of the catalytic ammonia oxidation were derived in chapter 6 from studies of 
uni-molecular decomposition reactions, and in chapter 7 from studies of the catalytic inter-
actions between ammonia and (N)O(x) species. This reaction network (chapter 7.4.1: Fig. 45) 
was simplified, excluding the reaction paths of species that did not influence the kinetics of 
ammonia oxidation in the investigated range of experimental conditions, i.e. 286-385 °C and 
pi < 6 kPa (see section 8.1.3). The remaining reaction paths are indicated in Fig. 51. 

Nitrogen-containing products that were observed in the kinetic measurements of ammonia 
oxidation are N2, N2O and NO, hence, the production of all these species must be accounted 
for with reaction paths. The influence of co-feeding N2O with ammonia-oxygen mixtures was 
negligible. Therefore, secondary reactions of N2O, i.e. catalytic N2O decomposition and 
reaction with ammonia were excluded (Fig. 51).  

In contrast, NO inhibits ammonia oxidation at low temperatures and increases the rate of N2O 
formation. Therefore NO adsorption and its reaction to N2O (with or without NH3 interaction) 
were considered in the scheme of major reaction paths. Since adding NO did not enhance the 
rate of N2 production significantly, the relevance of N2 formation from NO (with or without 
NH3 contribution) is not clear. Moreover, with respect to the formation of nitrous oxide it 
remains also unclear if a direct reaction path NH3 + O2 to N2O exists, or if a secondary 
reaction via adsorbed NO is sufficient to account for N2O formation (Fig. 51).  
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Fig. 51  Scheme of major reaction paths of nitrogen-containing species, deduced from steady-state 
 kinetic measurements of ammonia oxidation at 286-385°C with partial pressure of reactants 
 in the kPa range (pNH3, pO2 = 1-6 kPA; pNO, pN2O < 0.47 kPa)  

Although the observed influences of feed composition (pNH3, pO2) and temperature agree with 
experimental data reported in literature, and the scheme of major reaction paths (Fig. 51) is 
more or less consistent with reported reaction models, some important differences exist. In 
contrast to the assumptions made in the kinetic models of Scheibe et al. [19, 101, 102] and 
also Rebrov et al. [23, 91], the experimental data show clearly that re-adsorption of NO must 
be considered in a model for ammonia oxidation on polycrystalline Pt, while N2 formation via 
NO decomposition plays a minor role. Moreover, different from the assumptions of Rebrov et 
al. [23, 91], secondary reactions involving N2O are negligible up to 385 °C. Finally, in 
contrast to the simulation results of Scheibe et al. [102], neither NH3 nor O2 inhibited the 
ammonia oxidation in excess of the respective species. 
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Based on the experimental data, the deduced scheme of major reaction paths (Fig. 51) and 
mechanistic and kinetic information from literature, kinetic models were proposed and fitted 
to the experimental data (section 8.2). In the following section, assumptions that were made 
during the evaluation of kinetic data are verified, and the quality of the data is assessed with 
respect to the experimental error.  

8.1.5 Quality of kinetic data 

Simplifying assumptions had to be made for the evaluation of kinetic data. Some assumptions, 
e.g. steady-state, differential reactor and kinetic regime, are not trivial for ammonia oxidation 
on Pt, which is a fast reaction that induces surface-morphology changes on the catalyst. 
Therefore, the assumptions were verified experimentally in the course of the kinetic measure-
ments (strategy: Appendix A-2). Furthermore, an estimate for the experimental error was ob-
tained to judge the accuracy of experimental data in comparison to the lack-of-fit of kinetic 
simulations. 

The test results, which are described below in detail, show that the assumption of steady-state, 
differential reactor and kinetic regime are valid. The relative error of product quantification 
during reaction is in the range of 4-14 %, which indicates a reasonable experimental accuracy. 

Steady-state 

The Pt catalyst was equilibrated to reaction conditions (ca. 14 h, 250 ml/min, 3 % NH3, 
4.5 % O2) prior to kinetic measurements (Fig. 22).  After acquisition of kinetic data, catalyst 
performance was re-measured for the initial reaction conditions (Appendix A-2). 

Selectivity towards nitrogen was above 95 % during all initial periods of time-on-stream. Fast 
activation was always observed in the first 2-6 hours, followed by slower activation and 
almost stable catalyst performance. Selectivity towards NO and N2O increased slightly during 
the activation process. In the context of catalyst characterization (chapter 5), the activity 
changes may be due to oxygen removal from the near-surface region of Pt, and/or to 
reaction-induced surface restructuring. 

Kinetic measurements were carried out when the catalyst activity became stable. Catalyst 
performance, re-measured after kinetic tests under the initial reaction conditions, indicated an 
average activation of about 11 % (measured as increase in ammonia conversion), compared to 
initial values. Hence, catalyst activation during kinetic measurements was moderate. The 
assumption of steady-state is valid. 

Differential reactor 

The validity of assuming a differential reactor in the computation of reaction rates was 
verified for two different NH3:O2 ratios by measuring the product gas composition at different 
contact times. The resulting plots of ammonia consumption vs. contact time for 286 and 
385°C are shown in Fig. 52. The differential rate used in the kinetic evaluation is represented 
by the solid line; 10 % deviation from this rate are indicated by the dashed line.  

A slight deviation of the measured values from a linear dependence is observed for high 
contact times, but at the low contact times applied in the kinetic evaluation (arrows in Fig. 52) 
the linearization (∆c/∆τ in Fig. 52) introduces only a small error. Hence, the assumption of a 
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differential reactor is valid for the investigated experimental conditions, and was therefore 
applied for the evaluation of kinetic data (eq. 4-10). The assumption is further supported by 
low conversion (< 11 %), the fact that changes of selectivity vs. conversion were small, and 
the experimentally confirmed small influence of reaction products on ammonia oxidation. 
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Fig. 52  Ammonia consumption vs. contact time (symbols) in catalytic ammonia oxidation   
 in oxygen excess (NH3:O2 = 1:6) and in ammonia excess (NH3:O2 = 6:1),   
  - arrows indicate the experimental point used for calculation of (differential) rates, 
  - solid line indicates the respective differential rate,   
   - dashed line indicates 10 % deviation 

Kinetic regime 

The influence of mass transfer was tested by varying the diffusion coefficient of reactants; 
when the diluting gas (82.5 vol%) is switched from Ar to He, diffusivity of O2 and NH3 
increases by an estimated factor of 3.6 and 3.2, respectively [230], and mass transfer 
coefficients increase accordingly. The difference can be experimentally observed as higher 
reaction rates when the reaction rate in He is compared to the one in Ar under transfer limiting 
conditions. In contrast, similar consumption rates of reactants in Ar and He indicates that 
mass transfer can be neglected, and that the data were recorded in the kinetic regime. The 
lower apparent reaction rate under transfer-limiting conditions is caused by a significant 
concentration gradient for reactant species between gas bulk and surface, and a resulting 
depletion of feed molecules near the catalyst surface. 

Ammonia consumption over Pt foil (activated at 385°C) was measured in mixtures NH3 + O2 
diluted with Ar and He. The results are presented in Fig. 53. The plot indicates a small 
deviation between values obtained in He and Ar at high temperatures, which is within the 
frame of experimental accuracy and justifies the assumption of kinetic regime. The kinetic 
regime in this work is extended to higher temperatures than the 340 °C estimated by Rebrov 
et al. [23]. The extension towards higher temperatures seams reasonable, since partial 
pressures of reactants in the present study were lower by a factor (pNH3 x pO2) of 30 to 50, and 
reaction rates should be lower, accordingly.  
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Fig. 53 NH3 consumption vs. temperature in ammonia oxidation over Pt foil with He and Ar   
 as diluting gas (400 ml/min, 3 kPa NH3, 4.5 kPa O2, 10 kPa Ne, balance Ar {●} or He {○})  

Estimate of experimental error 

The accuracy of the acquired kinetic data is of interest for the modeling process, especially 
when testing the significance of kinetic models. The error in product quantification cannot be 
calculated directly, since values for the error of the QMS were not available. Instead, the 
estimate was based on repeated measurements of product gas composition at four different 
NH3:O2 ratios at each temperature during the kinetic experiments. Values for relative error 
and the sum of squares of experimental error are presented in Table 4. The relative error for 
product quantification, ca. 4 to 14%, is reasonable. Introducing these values (∆c/c = 4-14%; 
∆c0

product≡0) into the equations for the error of rate measurements (eq. 4-14, 4-15) results in an 
estimate of 8 to 18 % for the relative error of rates of product formation (∆ri/ri). 
 

Table 4 Estimate of average relative error and sum of squares of exp. error (SSe) vs. temperature  
 for measured concentration of product species, obtained experimentally from replicate runs 

 average relative error of ci / %   SSe of ci / vol% 
           

T / °C 286 330 374 385  T / °C 286 330 374 385 
           

N2 9.9 4.4 7.1 5.5  N2 4.7E-5 2.9E-5 1.5E-4 6.1E-5
NO - - 6.6 13.4  NO - - 7.0E-7 4.4E-6
N2O 8.7 5.4 9.8 7.9  N2O 3.1E-8 4.9E-8 3.6E-7 1.9E-7

 

The experimental data, used in the process of kinetic modeling, differ from literature data in 
several aspects. In contrast to Rebrov et al. [23, 91], the test for kinetic regime was carried out 
experimentally, instead of calculations that are based on the Pt surface area measured only 
prior to reaction. Furthermore, in this work the steady-state assumption was verified 
experimentally, an estimate of experimental error was obtained , and the distribution of 
experimental points follows an experimental design (section 3.3). The latter three aspects 
distinguish this report also from previous kinetic studies in UHV, where the described 
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activation vs. time on stream (p. 106 in [19]), activation during heating cycles [101] and in 
cycles of oxygen pressure ([101], also p. 105 in [22]) were not explicitly accounted for in the 
evaluation of kinetic data.   

The experiments have shown that steady-state, differential reactor and kinetic regime are valid 
simplifying assumptions for the presented kinetic data of catalytic ammonia oxidation. 
Furthermore, the kinetic data are of reasonable accuracy. The computed estimates of 
experimental error are used in section 8.3 to evaluate the quality of kinetic simulations.  

8.2 Kinetic models 

In this section, the general basis of the evaluated kinetic models is developed (part 1). 
Thereafter, the three kinetic models (A, B, C) are described (part 2-4). For each of them, the 
results of the respective kinetic simulation (methodology: chapter 3.4) are presented, i.e. the 
influence of feed composition and temperature on the rate of product formation, and the 
derived kinetic parameters. In addition, for model C the influence of feed composition and 
temperature on (computed) surface coverage is shown (part 4).    

8.2.1 Basis of the kinetic models 

The kinetic models have to account for all major reaction paths identified in the previous 
chapters (Fig. 51), as well as the measured influences of feed composition and temperature on 
the rates of product formation (section 8.1). The strategy to derive the kinetic models is 
similar to the approach used by Rebrov et al. [23, 91] and Scheibe et al. [19, 102]. 
Mechanistic models for the reaction paths were assembled from literature data, and then 
simplified in order to reduce the multitude of kinetic parameters to the required minimum 
number. Three kinetic models were tested:  
  (A) based on the kinetic model for Pt(533) of Scheibe et al. [19, 102],   
  (B) based on the best kinetic model for Pt/Al2O3 of Rebrov et al. [23], and   
  (C) a model derived by modifying reactions and adsorption-site assignments of model B.  

All three kinetic models were assembled in the same way. Elementary reaction steps were 
proposed to describe the major reaction paths. For the surface species included in the reaction 
steps, adsorption sites were assigned based on literature data for the assumed Pt model 
surface, i.e. flat Pt single crystals. Thereafter, rate equations were derived, using simplifying 
assumptions for reaction steps that would otherwise introduce too many unknown parameters 
into the system of equations [102]. The mechanistic base of model building, common features 
of the tested models as well as differences between them are discussed below.   

Reaction mechanism 

Based on literature, a mechanistic model for ammonia oxidation on Pt (Fig. 54) can be in-
ferred [91, 102]. Reaction steps that have to be considered are adsorption of feed molecules 
(NH3, O2), activation of adsorbed ammonia molecules, the formation and desorption of reac-
tion products (N2, N2O, NO, H2O), as well as product re-adsorption and secondary reactions. 

General agreement exists that ammonia adsorbs in on-top position on Pt (Pt(111): [50-52, 70]) 
independent of Pt crystal plane [71, 72]. Ammonia adsorption is usually assumed to be a non-
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activated process [91, 102]. The low-coverage state of adsorbed ammonia desorbs in a broad 
peak around 30-110 °C [71, 72] with an activation energy of desorption of ca. 75-96 kJ/mol. 

Adsorption of O2 on platinum is usually assumed to be dissociative. The reaction was 
previously described as non-activated process (EA = 0) with either constant initial sticking 
probability [23, 108, 267, 268], or an initial sticking coefficient that decreases with increasing 
temperature, resulting in slightly negative (apparent) activation energies (Pt(111): 
EA =̂ -2.6 kJ/mol [83];  Pt(443): EA= -7.5 kJ/mol [102]). Maximum coverage of adsorbed 
oxygen atoms and initial sticking coefficient vary with Pt crystal plane [80, 83, 269]. 
Dissociative oxygen adsorption on Pt is a reversible reaction. Depending on Pt surface and 
oxygen coverage, activation energies of 105-215 kJ/mol have been reported for the desorption 
([91] and references therein). 

Different reactions have been proposed for the activation of ammonia molecules on Pt 
surfaces, decomposition [72, 92, 93, 95], reaction with adsorbed oxygen atoms [24, 25], and 
also reaction with adsorbed hydroxyl, where the OHads is generated by NHx + O interactions 
[13, 24, 27-31]. It is widely accepted that the stepwise abstraction of hydrogen atoms from 
NH3 by reaction with O and OH is faster than ammonia decomposition. Despite of recent 
progress, the computation of activation energies for possible reaction steps on Pt(111) by DFT 
[13, 58], the full kinetics of ammonia activation are not yet known [102].    

The recombination-desorption of adsorbed nitrogen atoms is commonly assumed as the main 
route of N2 formation [22, 23, 91, 99, 100, 102, 145]. Alternative reactions between NHx 
species forming N2 and H2 [12] are rather speculative. 

Formation of NO is usually described via recombination of adsorbed O and N atoms [91, 
102]. Depending on the investigated Pt surface plane and on temperature, nitric oxide desorbs, 
decomposes [25, 127, 131], or reacts to N2O [59, 91]. The competition between these 
reactions determines the selectivity towards NO and N2O. The formation of N2O via N + NO 
reaction has been shown to be energetically favored over formation and subsequent 
decomposition of an (NO)2 dimer [59, 105, 106]. Some authors proposed product formation 
via HNOads intermediate for N2O [140], NO [26] and N2 [140, 270], but so far no 
experimental proof has been obtained for the presence of HNO on the catalyst surface during 
catalytic ammonia oxidation [102]. 

The OH formed in ammonia activation contributes to the formation of water, the only 
hydrogen-containing product of ammonia oxidation. Water can be formed on the Pt surface 
via reaction OH + H [107, 108], via OH + OH [107, 108], and via NHx + OH [27, 31]. The 
subsequent desorption is fast, leading to a negligible surface coverage of water under reaction 
conditions [23, 102, 107]. 

Possible secondary reactions of the ammonia-oxidation products NO and N2O can be 
accounted for by dissociative adsorption of N2O on the Pt surface, and by molecular NO 
adsorption followed by the already described reaction of NOads. Interactions between N2 and 
Pt are negligible between 20 and 800 °C [20]. 
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Common features of models A-C 

Three kinetic models (A, B, C) were derived considering the above listed elementary reaction 
steps. The models are similar in most aspects, including also the simplifying assumptions. The 
common mechanistic scheme that describes models A-C is shown in Fig. 54, common 
features of the models are briefly summarized below.   

The adsorption of ammonia is described by non-activated molecular adsorption [91, 102], i.e. 
the activation energy was fixed at EA

NH3 ads≡0 during the parameter fitting. The reaction is 
reversible. Also, non-activated reversible dissociative O2 adsorption [23, 108, 267, 268, 271] 
is incorporated in the models (EA

O2 ads≡0). The simplifying assumption is made that the 
kinetics of oxygen desorption are coverage independent. As done before by Rebrov et al. [23] 
and Scheibe et al. [102], the stepwise ammonia activation by adsorbed atomic oxygen is 
lumped into one stoichiometric reaction, assuming the first step, NH3 + O, to be rate 
determining. Hence, the reaction is first order with respect to NH3 and O. Since both 
mentioned kinetic studies [23, 102] found negligibly small surface coverage of H and OH, 
and water desorption is known to be fast, water formation was also included in the lumped 
reaction step. Production of N2 and NO is described by the respective recombination reactions 
(N + N, N + O). While N2 desorption is fast, adsorbed nitric oxide can either desorb or 
undergo further reaction, i.e. dissociation or N2O formation. Formation of nitrous oxide is 
modeled by a surface reaction between N and NO.  
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Fig. 54 Mechanistic scheme of reaction steps of ammonia oxidation considered in kinetic models  
 A-C, indicating elementary reactions (solid line) and a lumped reaction (dashed line)  

Differences between the kinetic models 

The kinetic models differ in the site assignment for adsorbed species. In model A [102], site 
uniformity was assumed. Model B [23] considers two energetically different adsorption sites 
(a, b); the site assignment of adsorbed species was inferred from the assumption that the 
surfaces resembles a flat single crystal Pt(100). Improved model C also assumes that there are 
two energetically different adsorption sites (a, b), but the site assignment of adsorbate species 
is based on the known site preferences on a Pt(111) surface. Further differences between the 
kinetic models exist in the fact that re-adsorption of NO is only considered in model C, and 
that only models A and B contain the NO decomposition step.  

Modeling assumptions 

A number of general assumptions was made for all models in order to simplify the 
computational evaluation of the kinetic data. The surface was treated as a uniform rigid 
substrate. The surface area was assumed to be the geometric area of a flat surface. The 
concentration of active sites on the surface is independent of reaction conditions and time, and 
equivalent to the number of Pt surface atoms. Furthermore, all adsorption sites of one type 
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(a, b) are energetically equivalent. Activation energies are coverage-independent. Finally, 
axial and radial gradients of temperature and concentration were assumed to be negligible 
(isothermal differential reactor in kinetic regime). 

The kinetic models A-C, and the results of kinetic simulations are described in the following 
parts 2-4 of this section.  

8.2.2 Model A 

Model A is based on the kinetic model for steady-state ammonia oxidation on Pt(533) 
published by Scheibe et al. [19, 102]. The authors fitted the rate of formation for N2 and NO 
to low-pressure (<10-2 Pa) experimental data. Rate data were measured at 250-350 °C as 
function of partial pressure of oxygen and ammonia, and in four temperature ramps with 
varied NH3:O2 ratio (50 K/min, 150-700 °C, hysteresis). 

A mechanistic scheme of model A is shown in Fig. 55, the reactions and rate equations are 
listed in Table 5. Uniformity of adsorption sites (“a”) was assumed. NO dissociation was 
included in the model, but not NO-adsorption. Scheibe et al. described ammonia activation by 
a simplified reaction step between adsorbed ammonia and adsorbed atomic oxygen, and water 
formation by subsequent OH + H recombination. Surface coverage of H and OH was found to 
be negligible under all conditions. Hence, the water formation step is fast and can be lumped 
into the ammonia activation step. Furthermore, H2 formation was not observed, therefore the 
H recombination reaction is neglected. N2O production has not been observed in the study of 
Scheibe et al., due to the low pressure. This was compensated by including the same reaction 
for N2O formation (NO + N) in model A that was used by Rebrov et al. [23]. Finally, 
dissociative oxygen adsorption had been described by a temperature-dependent sticking 
coefficient. Since the computed initial sticking coefficient changed less than 15 % in the 
temperature range of the present study [102], a rate equation was used in model A with 
constant pre-factor ki and zero activation energy. Without further assumptions, the system of 
rate equations shown in Table 5 was derived for kinetic model A. 

Results 

The kinetic parameters, obtained in the fitting procedure, are shown Table 5. A comparison 
between experimental and simulated rates of N2, N2O and NO formation as a function of O2 
and NH3 partial pressure is given for 330 °C in Fig. 56(a,b), for 385°C in Fig. 56(c-e). The 
temperature dependence of product formation is presented in Fig. 57 in oxygen and in 
ammonia excess.  

For low temperatures (Fig. 56a), the simulation indicates strong inhibition of N2 formation by 
oxygen as well as ammonia in excess of the respective component. This mutual inhibition is 
introduced by the model assumption of a single type of adsorption sites (“a”), and the 
resulting competition between oxygen and ammonia for these adsorption sites. Such 
inhibition is not reflected in the experimental data. The rate of N2 formation is described 
better at higher temperatures (Fig. 56c): adsorbate coverage on the surface decreases with 
increasing temperature, and hence, the influence of site blocking effects is lowered. 
Nevertheless, inhibition of ammonia oxidation is still predicted by the simulation, 
contradicting the experimentally observed trends. 
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Fig. 55 Model A: Mechanistic scheme of the included reaction steps of ammonia oxidation,  
 indicating elementary reactions (solid line) and a lumped reaction (dashed line)  
 

Table 5 Model A: Reactions, rate equations, kinetic parameters, mass balance of surface species, 
 adsorption sites, mass balance of gas phase species  

reaction rate equation ki, T=385°C EA,i #  

  mol m-2 s-1 kJ/mol   

NH3 + a      NH3-a  r1h = k1h  pNH3  Θa    
r1r = k1r  ΘNH3-a    

1.23E+00x

2.30E+01 
0 y 

93.6 
1  

O2 + 2 a    2 O-a     r2h = k2h  pO2  Θa
2    

r2r = k2r  ΘO-a
2    

4.53E-01x

1.04E-10 
0 y 

228.4 
2  

NH3-a + 3/2 O-a   
                N-a + 3/2 H2O + 3/2 a 

r3h = k3h  ΘNH3-a  ΘO-a    6.43E+02 143.7 3  

NO-a  NO + a r4h = k4h  ΘNO-a    1.73E+00 176.1 4  

2 N-a  N2 + 2 a r5h = k5h  ΘN-a
2    2.76E+01 129.1 5  

N-a + O-a  NO-a + a r6h = k6h  ΘN-a  ΘO-a    
r6r = k6r  ΘNO-a  Θa 

8.20E+00
5.43E+00 

136.0 
93.9 

6  

NO-a + N-a  N2O + 2 a r7h = k7h  ΘNO-a  ΘN-a 4.9E+00 132.6 7  

surface coverage: 
   ( dΘi / dt = 0 ) 

ca,total · dΘN-a/dt = r3h – 2 r5h – r6h + r6r – r7h   
ca,total · dΘO-a/dt = 2 r2h – 2 r2r – 3/2 r3h – r6h + r6r   
ca,total · dΘNH3-a/dt = r1h – r1r – r3h  
ca,total · dΘNO-a/dt = - r4h + r6h – r6r – r7h   

 

adsorption sites: a: O, N, NH3, NO Θa = 1 – ΘO-a – ΘN-a – ΘNH3-a – ΘNO-a 

gas phase: rNH3 = r1r – r1h 
rO2 = r2r – r2h 

rNO = r4h 

rN2 = r5h 

rN2O = r7h 

 

 x ki in mol m-2 s-1 kPa-1   
 y EA,i ≡ 0 (see section 8.2.1) 
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Fig. 56 Model A: influence of partial pressure of oxygen and ammonia, experiment vs. simulation 
 a) rate of N2 formation at 330°C  c) rate of N2 formation at 385°C  
       d) rate of NO formation at 385°C  
 b) rate of N2O formation at 330°C  e) rate of N2O formation at 385°C 
 (dashed line and symbols: experimental; solid line: simulation) 

no NO observed 
at 330°C 
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Fig. 57 Model A: influence of temperature on rate of product formation  
 in oxygen excess (NH3:O2 = 3:6) and ammonia excess (NH3:O2 = 6:3) 
 (dashed line and symbols: experimental; solid line: simulation) 
 

NO is produced only at high temperatures. The general trends in partial pressure dependence 
of NO formation on feed composition (Fig. 56d) are captured by model A. Moreover, the 
formation of N2O at low and high temperatures (Fig. 56b,e) is described by the simulation, 
except for the range of large oxygen excess. The deviation between simulated and 
experimental N2O formation rates is more pronounced at higher temperatures. 

The model captures the general trends in temperature dependence of production distribution 
(Fig. 57): rates of formation for N2, N2O and NO increase with temperature. The data for 
nitric and nitrous oxide are fitted well, but simulation and experiment deviate markedly for 
the main product nitrogen. Finally, the inhibition of ammonia oxidation at low temperatures 
by adding NO cannot be accounted for in model A, due to the lack of a term for adsorption of 
NO. 
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8.2.3 Model B 

Model B is based on the better one of two kinetic models considered by Rebrov et al. [23] for 
ammonia oxidation over Pt/Al2O3. They measured kinetic data at 260-360 °C with focus on 
the temperature dependence. Ammonia conversion varied between 40 and 100 % at 
260-300 °C; up to 30 % NO were formed at 300 to 360 °C (with XNH3 > 95 %). For two 
proposed kinetic models ammonia conversion, selectivity to N2 and selectivity to N2O were 
fitted to the experimental data. Models were discriminated by their residual values, i.e. lack-
of-fit to the experimental data. 

The kinetic models were developed using published mechanistic and kinetic information from 
Pt(100), Pt(110), Pt(111) and Pt/Al2O3, depending on the reaction step. The assignment of 
adsorption sites followed literature data on Pt(100), assuming bridge and hollow sites (a: N, 
O) to be energetically equivalent, and ammonia and NO to reside in on-top positions (b: NH3, 
NO). Reaction steps of low significance for the kinetic model were identified by (initial 
computational) sensitivity analysis, and excluded from the model. 

A mechanistic scheme of model B is shown in Fig. 58, the reactions and rate equations are 
listed in Table 6. Two types of adsorption sites were assumed (“a”, “b”), differentiating 
between adsorbed atomic oxygen and nitrogen (hollow = bridge site “a”), and adsorbed NO 
and NH3 molecules (on-top site “b”). NO dissociation is included in the model, but NO does 
not re-adsorb [23]. N2O formation proceeds via NO + N reaction. Rebrov et al. computed a 
negligibly small surface coverage of hydroxyl. Hence, water formation via recombination of 
OH is fast, and was therefore lumped into the ammonia activation step of model B. The 
simplifying assumption was made in model B that the activation energy of oxygen desorption 
is coverage independent. Resulting kinetic model and rate equations are shown in Table 6.  

Results 

The kinetic parameters, derived in the fitting procedure, are presented in Table 6. A 
comparison between experimental and simulated rates of N2, N2O and NO formation as a 
function of O2 and NH3 partial pressure is given for 330 °C in Fig. 59(a,b), for 385 °C in Fig. 
59 (c-e). Fig. 59(a*) compares the simulated rN2 at 330 °C with the threefold of the 
experimental values. The temperature dependence of product formation is shown in Fig. 60 in 
oxygen and in ammonia excess.  

For the main product, N2, the general dependency between the partial pressure of O2 and NH3 
and the rate of formation is described well (Fig. 59a), indicated by the similar curve shapes of 
simulated and experimental results. Nevertheless, the total values of the simulation are too 
high. This is clearer from Fig. 59a*, where all experimental values were multiplied by a factor 
of 3, and nicely fit with the simulation. The indicated deviation can be for example 
rationalized by a wrongly assumed surface area, i.e. total number of active sites, in the 
evaluation of experimental data at 330 °C (see section 8.4 for further discussion). For higher 
temperatures, curve shapes as well as absolute rate values are predicted very well. The better 
agreement at higher temperature results from the choice of 385 °C as a reference temperature 
in the computation of rate constants ki(T).  
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Fig. 58 Model B: Mechanistic scheme of the included reaction steps of ammonia oxidation,  
 indicating elementary reactions (solid line) and a lumped reaction (dashed line)  
 

Table 6 Model B: Reactions, rate equations, kinetic parameters, mass balance of surface species, 
 adsorption sites, mass balance of gas phase species  

reaction rate equation ki, T=385°C EA,i #  

  mol m-2 s-1 kJ/mol   

NH3 + b      NH3-b  r1h = k1h  pNH3  Θb    
r1r = k1r  ΘNH3-b    

6.55E-01x

3.98E-01 
0 y 

71.5 
1  

O2 + 2a     2 O-a     r2h = k2h  pO2  Θa
2    

r2r = k2r  ΘO-a
2    

2.58E-01x

1.67E-07 
0 y 

230.9 
2  

NH3-b + 3/2 O-a   
           N-a + 3/2 H2O + 1/2 a + b 

r3h = k3h  ΘNH3-b  ΘO-a    2.48E+02 155.5 3  

NO-b  NO + b r4h = k4h  ΘNO-b    7.34E+00 172.5 4  

2 N-a  N2 + 2a r5h = k5h  ΘN-a
2    5.73E+02 64.7 5  

N-a + O-a + b  NO-b + 2 a r6h = k6h  ΘN-a  ΘO-a      *

r6r = k6r  ΘNO-b  Θa
2 

1.74E+01
4.81E-06 

139.1 
117.3 

6  

NO-b + N-a  N2O + a + b r7h = k7h  ΘNO-b  ΘN-a 8.34E+01 183.5 7  

surface coverage: 
   ( dΘi / dt = 0 ) 

ca,total · dΘN-a/dt = r3h - 2 r5h - r6h + r6r - r7h   
ca,total · dΘO-a/dt = 2 r2h - 2 r2r – 3/2 r3h - r6h + r6r  
cb,total · dΘNH3-b/dt = r1h - r1r - r3h  
cb,total · dΘNO-b/dt = - r4h + r6h - r6r - r7h   

 

adsorption sites: a: O, N 
b: NH3, NO 

Θa = 1 - ΘO-a - ΘN-a 
Θb = 1 - ΘNH3-b - ΘNO-b 

gas phase: rNH3 = r1r – r1h 
rO2 = r2r – r2h 

rNO = r4h 

rN2 = r5h 

rN2O = r7h 

 

 x ki in mol m-2 s-1 kPa-1   
 y EA,i ≡ 0 (see section 8.2.1) 
 * rate equation is identical to that of Rebrov et al. [23], Θb not included there 
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Fig. 59 Model B: influence of partial pressure of oxygen and ammonia, experiment vs. simulation 
 a) rate of N2 formation at 330°C  c) rate of N2 formation at 385°C 
 a*) rate of N2 formation at 330°C, rN2,exp x3 d) rate of NO formation at 385°C  
 b) rate of N2O formation at 330°C  e) rate of N2O formation at 385°C 
 (dashed line and symbols: experimental; solid line: simulation) 
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Fig. 60 Model B: influence of temperature on rate of product formation   
 in oxygen excess (NH3:O2 = 3:6) and ammonia excess (NH3:O2 = 6:3);  
 (dashed line and symbols: experimental; solid line: simulation) 
 

The rate of NO formation as a function of oxygen and ammonia partial pressure shows good 
agreement between experimental and simulated values (Fig. 59d). Also, the rate of N2O 
production is fitted reasonably well (Fig. 59b,e). Discrepancies are only observed in large 
oxygen excess. 

Similar to model A, only the very general trends in temperature dependence (increase of all 
rates with temperature) are captured by model B (Fig. 60). While NO and N2O are described 
well, the rate of nitrogen formation deviates from measured values in a systematic way, 
predicting too high values at low temperatures. The mathematical reason for this phenomenon 
lies in the choice of 385 °C as reference temperature in the computation of rate constants 
ki(T), and the fact that the values for activation energies of elementary reaction steps were 
constrained to a meaningful range (literature value EA,i

lit ± 30 kJ/mol, see chapter 3.4). Hence, 
the ability of the model to describe a strong temperature dependence is limited, in order to 
avoid solutions that are mathematically correct, but physically wrong. As indicated before, the 
deviation may be introduced by a second superimposed temperature dependence, for instance 
a change in surface area and number of active sites with temperature ca,b(T), in addition to the 
Arrhenius dependence of chemical kinetics (see section 8.4 for further discussion). Finally, 
and similar to model A, model B cannot account for the influence of adding NO to the feed, 
since model B does not contain an adsorption term for nitric oxide. 
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8.2.4 Model C 

Model C was developed from model B, but with major modifications. Instead of assuming the 
surface of polycrystalline Pt to be similar to Pt(100) (model B: [23]), the Pt(111) plane was 
considered as model surface. The assumption of a Pt(111) model surface is reasonable, since 
macroscopic pieces of a fcc metal generally expose predominantly the thermodynamically 
most stable (111)-type surface planes. This consideration has two important consequences: 
the site assignment for NO is different from model B, and adsorbed NO does not dissociate on 
Pt(111). Furthermore, adsorption of nitric oxide was incorporated into the model. A 
mechanistic scheme of model C is shown in Fig. 61. 

The energetic preferences of all relevant adsorbate species on Pt(111) have been computed by 
Offermans et al. [18, 58] applying DFT calculations. Assuming that the most stable 
adsorption configuration is reached for each adsorbate, two types of adsorption sites are 
populated: hollow (O, N, NO) and on-top (NH3). Accordingly, two different adsorption sites 
were introduced in model C, sites “a” (O, N, NO) and sites “b” (NH3). Assigning the same 
adsorption site for oxygen and nitric oxide results in site competition between O and NO, 
which is supported by spectroscopic evidence [138, 272]. Thus, model C can account for the 
consequences of co-feeding NO, i.e. increased N2O formation, and inhibition of ammonia 
oxidation at low temperature. 

Results 

Kinetic parameters, derived in the fitting procedure, are presented in Table 7. Experimental 
and simulated rates of N2, N2O and NO formation as a function of O2 and NH3 partial 
pressure are given for 330 °C in Fig. 62(a,b), for 385°C in Fig. 62 (c-e). Fig. 62(a*) compares 
the simulated nitrogen-formation rates at 330°C with the threefold of the experimental values. 
Temperature dependence of product formation is shown in Fig. 63 in oxygen and in ammonia 
excess. 

Similar to model B, the influence of feed composition (NH3, O2) on N2 formation, i.e. the 
curve shape, is well described (Fig. 62a), but the predicted values are too high. Excellent 
agreement exists when the experimental values are multiplied by a factor of 3 (Fig. 62a*). At 
high temperatures (Fig. 62c), the rate of N2 formation is simulated well. 

The computed curves for NO agree very well with the experimental values (Fig. 62d). 
Moreover, also predicted formation of nitrous oxide fits nicely with respect to curve shape 
and values (Fig. 62b,e), except for minor deviations in oxygen excess. Similar to model B, the 
general trends in temperature dependence of product distribution are captured. Very good 
description is achieved for NO and N2O (Fig. 63), but the simulated values for the main 
product nitrogen are too high at low temperatures. A similar interpretation as for model B, a 
possible increase in surface area and in number of active sites with temperature, may apply 
(section 8.4). 
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Fig. 61 Model C: Mechanistic scheme of the included reaction steps of ammonia oxidation,  
 indicating elementary reactions (solid line) and a lumped reaction (dashed line)  
 

Table 7 Model C: Reactions, rate equations, kinetic parameters, mass balance of surface species, 
 adsorption sites, mass balance of gas phase species  

reaction rate equation ki, T=385°C EA,i #  

  mol m-2 s-1 kJ/mol   

NH3 + b      NH3-b  r1h = k1h  pNH3  Θb    
r1r = k1r  ΘNH3-b    

6.38E-01x 
2.17E+00 

0 y 
60.9 

1  

O2 + 2a     2 O-a     r2h = k2h  pO2  Θa
2    

r2r = k2r  ΘO-a
2    

2.94E-01x 
1.09E-10 

0 y 
181.0 

2  

NH3-b + 3/2 O-a  
           N-a + 3/2 H2O + 1/2 a + b 

r3h = k3h  ΘNH3-b  ΘO-a   5.91E+02 99.5 3  

NO-a  NO + a r4h = k4h  ΘNO-a    
r4r = k4r  pNO  Θa   

1.24E+00 
2.63E-01x,z 

154.8 
63.5z 

4  

2 N-a  N2 + 2a r5h = k5h  ΘN-a
2    6.42E+01 139.0 5  

N-a + O-a  NO-a + a r6h = k6h  ΘN-a  ΘO-a   9.34E+00 135.4 6  

NO-a + N-a  N2O + 2 a r7h = k7h  ΘNO-a  ΘN-a 5.20E+00 155.2 7  

surface coverage: 
   ( dΘi / dt = 0 ) 

ca,total · dΘN-a/dt = r3h - 2 r5h - r6h - r7h   
ca,total · dΘO-a/dt = 2 r2h - 2 r2r – 3/2 r3h - r6h   
cb,total · dΘNH3-b/dt = r1h - r1r - r3h  
ca,total · dΘNO-a/dt = - r4h + r6h - r7h + r4r  

 

adsorption sites: a: O, N, NO 
b: NH3 

Θa = 1 - ΘO-a - ΘN-a - ΘNO-a 
Θb = 1 - ΘNH3-b 

gas phase: rNH3 = r1r – r1h 
rO2 = r2r – r2h 

rNO = r4h – r4r 

rN2 = r5h 

rN2O = r7h 

 

 x ki in mol m-2 s-1 kPa-1   
 y EA,i ≡ 0 (see section 8.2.1) 
 z obtained in separate fitting procedure with rN2=f(pNO) data, all other ki, EA,i fixed 
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Fig. 62 Model C: influence of partial pressure of oxygen and ammonia, experiment vs. simulation 
 a) rate of N2 formation at 330°C  c) rate of N2 formation at 385°C 
 a*) rate of N2 formation at 330°C, rN2,exp x3 d) rate of NO formation at 385°C  
 b) rate of N2O formation at 330°C  e) rate of N2O formation at 385°C 
 (dashed line and symbols: experimental; solid line: simulation) 
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Fig. 63 Model C: influence of temperature on rate of product formation   
 in oxygen excess (NH3:O2 = 3:6) and ammonia excess (NH3:O2 = 6:3);  
 (dashed line and symbols: experimental; solid line: simulation) 
 

Surface coverage 

To facilitate a discussion of the influence of feed composition and temperature on coverage of 
the surface with adsorbates, the respective values are presented below for model C. The effect 
of changing the oxygen and ammonia partial pressure is indicated in Fig. 64a-c for 330°C, 
and in Fig. 64d-e for 385°C. The temperature dependence of surface coverage is shown in 
Fig. 65 for excess of oxygen and of ammonia.  

A significant coverage of the catalyst surface with atomic oxygen requires O2 excess in the 
gas phase (Fig. 64a,d); due to rapid oxygen consumption in ammonia excess, the respective 
oxygen coverage (O-a) is low. Accordingly, a high surface coverage of NO is reached only in 
oxygen excess (Fig. 64a,d). The high NO coverage in oxygen excess relates to a high 
desorption rate of NO at 374 and 385 °C (Fig. 62d).  

The influence of feed composition on surface coverage of atomic nitrogen is less pronounced 
than for O and NO (Fig. 64b,e). Still, high oxygen and ammonia pressure increase the 
nitrogen coverage. The number of vacant sites “a” decreases with higher oxygen pressure 
(Fig. 64b,e), due to enhanced oxygen adsorption. In contrast, more “a” sites are vacant for 
high ammonia content, related to faster consumption of oxygen in the activation of ammonia. 

Only ammonia can occupy adsorption sites “b”. Accordingly, more ammonia in the gas phase 
results in higher surface coverage of ammonia, and a smaller number of vacant “b” sites. 
Increasing the oxygen pressure has the opposite effect: coverage with ammonia decreases, 
since adsorbed ammonia is consumed faster.  
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Fig. 64 Model C: influence of partial pressure of oxygen and ammonia on surface coverage 
 a) of O-a and NO-a at 330°C   d) of O-a and NO-a at 385°C  
 b) of a and N-a at 330°C   e) of a and N-a at 385°C  
 c) of b and NH3-b at 330°C   f) of b and NH3-b at 385°C 
 (letters a and b denote in the plots different adsorption sites)  
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Fig. 65 Model C: influence of temperature on (computed) surface coverage   
 in oxygen excess (NH3:O2 = 3:6) and ammonia excess (NH3:O2 = 6:3) 
 (letters a and b denote in the plots different adsorption sites) 
 

The temperature dependence of adsorbate coverage on the Pt surface (Fig. 65) reflects the fact 
that desorption is an activated process, and hence, faster at higher temperatures. Therefore, 
more empty sites (“a”, “b”) become available with increasing temperature. Accordingly, the 
surface coverage of ammonia, nitric oxide and atomic nitrogen decreases. The only exception 
to this trend is seen for oxygen (Fig. 65): the surface coverage of atomic oxygen increases 
with temperature in the temperature range of this work. A similar effect was reported in the 
ammonia oxidation study of Scheibe et al. [102]. The increase in oxygen coverage with 
temperature can be explained by the increase in available adsorption sites “a”, hence faster 
oxygen adsorption and higher oxygen coverage, while recombination-desorption of atomic 
oxygen on platinum is known to be negligibly slow below 500 °C [73, 90, 135]. At 
temperature above 500 °C, surface coverage with oxygen will decrease due to the onset of 
oxygen desorption. 

8.3 Model discrimination 

The kinetic simulations for models A-C, presented in the previous section 8.2, show that with 
all three models the general temperature dependence of the rates of product formation can be 
captured: rates increase with temperature. The formation of NO and N2O is described quite 
well, but prediction of the temperature dependence of the formation of the main product 
nitrogen is not optimal for all models: experimental values increase stronger than simulated 
values. 

Concerning the influence of partial pressure of ammonia and oxygen, the curves of NO for-
mation are described by models A-C. The situation is similar for N2O production: all models 
predict the general influence of feed composition (pNH3, pO2), but deviate more or less in the 
range of oxygen excess. Only in the description of the relation between feed composition and 
N2 formation pronounced difference between the models were found. While models B and C 
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capture the important trends, i.e. increase of rate of N2 formation with partial pressure (NH3; 
O2) and reaching a constant high level in excess of one species, model A predicts inhibition in 
such a case. The inhibition is introduced by the single-site concept of model A, and already 
evident in the rates of product formation simulated by Scheibe et al. [102].  

The inhibition computed by model A is in contradiction to the experimental data. Due to this 
lack of adequate description of two experimentally observed trends, the influence of ammonia 
and oxygen pressure on rate of product formation, model A was discarded. The remaining 
models B and C were discriminated by statistical means. 

The discrimination between models B and C was based on a comparison of lack-of-fit in the 
description of formation of the product species N2, N2O and NO. The best-fitting model was 
selected, and a test for the statistical significance of differences between the models was 
applied (see eq. (3-4) to (3-11)). The respective data are shown in Table 8. It can be seen that 
a superior description is obtained with model C for all products (lower SSL values). Looking 
at the means squares of lack-of-fit, the simulation with model C is better by a factor of 1.8 to 
2.8 (see F-value, Table 8). A test for the significance of the differences between model B and 
C was carried out on the (1-α) confidence level of 99 %, taking into account the number of 
different experimental points (M) and number of kinetic parameters (P) as degree of freedom 
(dfL) (Table 9). The differences between the models in the description of N2 production are 
not significant (F-test passed, Table 8). In contrast, model C describes formation of NO and 
N2O significantly better than model B (F-test failed, Table 8). 
 

Table 8 Discrimination between model B and model C, based on lack-of-fit and significance test 

 
degree of freedom 

of the models:  
squared sum for 

lack-of-fit: 
mean squares for 

lack-of-fit: 
F value 

 
Fcritical 

(α=1%) 
passing 

F-Test? *
 dfL,B dfL,C SSL,B SSL,C MSL,B MSL,C    

model: B C B C B C    
          

N2 34 36 6.65E-01 3.63E-01 1.96E-02 1.01E-02 1.83 2.24 yes 
NO 34 36 1.15E-03 4.05E-04 3.39E-05 1.12E-05 2.85 2.24 no 
N2O 34 36 6.29E-05 2.78E-05 1.85E-06 7.72E-07 2.26 2.24 no 

 * assuming the validity of F-test prerequisites (normal distributed, independent samples) 
 

As suggested by Box and Draper [212], the lack-of-fit was also compared to the estimate of 
experimental error applying the F-test. Such significance test indicates if a model achieves the 
best possible description with respect to the (known) experimental accuracy. The respective 
data for model B and C are shown in Table 9. All models failed the F-test, indicating that 
there is room for further improvement of the kinetic simulation. 
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Table 9 Significance test for quality of models B and C by comparing lack-of-fit (index L) 
 with experimental error (index e) estimated from replicate runs  

product total diff. para- 
degree of 
freedom: squared sums: mean squares: F- Fcritical 

pass
F- 

species runs runs meters model error lack-of-fit exp. error lack-of-fit exp. error value α=1% test?
 N x M P dfL dfe SSL SSe MSL MSe    
             

model B:            
N2 68 52 18 34 16 6.65E-01 2.91E-04 1.96E-02 1.82E-05 2283 3.06 no 
NO 68 52 18 34 16 1.15E-03 5.10E-06 3.39E-05 3.19E-07 226 3.06 no 
N2O 68 52 18 34 16 6.29E-05 6.33E-07 1.85E-06 3.95E-08 99 3.06 no 

             
model  C:            

N2 68 52 16 36 16 3.63E-01 2.91E-04 1.01E-02 1.82E-05 1248 3.05 no 
NO 68 52 16 36 16 4.05E-04 5.10E-06 1.12E-05 3.19E-07 79 3.05 no 
N2O 68 52 16 36 16 2.78E-05 6.33E-07 7.72E-07 3.95E-08 44 3.05 no 

 x using number of sets {(rN2, rN2O, rNO) = f(pNH3, pO2)} of experimental points [212] 

Model C achieved the best description of experimental data among the tested kinetic models 
for ammonia oxidation at 286 to 385 °C. Despite of its shortcomings in the description of the 
temperature dependence of N2 formation, the influence of temperature on NO and N2O 
formation is predicted very well. Furthermore, the influence of feed composition on product 
formation is well described. 

8.4 General discussion 

A comparison between the tested kinetic models and modeling results does not only reveal the 
best-fitting model, it also provides information concerning the relevance of NO dissociation, 
the suitability of the assumed adsorption-site assignments, the temperature dependence of am-
monia oxidation, and also the pressure-gap between studies at low and atmospheric pressure. 

NO dissociation 

The best description of experimental data was obtained with model C that, in contrast to 
models A and B, does not contain the reaction term for NO dissociation (r6r in Table 5, Table 
6). That, of course, does not mean that NO dissociation is not catalyzed at all by Pt foil, only 
that the reaction is negligibly slow under the conditions of the present ammonia oxidation ex-
periments. Different factors contribute to the low rate of NO dissociation. As pointed out in 
chapter 6.3, product formation due to catalytic decomposition of NO on polycrystalline Pt is 
slow up to 400 °C. Moreover, the reaction between ammonia and nitric oxide over 
polycrystalline Pt starts only at 340 to 550 °C, depending on the oxygen content of the near-
surface region of Pt (chapter 7.2). In the presence of O2 that competes with NO for adsorption 
sites, the temperature may be even higher. Furthermore, the dissociation of NO requires 
empty neighboring sites [105, 128, 130, 131], which can be blocked by O, NO or N under 
reaction conditions of ammonia oxidation. 
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The insignificance of NO dissociation in the reaction system of catalytic ammonia oxidation 
near atmospheric pressure is in contrast to ammonia oxidation studies under UHV conditions 
[24, 25, 102], and points to the presence of a pressure gap, or more precisely, a “coverage 
gap”. Hence, it is related to another known pressure gap, the fact that N2O formation in the 
NH3+O2 reaction requires a pressure of at least 6 Pa [13, 20]. Assuming that nitrous oxide is 
formed via NO + N reaction, it is clear that a minimum surface coverage of NO is required to 
form detectable amounts of N2O. A sufficiently high surface coverage of oxygen can prevent 
NO dissociation, which in turn is required for the formation of nitrous oxide. Therefore, the 
two pressure gaps “NO-dissociation” and “N2O-formation” are connected: a high partial 
pressure of oxygen inhibits NO dissociation by blocking empty sites, and the resulting higher 
surface coverage of NO promotes N2O formation. 

The best fitting model C differs from the kinetic models of Scheibe et al. [102] and Rebrov et 
al. [23] also in another related aspect: it contains an adsorption step for nitric oxide. The 
experimental data clearly show that NO inhibits the NH3 + O2 reaction, and contributes to 
N2O formation. Hence, at least for the investigated temperature and pressure range, molecular 
NO adsorption rather than NO dissociation is an essential part of the kinetic model. 

Assignment of adsorption sites 

The experimental data show negligible inhibition of product formation in excess of ammonia 
as well as oxygen. While models B and C (dual site) describe the pressure dependence of 
product formation rates well, model A (single site) cannot account for negligible inhibition. 
Hence, the assumption of two energetically different adsorption sites for ammonia and oxygen 
is reasonable. 

Not only is the assumption of two different adsorption sites required, also the assignment of 
adsorbates to the two types of sites is important. Rebrov et al. [23] assumed that Pt/Al2O3 can 
be represented by a Pt(100) surface to account for (presumed) NO decomposition, they de-
duced two types of adsorption sites, and assigned adsorbates accordingly (model B). That NO 
dissociation can be neglected in the better kinetic model C indicates that Pt(111), which does 
not decompose NO, may be a better choice of model surface for polycrystalline Pt than 
Pt(100). This interpretation is supported by the fact that the thermodynamically stable (111) 
face is usually assumed to be the dominating crystal plane on surfaces of polycrystalline fcc 
metals. 

Influence of temperature on product formation 

The change of the rate of N2 formation with temperature is not fully captured by the tested 
kinetic models. Therefore, the derived values for activation energies, the parameters that 
account for temperature dependence of reaction kinetics, may be of limited accuracy. The 
systematic deviation (predicted rates are too high at low temperatures) indicates that a second 
temperature dependence is superimposed to the Arrhenius law of chemical kinetics. Such a 
temperature dependence may be a change in number of active sites with temperature, cact(T). 
Experimental rates were calculated in this work assuming a constant number of Pt sites, 
corresponding to the geometric area of a flat Pt foil surface. This assumption is a 
simplification, since SEM indicated faceting and surface roughening on the catalyst after 
acquisition of kinetic data (section 5.2, Fig. 25, Fig. 26). Furthermore, the catalyst activated 
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prior to kinetic measurements at all studied temperatures. Hence, the assumption of a known 
surface area is not fully valid. Measuring the number of active sites (a,b) as a function of 
temperature, or at least the catalysts surface area, is desirable, but adsorption methods fail due 
to the small total surface area of Pt foil samples.  

In order to understand, to which extent the surface area changes due to the reaction-induced 
faceting, and how that change depends on temperature, the surface area of used catalyst was 
estimated from SEM images. Images of the catalyst surface indicate that at 286 and 330 °C 
the surface stays rather flat during reaction (Fig. 25), while at 374 °C the surface is more or 
less uniformly covered with about 0.5 µm wide facets (Fig. 26). Abstracting the geometry of 
the surface reconstruction at 374 °C, and assuming reasonable dimensions, allows estimating 
of the relative difference in Pt surface area between low-temperature (286, 330 °C) and high-
temperature (374 °C) ammonia oxidation (see Appendix A-7). A factor for the reaction-
induced increase in surface area of ca. 1.7-2.5 for 374 °C, compared to 286 °C, is obtained. 
This would agree well with the deviation between simulated and experimental values of N2 
formation by a factor of ca. 2-3 (Fig. 62a*). It also implicates, that the experimental rates 
computed at 374 and 385 °C by assuming a flat catalyst surface may be up to 3 times too 
high. The estimation shows that a simple increase in Pt surface area with temperature may 
account for the remaining lack-of-fit in the kinetic models. Nevertheless, an influence of the 
type of surface reconstruction (facets of different activity, steps, kinks), in addition to the 
quantity (surface area), cannot be excluded. 

The calculated relative increase in surface area at 374 °C is a rather rough estimate. The total 
size of Pt foil catalyst is in the range of few mm2. Hence, a method for measuring the number 
of active sites needs to be very sensitive. Without knowing the number of Pt surface sites as a 
function of reaction conditions, rates cannot be calculated accurately; hence, the quality of ki-
netic models remains limited. An accurate quantification of the number of active sites requires 
numerous experiments dedicated to this purpose in order to understand all influencing factors 
(catalyst pretreatment, pi, T, t). Such an investigation was beyond the scope of this thesis. 

An alternative to determining the surface area experimentally is to avoid surface 
reconstruction and catalyst activation altogether in the kinetic study. This seems not to be 
feasible, since already for the mild conditions applied in this study (286-385 °C) a significant 
reconstruction of the catalyst surface was induced by ammonia oxidation. The process of 
surface reconstruction may possibly be slowed down in “milder” reaction conditions, but only 
for the cost of lower partial pressure of reactants (further away from “real” conditions) or 
lower temperature (no formation of NO). 

Synopsis 

The presented kinetic study of ammonia oxidation differs from previous studies in various as-
pects: Instead of investigating only a binary system consisting of ammonia and oxygen in a 
differential [102] or integral reactor [161], the influence of adding NO and N2O was studied 
experimentally. Thus, a new insight into the role of these product species in ammonia oxida-
tion kinetics was gained, which finally led to a different kinetic model. Furthermore, experi-
ments comprised post-reaction characterization by electron microscopy: The SEM data show 
that reaction-induced changes of surface morphology were significant, and that “steady-state” 
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and “known surface area” cannot be assumed without experimental proof. Moreover, the 
applied micro-structured quartz-reactor allowed for the first time to study the catalytic perfor-
mance of polycrystalline Pt foil with partial pressures (NH3, O2) in the kPa range, extending 
also the temperature range of temperature-controlled ammonia oxidation on Pt from ca. 380 
[23] to ~700 °C. The results indicate that a lower partial pressure of reactants, compared to 
Rebrov et al. [23], was a reasonable choice that extended the kinetic regime to slightly higher 
temperatures, and probably also decreased the rate of reaction-induced catalyst activation. 

The comparison of different kinetic models indicated that two different adsorption sites, rather 
than one site (model A: [102]), had to be assumed to describe the kinetics. Assuming a 
Pt(111) model surface in the assignment of species to adsorption sites (model C) led to 
significantly better kinetic simulations than a site assignment corresponding to Pt(100) 
(model B: [23]). Furthermore, in the temperature range where most of the experimental data 
were obtained (250-350 °C [102], 260-360 °C [23]), re-adsorption of NO and respective site 
competition must be included in the kinetic model, while dissociative N2O adsorption can be 
neglected. Temperature-dependent changes of catalyst morphology have to be considered in 
the interpretation of kinetic data. 

8.5 Summary and conclusions 

The kinetics of ammonia oxidation over Pt foil was studied by steady-state experiments in a 
micro-structured quartz-reactor over the temperature range of 286 to 385 °C, with partial pres-
sures of NH3 and O2 from 1 to 6 kPa, and of NO and N2O up to 0.47 kPa. Steady-state, kinetic 
regime and differential reactor operation were confirmed experimentally. The upper temper-
ature limit was imposed by limitation of mass transfer, and by ongoing catalyst activation.  

Rates of N2, N2O and NO formation were measured as a function of feed composition and 
temperature. Nitrogen was the major product within the temperature range, NO was only 
formed at 374 and 385 °C. N2 formation increased with partial pressure of ammonia as well as 
oxygen, but without marked inhibition in excess of one component. In contrast, NO and N2O 
formation occurred preferably in oxygen excess. Adding NO to a mixture of NH3 plus O2 in-
creased the rate of N2O formation, but decreased N2 production at low temperatures. In con-
trast, adding N2O had no influence on product distribution. The kinetic data were used to i-
dentify major reaction paths of ammonia oxidation (Fig. 51) in a scheme of possible reactions.  

Three different kinetic models were evaluated, two of them being based on published kinetics 
(model A: [102], Fig. 55; B:[23], Fig. 58). All models were derived from available mecha-
nistic information, and simplified to reduce the number of model parameters. Surface species 
were assigned to either one type of adsorption site (“model A”), or to two energetically 
different types of sites assuming either a Pt(100) (“B”) or a Pt(111) (“C”) model surface. The 
models were fitted to experimental data. For all models only moderate agreement was 
obtained between experimental and simulated temperature dependences, and only models B 
and C described the influence of ammonia and oxygen partial pressure well. Model C 
achieved a smaller lack-of-fit than model B, although the difference was significant (F-test) 
only with respect to NO and N2O, but not N2. A mechanistic scheme of the best-fitting 
model C is shown in Fig. 66. 
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Fig. 66 Model C: Mechanistic scheme of included reaction steps of ammonia oxidation, indicating  
 elementary reactions (solid line), lumped reactions (dashed line) and adsorption sites (a, b)  

A comparison of models and modeling results indicates that, in contrast to previous studies 
[23, 102], the best fit was obtained when two energetically different adsorption sites were 
assumed, where the assignment of adsorbates corresponded to Pt(111) (C), rather than Pt(100) 
(B). Re-adsorption of NO must be included in the model, while NO dissociation and 
dissociative N2O adsorption can be neglected. 

A possible explanation was suggested for the lack of description of the temperature influence: 
even under the comparatively mild reaction conditions of this work, a temperature-dependent 
restructuring of the catalyst surface during ammonia oxidation was observed. The change of 
morphology resulted in an increased number of active sites at higher temperatures, which 
could not be described quantitatively. Lower temperatures and / or reactant pressures may be 
required to avoid such temperature-dependent reaction-induced surface roughening. 

Besides the reaction-induced faceting of the Pt surface observed at atmospheric pressure, 
another difference to UHV studies exists: NO dissociation was not needed in the kinetic 
model. Such negligible decomposition of NO can be explained with blocking of the required 
neighboring sites by reaction intermediates (N, O, NO). Moreover, the stabilization of NO by 
co-adsorbates increases the surface coverage of nitric oxide. Since adsorbed NO participates 
in the formation of nitrous oxide, a pressure gap can be explained: N2O formation in ammonia 
oxidation required a pressure of at least 6 Pa [13]. The required pressure implicates a signifi-
cant coverage of the surface with reaction intermediates (N, O, NO), which leads to stabi-
lization of adsorbed NO, and hence a sufficiently high NO-coverage to produce detectable 
amounts of nitrous oxide.   

The kinetic modeling of ammonia oxidation can be further improved: the general agreement 
between simulated and real surface coverage may be verified experimentally with in-situ 
spectroscopic methods (XPS), e.g. to confirm the predicted high NO coverage at low 
temperatures. Furthermore, the steady-state model so far neglects the influence of oxygen 
content of Pt on the reaction kinetics, although oxygen pretreatments induce significant 
changes in the catalytic performance of Pt gauzes (chapter 7.3), and the oxygen content of Pt 
can change during ammonia oxidation. Moreover, a related aspect, the dependence of activity 
and selectivity on surface reconstruction (chapter 5.2) is not fully understood yet. Finally, the 
chemistry of NHx species was greatly simplified in the kinetic models, assuming one lumped 
reaction to account for ammonia activation by oxygen. The kinetics of H abstraction from 
ammonia by O and OH, and the interaction between NHx species could be treated in more 
detail when respective kinetic and mechanistic data (DFT) become available. 
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9 Conclusions and outlook 

The aim of this study was to obtain information on the kinetics of ammonia oxidation over 
platinum, and on reaction-induced changes of the structure of Pt catalyst under reaction condi-
tions close to atmospheric pressure, i.e. “real conditions”. The derived knowledge provides a 
basis for identification of so-called pressure and material gaps in the NH3/O2/Pt system via 
comparison to idealized systems (low pressure [20], single crystals [19], DFT [18]). 

Primary and secondary reactions of ammonia oxidation were studied over polycrystalline Pt, 
i.e., catalytic decomposition of NH3, N2O and NO, and reactions of ammonia with O2, N2O 
and NO. Relations between morphology and activity of Pt were derived from investigating 
(1) the influence of reaction conditions on Pt morphology, and (2) the catalytic performance 
of Pt catalysts of different morphology in each reaction. From the results, a range of 
conditions for a steady-state kinetic study of ammonia oxidation was identified. Using kinetic 
data acquired between 286 and 385 °C, kinetic modeling was performed. 

Reaction-induced changes of Pt morphology were identified (section 9.1) and related to 
changes in catalytic activity (section 9.2). Moreover, a kinetic model for ammonia oxidation 
was developed (section 9.3). Considering all results, “bridges” are proposed for the identified 
pressure and material gaps, and general conclusions for “gap-bridging” are drawn 
(section 9.4). Further studies are suggested (section 9.5).  

9.1 Morphology of Pt catalysts 

Polycrystalline platinum underwent complex morphology changes in all studied reactions; 
activity was closely related to the catalysts structure. Two types of structural modifications of 
Pt were identified: deformation of the Pt lattice in the bulk and near-surface region induced by 
oxygen species, and faceting of the Pt surface. With respect to oxygen-related changes of the 
platinum catalyst, three kinds of different Pt morphologies were observed:   
 (1) oxygen-free platinum, featuring the known lattice dimensions and fcc structure of Pt 
 (2) Pt with oxygen dissolved in the bulk, Odiss (XPS-O1s: 531.6 eV, XRD: expanded Pt 
lattice), formed by N2O treatments up to 600 °C. The bulk-dissolved atomic oxygen is 
assigned to interstitial sites of the Pt elementary cell.  
 (3) a stable platinum-oxygen phase, Pt-Ox (XPS-O1s: 529.7 eV, XRD: further expanded Pt 
lattice), after high-temperature treatments in N2O (> 600 °C) or O2 (900 °C). In analogy to the 
silver-oxygen system [200, 201], the oxygen species was interpreted as oxygen residing in 
substitutional position in the Pt lattice. 

The described morphologies are not oxides, but rather solid solutions of oxygen in Pt, since 
neither XPS (Pt4f: 71.0 eV) nor XRD (Pt lattice) indicated formation of the Pt bulk-oxides. 

The surface of Pt was reconstructed after treatments at temperatures above 750 °C into either 
sharp facets (O2 900 °C, N2O 750 °C), or softened and smooth facets (H2 900°C). Since the 
faceting occurred simultaneously to the oxygen-related modification of the Pt lattice, the 
influences on catalytic performance due to macroscopic faceting and due to structural changes 
of Pt on an atomic scale could not be separated. 
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Different facets were formed on the surface of Pt after catalytic ammonia oxidation at 286 to 
700 °C. In addition to the previously known high-temperature morphology changes induced 
by ammonia oxidation [165], a low-temperature regime of surface roughening was identified: 

(1) In ammonia oxidation between 286 and 385 °C, parts of the catalyst surface reconstructed 
into rows of parallel, sharply defined facets. With increasing temperature, facet size and the 
faceted surface area increased until the whole surface was covered. Owing to the low reaction 
temperature, the Pt transport is interpreted as adsorbate-enhanced Pt self-diffusion, which was 
previously observed on Pt single crystals [19, 180].  

(2) Temperature-programmed ammonia oxidation up to 700 °C induced formation of regular-
shaped facets and microcrystals that protrude from the surface. With increasing time-on-
stream the flat crystal faces “dissolved” and formed an assembly of smooth, rounded and only 
loosely connected crystals. This high-temperature catalytic etching was attributed to the 
established mechanism [163, 165] of Pt transport via volatile gas-phase PtO2. 

9.2 Influence of the morphology of Pt on its catalytic activity 

The modifications of Pt morphology (Pt, Pt-Ox) influenced the observed catalytic activity for 
all studied reactions. In contrast to Pt, the oxygen-treated Pt-Ox was almost inactive in 
reactions involving NOx or O2, i.e. the decomposition of N2O and NO, and the reactions of 
ammonia with O2, N2O and NO. Superior performance of Pt-Ox, compared to that of Pt, was 
only found in NH3 decomposition at 550-850 °C. The difference was explained by ammonia 
activation consuming the dissolved oxygen supplied from the catalyst bulk: the catalyst 
became inactive for NH3 decomposition when all oxygen was spent.    

The transformation Pt � Pt-Ox is reversible: a Pt-Ox catalyst activated at sufficiently high 
temperature with time-on-stream in the reactions between NH3 and N2O/NO/O2 (i.e. in the 
presence of ammonia). The activity increase was rationalized by oxygen removal from Pt-Ox, 
and its respective transformation into more active Pt. An increase in selectivity towards 
oxygen-rich products (NO, N2O), observed during the reaction-induced activation of Pt-Ox in 
the reactions NH3 + NO and NH3 + O2, supports the idea that activity differences between Pt 
and Pt-Ox are related to the catalysts ability to decompose oxygen-containing molecules. 

Activation of the Pt catalyst during ammonia oxidation was ascribed to two contributions: the 
phase transition Pt-Ox � Pt and roughening of the Pt surface. Total activity of the faceted 
surface for ammonia oxidation increased due to the increased surface area. It is not clear if the 
faceted surface also exposed crystal planes of Pt that had a higher intrinsic activity [101].  

Since reaction-induced changes of Pt morphology progressed faster at higher temperatures, 
only a small temperature range for a steady-state kinetic study remained where Pt was active 
(> 200 °C), and morphology changes were sufficiently slow (< 400 °C). 

9.3 Kinetics of ammonia oxidation 

Steady-state kinetics of ammonia oxidation over Pt foil was measured from 286 to 385 °C, ap-
plying a micro-structured reactor that had been developed to solve the temperature-control 
and blank-activity problems of earlier studies. The influence of feed composition 
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(pNH3, pO2 = 1-6 kPa; pNO, pN2O < 0.47 kPa) on rates of product formation (rN2, rN2O, rNO) was 
investigated after catalyst equilibration to reaction conditions at the respective temperature. 
The data were fitted to three different kinetic models that were based on published kinetic and 
mechanistic information. The best-fitting model (Fig. 61, Table 7) consisted of nine elementa-
ry reactions and one lumped step describing ammonia activation by adsorbed oxygen atoms.  

This model differed from previous kinetic models [23, 102] in assignment of adsorption sites 
on the assumed model surface: the influence of feed composition could only be described 
using two energetically different adsorption sites. Fitting quality was superior when a site 
assignment corresponding to Pt(111) was used, compared to assuming a Pt(100) surface, i.e. 
O, N and NO were assigned to different sites (hollow) than NH3 (on-top). In contrast to 
literature, dissociation of N2O and NO could be neglected, while molecular adsorption of NO 
had to be considered in the model to account for site blocking and for increasing 
N2O formation with increasing partial pressure of NO.  

The influence of feed composition was described well by the simulation, but only moderate 
agreement was obtained for the temperature dependence. The discrepancy was attributed to 
the observed temperature-dependent faceting of the Pt surface, i.e. an increase in surface area, 
that could not be avoided for the given reaction conditions. The extent of surface roughening 
was estimated from a strongly simplified evaluation of SEM images: the computed estimate 
of surface-area increase (ca. 1.7x to 2.5x) could approximately account for the lack of fit in 
the temperature-dependence of ammonia oxidation kinetics. 

9.4 Bridging of pressure gap and material gap 

The present study of the Pt-catalyzed ammonia oxidation demonstrates that partial pressures 
of reactants and reaction-induced morphology changes are closely related, e.g. in the 
formation of bulk-dissolved oxygen species, or surface roughening in ammonia oxidation. 
The applied pressure in the kPa range resulted in pronounced differences to “ideal” low-
pressure systems with respect to the structure of Pt catalyst, which implies differences in 
catalyst performance. Hence, it is difficult to separate pressure gap and material gap.     

Oxygen-storage effect 

Significant amounts of oxygen can dissolve in Pt, leading to two different oxygen species. 
Nevertheless, pretreatment of Pt in O2 or NO is a part of common preparation procedures for 
Pt single crystals. The treatment suggests that an oxygen reservoir is created in the catalyst, 
which can be consumed during the reaction, depending on reaction conditions. In such a case, 
catalytic results of low-pressure studies will be misleading. One such example is the ammonia 
decomposition on Pt, which was claimed to be a structure-sensitive reaction [92]. From the 
present results it appears that rather the oxygen-uptake into the catalyst during the 
pretreatment of Pt is structure sensitive, not the ammonia decomposition, which is negligibly 
slow in the absence of oxygen. Hence, the supposedly ideal low-pressure systems experience 
non-ideality (bulk-dissolved oxygen) due to the pretreatment. 

Surface reconstruction of a Pt catalyst during catalytic ammonia oxidation 

Previous UHV experiments and theoretical studies (DFT) indicated significant mobility of Pt 
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atoms on the surface upon reactant exposure; ammonia and hydrogen enhanced the surface 
diffusion of Pt atoms drastically even at room temperature [19, 180]. In contrast, changes of 
Pt morphology under industrial conditions of high-temperature ammonia oxidation were 
usually attributed to transport of Pt via the gas phase [165]. Instead of surface mobility, for-
mation and decomposition of volatile PtO2 was shown to be the major transport mechanism. 
In this work, ammonia oxidation was studied close to atmospheric pressure, but at moderate 
temperatures. Under such conditions, the reaction-induced changes of surface morphology 
were significant, but differed from known high-temperature structures. It was concluded that 
surface diffusion of Pt plays a dominant role also at atmospheric pressure, but only in the 
temperature regime of ca. 300-400 °C.  Hence, by improving the experimental method, i.e. 
temperature-controlled measurements in the gap (pi > 1 kPa, T < 400 °C) a bridge to low-
pressure studies was established: adsorbate-enhanced Pt self-diffusion is a relevant mechan-
ism of Pt morphology changes also close to atmospheric pressure.  

Coverage gap with respect to NO adsorption on Pt 

In the reaction between ammonia and nitric oxide, rates clearly showed a break in the temper-
ature dependence (change of apparent EA from 220 to 117 kJ/mol around 360-401 °C). The 
break was explained as switching from a high-coverage to a low-coverage reaction regime. A 
correlation was established to describe the temperature of transition between high and low 
coverage regime as a function of the NO partial pressure. Moreover, differences to low-pres-
sure data with respect to NO were also observed in ammonia oxidation: the relatively high 
pressure applied in this study was interpreted to result in a high surface coverage of oxygen, 
preventing NO dissociation by blocking the required empty sites, and thus contributing to 
higher surface coverage of NO. This high NO coverage is a pre-requisite for the formation of 
N2O, a reaction product that is not detectable in ammonia oxidation below ca. 6 Pa [13, 20].  

General conclusions for the “gap-bridging” 

The knowledge obtained in ammonia oxidation on Pt foils and gauzes allows some general 
conclusions concerning the investigation of pressure and material gaps in heterogeneous 
catalysis. The comparability between results obtained at atmospheric pressure and in UHV 
will always be limited for a structure-sensitive reaction that induces changes of the catalyst 
morphology. One reason is that in the rather short times of operation in UHV experiments an 
equilibration of the catalyst (bulk) to reaction conditions is not obtained: the pretreatment 
influence prevails. Even if it were reached, the equilibrated state in UHV would be different 
from that at atmospheric pressure. Therefore, a comparable “real” catalyst needs to be charac-
terized in-situ, or prepared at atmospheric-pressure conditions and then quickly transferred to 
the UHV system for investigation. In this context, “quickly” refers to a time smaller than the 
time-scale of expected “real” changes of catalyst morphology. Furthermore, also theoretical 
studies (e.g. DFT) need to include experimentally observed “real” effects in order to obtain a 
relevant description of a working catalyst, leading to more complex models. 

Hence, bridging of pressure and material gaps requires, in addition to studying the reaction, 
also to investigate the related “real effects”, such as reaction-induced morphology changes. 
Therefore, reaction conditions must target such effects explicitly (i.e. high p, T, t) in order to 
amplify them. Furthermore, suitable reactors should make a catalyst accessible to easy charac-
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terization by ex-situ (fast catalyst transfer), or even better in-situ methods. From such 
characterization, improved understanding may be derived that allows to describe the relevant 
“real” effects for inclusion into mechanistic and kinetic models of increasing complexity.  

The minimum complexity of such a model for the Pt-catalyzed ammonia oxidation can be in-
ferred from this thesis: the model needs to include catalyst activity as a function of the oxygen 
content of Pt catalyst, describing also the kinetics and thermodynamics for a phase transitions 
Pt � Pt-Odiss � Pt-Ox. Moreover, such a model must describe reaction-induced and non-
homogeneous faceting of the catalyst surface, modeling Pt mobility at moderate temperature 
via adsorbate-enhanced Pt diffusion, and via PtO2 gas-phase transport at high temperatures. 
Finally, implications of high adsorbate coverage and adsorbate-adsorbate interactions for 
reaction kinetics must be accounted for quantitatively.  

9.5 Perspectives 

To establish all required bridges between theory, low-pressure and atmospheric-pressure 
systems in ammonia oxidation on Pt, further investigations are suggested to focus on: 

a) Provision of access to the detailed mechanism and respective kinetics for the lumped 
reaction step that forms adsorbed atomic nitrogen from NH3-s+O-s, as well as for possible 
NHx + NHx reactions, applying DFT and low-pressure transient experiments at temperatures 
that are accessible also to steady-state experiments at atmospheric pressure (< 400 °C). 

b) Improvement of understanding of the dissolved-oxygen effect on platinum, and its relation 
to surface faceting. Therefore, oxygen-modified Pt needs to be studied in catalytic tests under 
UHV conditions, and compared to clean single-crystal surfaces. Further characterization 
(Raman, XAS) may help to elucidate the nature of oxygen species, and the way in which they 
influence the structure of Pt. The interpretation of structure and catalytic properties of 
oxygen-modified Pt may be supported by DFT computations applied to Pt-Ox alloys. 

c) Comprehension of faceting of Pt in low-temperature ammonia oxidation (< 400 °C): 
additional characterization is required to describe the influence of reaction conditions on facet 
formation. Moreover, the catalytic performance of faceted Pt can be studied at low pressure, 
and compared to performance of Pt single crystals. Also, the mobility-enhancing influence of 
reaction intermediates can be better understood applying DFT calculations to evaluate the 
adsorbate influence on activation barriers for surface diffusion of Pt atoms. 

d) Insights into effects of high coverage, by increasing the slab-size in DFT computations (as 
growing computational power allows) and raising the number of adsorbed molecules on these 
model surfaces. Such computation may be especially insightful for reactions of nitric oxide, 
i.e. NO decomposition in presence of oxygen, and NO interaction with ammonia on platinum. 

The suggested investigations should lead to a better understanding of ammonia oxidation on 
Pt under “real” conditions, and finally to a model that describes the reaction kinetics, reaction-
induced changes of the catalyst and high-coverage effects equally well. The model can serve 
as a basis for the investigation of more complex systems, such as the Pt-Rh alloy catalyst that 
is industrially applied for ammonia oxidation. 
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APPENDIX 
 
A-1 Strategy applied in the investigation of catalyst morphology,  
 and for elucidation of the reaction network of ammonia oxidation 
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A-2 Strategy applied in the kinetic measurements for catalytic  
 ammonia oxidation over Pt foil 
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A-3 Experimental design of kinetic measurements 
 
 

Overview over the points used in the experimental design for the acquisition of kinetic data in 
catalytic ammonia oxidation: 

 
 

 no. of points at no. of points at 4 
 each temperature temperatures 
   
pure feed, full factorial, (p0

NH3, p0
O2) +9  

         (a total of 33 = 9 points)   
      additional monovariant responses (p0

NH3, p0
O2) +4  

influence of N2O, Box Behnken (p0
NH3, p0

O2, p0
N2O) +5  

         (a total of 9 points)   
      additional monovariate responses (p0

N2O) +2  
influence of NO, Box-Behnken (p0

NH3, p0
O2, p0

NO) +5  
         (a total of 9 points)   
      additional monovariate responses (p0

NO) +2  
sum of points for kinetic evaluation: 27 108 

  
replicate runs (for error estimate) +4  
influence of contact time (proof of differential reactor) +6  

measured points in total: 37 148 
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A-4 Computational procedure of kinetic modeling 
 
 
 
 INPUT# data file 
  * read optimisation algorithm parameters 
  * read limits for EAi, ki 
  * read measured sets of (pi, T, ri_exp) 
  * NM: read start values 
 
 OPTIMISATION algorithm (GEN# or NM#) 
  * run the chosen optimisation algorithm with the supplied data 
 
  RESF 
   * calculate a residual in a defined way 
 
   FCN 
    * provide the simulated values ri_sim 
 
    D02HBF# 
     * calculate the surface coverages in steady-state 
     * by numerical integration of dthetai / dt = f(ki, pi, T) for reasonable tmax 500s 
     * starting at empty surface 
 
     TH_STOP 
      * exit integration when steady state is reached 
      * ==> small changes dthetai / dt < epsi 
 
    * reject solutions below numerical accuracy 
    * ==> thetai < 10-9 solutions rejected 
 
    ri_sim=f(thetai) 
     * calculate ri_sim in steady-state 
 
   assign weights = f(species, T) 
   RES = sum (wi x wT x dr2/r) 
    * calculate the weighted residual 
 
  provide better set of (EA ,k) based on RES and optimisation strategy 
  optimise until MAXIMUM NUMBER OF ITERATION or OPTIMUM REACHED 
 
 OUTPUT# result file 
  * write optimised parameters 
  * write sets of (pi, T, ri_sim, ri_exp) 
  * write sets of (pi, T, thetai_sim) 
 
 
 
 
 
# Resources:  
 
INPUT data input procedure, based on Wolf and Moros [232]  
GEN Genetic Algorithm implemented by Wolf and Moros [232] 
NM Nelder-Mead algorithm, implementation of Numerical Recipes [242] 
D02HBF  integration routine by Numerical Algorithm Group [243]  
OUTPUT data output procedure, based on Wolf and Moros [232]  
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A-5 Tubular reactor 
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- reactor 
- support sleeve 
- catalyst sleeve outside 
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- gauze catalyst 
- cat sleeve inside, II 
- tube to reduce dead volume I 
- tube to reduce dead volume II 
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- thermocouple 

catalyst: 
gauze pad 
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A-6 Micro-structured reactor 
 

       
Micro-structured quartz reactor, top plate, top view 

 

  
Micro-structured quartz reactor, top plate, bottom view 
 

             
Micro-structured quartz reactor, micro-channel plate, top view 
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Micro-structured quartz reactor, micro-channel plate, bottom view 
 

             
Micro-structured quartz reactor, base plate, top view 
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A-7 Increase in surface area of Pt foil due to ammonia oxidation 
 
  
 

 
 
 
 
 
 

 

A

A

 
 
 
 

a) flat c) reconstructed d)
  
0.5 µm
    
SEM (a,c) and simplified schematic view (b,d) of Pt foil surface after ammon
 
a,b) mostly flat: 30 h ammonia oxidation at 286°C  
c,d) reconstructed: 30 h ammonia oxidation at 374°C 

 Estimate of surface area increase due to Pt reconstruction during ammonia

dimensions of  
surface reconstruction * 

angle between  
A and C 

ratio of surface area: 
reconstructed / flat 

=3 B=5 C=2.1 45° 1.7 

=3 B=5 C=3 60° 2.5 

* see figure for the assignment of dimensions A, B, C to the surface reconstruction  

b)
0.5 µm
 
ia oxidation

 oxidation 



APPENDIX  160 

 

A-8 Measured kinetic data of catalytic ammonia oxidation 
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A-9 An alternative concept to establish temperature control in ammonia 
 oxidation over Pt by means of a fluidized bed of inert particles 
 around a Pt gauze  
 
 

This section presents an alternative to the application of a micro-structured reactor (described 
in section 4.3.2) for controlling temperature in highly exothermic reactions. A reactor is 
proposed that contains a fluidized bed in which a Pt gauze catalyst is immersed; respective 
results of catalytic tests are described. It turned out that the micro-structured reactor was a 
superior solution. 

Approach 

Gauze catalysts, i.e. wires with small diameter arranged perpendicular to the gas flow, 
represent an optimized geometry for mass- and heat transfer between gas phase and catalyst 
surface. Nevertheless, the heat transfer from the wire surface is insufficient to avoid ignition 
of the highly exothermic ammonia oxidation (Fig. 13a): due to the negligible heat flux from 
the catalyst to the reactor wall, gauze reactors are operated almost adiabatically. Heat transfer 
from the catalyst to the reactor wall and isothermicity can be improved by establishing a 
fluidized bed of inert particles around the catalyst. The fluidized bed facilitates heat transfer 
from the wire surface, reduces temperature gradients in the reaction zone due to high heat 
capacity of particles and their intense mixing, and improves also the heat transfer to the 
reactor wall. The tubular reactor (see Appendix A-5) was adapted to establish a fluidized bed 
of quartz particles in the reactor, and to fix the gauze catalyst in the zone of this fluidized bed. 

Initial experiments were carried out to find suitable particle sizes and a material that can be 
conveniently fluidized, while showing low blank activity. Ammonia oxidation was then 
studied in temperature ramps to prove that ignition is avoided, and to elucidate the influence 
of temperature on product distribution. Stability of reactor operation was tested in catalytic 
experiments over more than 48 h time-on-stream. 

Reactor 

Catalytic ammonia oxidation was studied in the tubular reactor (see Appendix A-5) with the 
sample holder as shown in Fig. A-9a and the setup described in section 4.2. The fluidized 
particles consisted of 2.5 g of pure quartz glass (99.99%) crushed and sieved to particle sizes 
of 75-150 µm. The reactor was operated with diluted feed mixtures (3 % O2, 3 % NH3, 
internal standard Ne, balance Ar) at temperatures of 175 to 550°C, at flow rates of 200 to 
500 ml/min STP and a total pressure around 102 kPa.  

The Pt gauze was mounted in the tubular reactors using a sleeve construction of concentric 
and tight-fitting quartz-tubes (Fig A-9a). The outer side of the sleeve was surrounded by a 
ring of quartz wool (held in position by “Roth Thermo Kitt”) to avoid bypassing of gas 
around the catalyst sleeve. Behind the catalyst zone the diameter of the reactor tube increased 
to allow for lower gas velocities. Quartz particles were filled into the reactor upstream and 
downstream of the Pt gauze, and were fluidized by the preheated feed gas. Particles were 
small enough to pass through the catalyst gauze.   
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Fig. A-9a   Detail of the catalyst holder modified for operation with fluidized bed of particles  
  around the gauze catalyst inside the tubular reactor (for reactor see Appendix A-5)    

Results and discussion 

Blank activity of the reactor filled with quartz particles was significant only above 600 °C, 
with ammonia being preferentially oxidized to nitrogen. Quartz particles were characterized 
by X-ray fluorescence analysis before and after using them as fluidized bed in the ammonia 
oxidation on Pt gauze: no signal indicating the presence of Pt was found. Moreover, blank 
activity did not increase during experiments with Pt. Hence, the intense contact between 
particles and Pt did not lead to platinum deposition on the particles.    

The influence of temperature on ammonia conversion during ammonia oxidation over 
Pt gauze is compared in Fig. A-9b for reaction with (open symbols) and without fluidized bed 
of inert particles (full symbols). In absence of the fluidized bed the conversion rapidly 
increases around 270 °C, indicating ignition and loss of temperature control over the catalyst. 
In contrast, a continuous increase in conversion is seen for the Pt gauze immersed in SiO2 
particles, proofing that the improved heat transfer between catalyst and reactor wall avoids 
ignition. Compared to similar experiments performed in the micro-structured reactor (see 
Fig. 13b), conversion is higher on the Pt gauze due to an about 3 times higher contact time. 
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Fig. A-9b Ammonia conversion vs. oven temperature for ammonia oxidation over H2-treated  
  Pt gauze with fluidized bed of inert particles around the catalyst (open symbols)  
  and without such fluidized bed (full symbols)  
  (400 ml/min STP, 3 % NH3, 3 % O2, mPt = 0.6 g;  
  stepwise increase of temperature every 20 min by 20 or 40 K, respectively) 

The product distribution for temperature-controlled ammonia oxidation on Pt gauze immersed 
in the fluidized bed is presented in Fig A-9c as a function of temperature. Production of N2 
and N2O starts around 200 °C. Nitrogen formation increases with temperature and peaks 
around 400 °C, while N2O formation reaches a maximum around 500 °C. The production of 
NO starts at about 360 °C and increases with temperature, to become the main product at 
550 °C. The reported temperature influence on product distribution is consistent with data 
obtained in the micro-structured reactor (Fig. 46). 
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Fig. A-9c Product-gas composition vs. temperature in ammonia oxidation over a H2-pretreated  
  Pt gauze which is immersed in a fluidized bed of quartz particles  
  (400 ml/min STP, 3 % NH3, 3 % O2, mPt = 0.6g) 

Although the presented catalytic results are promising, difficulties arise from the operation 
and long-term stability of the fluidized bed. In time-on-stream experiments a gradual increase 
of conversion was observed with time-on-stream. This increase can either be explained by 
faceting of the catalyst surface and the respective activation (see chapter 5.2), by slow 
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degradation of the fluidized bed with time due to particle attrition and entrainment, or by the 
tendency of particles to travel through the gauze and to accumulate in the zone above the 
gauze during the experiment. Moreover, when the fluidized bed collapses upon occasional 
fluctuations of the flow rate the particles tend to agglomerate, and restarting the bed then 
requires extensive drying of the particles at increased temperatures. Related to this problem is 
the fact the flow rate cannot be varied arbitrary to adjust contact times, since minimum 
fluidization velocity of the gas and maximum velocity (particle entrainment) limit the range of 
operation for the fluidized bed. 

Other issues arise in the interpretation of experimental data from the fact that particles are in 
close contact with the catalyst surface; hence an unknown fraction of the surface is covered 
with particles and not accessible to the catalytic reaction. Furthermore, this fraction of 
blocked surface changes with the expansion of the fluidized bed. Moreover, the surface 
morphology of Pt is modified by the ammonia oxidation reaction (see chapter 5.2), and may 
in addition be also altered by the continuous and intense mechanical impact of particles. 

Conclusions 

By establishing a fluidized bed of quartz particles around a Pt gauze the highly exothermic 
catalytic ammonia oxidation can be studied in a temperature-controlled way at temperatures 
between 175 and 550°C under conditions that would otherwise lead to ignition of the reaction. 
Initial blank activity of the particles is moderate, and Pt does not accumulate on the particles 
during operation of the reactor. 

Although the general concept works, problems related to reliable operation of the reactor exist 
(stability of the fluidized bed, particle agglomeration, particle entrainment). The problems can 
possibly be overcome by adding to the reactor setup a recycle of particles and a continuous 
visual inspection of the bed. The evaluation of the disturbing influences of particles on the 
reaction such as partial blocking of active catalyst surface or abrasion of the Pt catalyst 
require additional investigations. 

The discussed issues of stable reactor operation and particle influences did not arise for the 
micro-structured reactor described in section 4.3.2. The micro-structured reactor was therefore 
applied in the present thesis for the kinetic investigation of Pt-catalyzed ammonia oxidation. 

Measured catalytic data for ammonia oxidation over Pt gauze* 
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