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Abstract 

Selective oxidation of ammonia to nitrogen over Pt/Al2O3 was studied in order to determine active 

Pt species for the activity and selectivity of Pt under conditions close to realistic emission control 

applications. For this purpose, reaction rates and apparent activation energies were measured at 

different compositions of the reaction feed. Additionally, in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) and operando X-ray absorption spectroscopy (XAS) including its 

interpretation based on theoretical XAS calculations were applied. Three main chemically different 

states of Pt were detected. The predominance of each of them correlated with the different 

performance of the catalyst at distinct temperature ranges. At low temperatures (<150 °C) Pt surface 

was covered by oxygen species which poisoned the catalyst. They needed to be removed by heating in 

reaction mixture to start with a light off. At 150 – 300 °C, Pt was covered with NHx species which 

provided the maximal selectivity to N2. At higher temperatures, when full ammonia conversion was 

reached, the Pt surface again became available for oxidation by O-species resulting in both surface 

chemisorbed and subsurface O. This high-temperature state possessed high oxidation activity and high 

selectivity to undesired N2O and NOx. 
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1. Introduction 

Ammonia is one of the perfect candidates to become a sustainable energy carrier in the future 

carbon-neutral economy.1-4 It can be compressed and liquefied much easier than hydrogen, and its 

liquid state has higher energy density.1, 2 This simplifies storage and transportation and makes it readily 

available for use in fuel cells as is, cracking it to back hydrogen, or simple combustion in gas turbines 

or internal combustion engines.4, 5 Usually, in all these applications ammonia consumption is 

incomplete. Therefore, its slip into atmosphere is imminent and, as a toxic and greenhouse gas, it 

needs to be removed. An efficient approach to eliminate ammonia is using ammonia slip catalysts 

(ASCs) that selectively convert this pollutant to nitrogen and water.6, 7 

ASCs are typically based on noble metals, mostly platinum as an efficient oxidation catalyst.8-10 

They are known in automotive industry at the final stage of diesel exhaust treatment. In this case, they 

are used to eliminate unreacted ammonia that is dosed as a reductant of NOx in selective catalytic 

reduction (SCR) system.9, 11 The driving force to improve ASCs is to increase their activity at low 

temperatures occurring e.g. during a cold start of an engine or to remove ammonia slipped from fuel 

cells. Another problem of ASCs is that, in spite of high activity, at elevated temperatures they produce 

undesired N2O and NO as the main products.10, 12, 13 Understanding the factors, which govern activity 

and selectivity of ASCs, is necessary for further improvement of their performance. 

A number of groups conducted fundamental studies on ammonia oxidation mechanism. Some 

were based on DFT calculations 14-18 and experiments on single crystals18-22. Considering the fact that 

real catalysts expose a variety of crystal facets, other studies addressed the reaction mechanism using 

platinum gauzes18, 23-25, polycrystalline Pt21, 26-28 and supported Pt29, 30. In these works the gradual 

hydrogen cleavage from ammonia as rate-limiting step as well as the influence of surface coverages of 

adsorbates on selectivity were discussed.  

However, most of the experiments in these fundamental studies were performed at conditions 

far from real applications. Many tests were conducted under high vacuum which alters catalyst 

performance compared to atmospheric pressure. For example, at decreased pressure almost no N2O 
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is formed, while at atmospheric pressure it is a plentiful undesired byproduct.18, 21 Moreover, oxides, 

which are formed on platinum during catalyst preparation and after contact with ambient air, play an 

important role in real ASCs performance 31-33, but can be only studied to a limited extent under high 

vacuum conditions. In addition to this pressure gap, also the material gap needs to be bridged. 

Particularly important is the study of ammonia oxidation catalysts over supported Pt particles, since 

support may interact either with Pt, stabilizing particles of certain size and shape, or with reactants 

and products, for example, storing ammonia and thus directly changing catalyst performance.29, 34-37 

Recent progress has allowed bridging the pressure and material gaps by using supported platinum 

particles and increasing reactant pressure several orders of magnitude above the pressures of 

ultrahigh vacuum. In situ and operando near-ambient pressure (NAP) XPS was used to follow the 

surface state of platinum in reacting gas mixture in the millibar pressure range.18, 19, 21, 26, 36, 38, 39 These 

studies revealed the types and nature of the adsorbates on Pt surface in reactive gas environment, 

their change with temperature, and the role of surface coverages in reaction selectivity. These were 

mainly ammonia, its dissociation products, and surface oxygen-containing species. However, the 

partial pressures used in these studies are still significantly lower than in real applications. Hence, they 

do not allow to fully examine the impact of reacting conditions on Pt oxide formation, and only a 

limited amount of platinum oxide was observed.19, 38 Thus, its role in the reaction mechanism could 

not be unraveled. We further reported the oxide decomposition to be required for reaction initiation.36 

This decomposition was achieved through an additional reduction step. Hence, it would be necessary 

to verify whether the same effect occurs under realistic reaction conditions.  

Other works approached the more realistic conditions of ammonia oxidation via testing supported 

platinum at atmospheric pressure. For example, the studies of structure sensitivity under these 

conditions demonstrated increasing reaction rate for larger Pt particles and reduced catalysts.40-43 

Furthermore, kinetic models were developed based on mechanistic reaction networks to predict 

catalyst performance under application-relevant conditions.10, 12, 33, 44, 45 Another study under realistic 

conditions by Ghosh et al.33 outlined the role of Pt surface step crystal planes and platinum oxide. They 
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additionally found that high ammonia concentrations led to Pt deactivation, in line with studies 

reporting inhibition with surface nitride formation in the excess of ammonia.28, 30 The role of surface 

restructuring was also reported in studies [18, 21]. Nevertheless, the works mentioned above and 

performed under application-relevant conditions do not directly probe the state of Pt during the 

reaction. Unravelling the state of supported Pt under the atmospheric pressure was addressed by 

applying X-ray absorption spectroscopy (XAS),32, 36 which is capable of tracking catalyst state during its 

operation at relevant pressures and temperatures.46-49 Nonetheless, when standard operando XAS was 

used, the spectral changes of Pt were too subtle to be resolved.36 A progress was achieved by applying 

quick-scanning extended X-ray absorption fine structure spectroscopy (QEXAFS) which had higher 

sampling rate.32 Still, the authors determined only the oxidation state of Pt using Pt and PtO2 as 

references and noted that the experimental spectra could not be precisely described only by these two 

states as the coordination environment of the studied samples was more complex.32 The surface 

species that could be present on Pt under atmospheric pressure and reaction conditions were not 

analyzed. Therefore, it is required to complement these results by describing the possible reference 

states of Pt with types of adsorbates which could occur in realistic ASC operation. 

The aim of this work was to examine the change of Pt state in alumina-supported ASCs under 

reaction conditions relevant for exhaust gas aftertreatment and to compare them with the previously 

reported results in order to bridge the pressure and material gap in understanding of this system. This 

was achieved by using operando XAS around the Pt L3-edge, i.e. the X-ray absorption near-edge 

structure (XANES). Identification of the Pt states was assisted by kinetic studies, operando diffuse 

reflectance infrared Fourier transformed spectroscopy (DRIFTS) and calculations of the XANES spectra. 

The results improve understanding of real industrial catalyst transformations under reaction 

conditions and factors influencing their activity and selectivity. These findings would assist rational 

design of ASCs with improved characteristics.  
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2. Experimental details 

2.1 Catalysts preparation and characterization 

Two 2 wt. % Pt/γ-Al2O3 catalysts were prepared with incipient wetness impregnation (IWI). First, 

γ-alumina (Sasol SCFa-230) was calcined at 750 °C for 4 h in air. Then it was impregnated with a solution 

of Pt (II) nitrate (Chempur, anhydrous, 99.95 %), dried in air for 40 h at room temperature and further 

for 1 h at 60 °C. The impregnated catalyst was calcined in static air at 400 °C and then reduced in H2 

flow at the same temperature. To obtain catalysts with Pt nanoparticles of different sizes, one part of 

the reduced sample was additionally calcined at 500 °C and another – at 700 °C with no further 

treatment in both cases. The first catalyst will be further referred to as PtA-IW-500, and the second – 

PtA-IW-700. 

The catalysts were characterized with high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) and ex situ extended X-ray absorption fine structure spectroscopy 

(EXAFS) and the results are reported elsewhere.50 TEM demonstrated a broad particle size distribution 

in PtA-IW-700 with the average particle size of 13.6 nm, supported by the EXAFS-derived average 

coordination number of about 12 typical for bulk platinum metal. Two main fractions of Pt species in 

the PtA-IW-500 were detected with TEM: nanoparticles of 1.8 nm average diameter and a highly 

dispersed fraction consisting of clusters of different sizes, from single to tens of atoms. The average 

coordination number of Pt of 4.3 ± 1.7, based on ex situ EXAFS, corresponded to clusters of 0.5-1 nm 

diameter.51  

 

2.2 Catalytic tests 

Temperature-programmed tests were conducted in a plug-flow tubular quartz reactor. The 

reaction feed contained 500 ppm NH3 and 13 % O2 in N2 with total gas flow 1050 cm3/min. Two cycles 

of heating from 50 °C to 400 °C and cooling down to 50 °C with 3 °C/min ramp rate were performed. 

The first cycle was used for catalyst pre-treatment to obtain a stable form of the samples that gives 

reproducible results under the tested environment. Very similar conversion profiles obtained for the 



7 
 

first and the second cooling in the reaction mixture (fig S1) demonstrate that stable catalysts were 

formed already after the first heating cycle. The results of the second catalytic cycle are reported in 

this study. The resut The catalytic results obtained light off and light-out The catalysts loading 

amounted to 25 mg. A sieve fraction with grain size 100-200 μm was used. The catalysts were diluted 

with silicon carbide (same sieve fraction) to reach a catalyst bed volume corresponding to 63,000 h-1 

of gas hourly space velocity. Effluent gas mixture was analyzed with a MultiGas 2030 FTIR spectrometer 

(MKS Instruments, USA). The conversion of ammonia (𝑋𝑁𝐻3
) was calculated with 𝑋𝑁𝐻3

= (1 − 𝐶𝑁𝐻3

𝑜𝑢𝑡 /

𝐶𝑁𝐻3

𝑖𝑛 ) ∙ 100 %, where 𝐶𝑁𝐻3

𝑜𝑢𝑡  and 𝐶𝑁𝐻3

𝑖𝑛  are ammonia concentrations on reactor outlet and inlet 

respectively. Product selectivities were calculated as 𝑆𝑖 = 𝑛𝑖 ∙ 𝐶𝑖 /(𝐶𝑁𝐻3

𝑖𝑛 − 𝐶𝑁𝐻3

𝑜𝑢𝑡 ) ∙ 100 %, where 𝐶𝑖 is 

product 𝑖 concentration and 𝑛𝑖 – number of nitrogen atoms in the product molecule. The nitrogen 

concentration was derived from the mass balance, taking into account total ammonia consumption 

and concentrations of other products. 

Integral chemical reaction rates for kinetic analysis were determined by calculating the amount 

of converted ammonia (in mmol) per minute per a gram of Pt metal. Ammonia or oxygen 

concentrations were varied while the concentration of the second component was kept constant. The 

concentrations used for the analysis were taken after establishing equilibrium which took between 30 

and 120 min.  

For determining apparent activation energies, heating and cooling at varied reactant ratios and 

different partial pressures of oxygen were conducted. These tests were made on PtA-IW-700. The 

reaction mixtures used for the comparison of different NH3:O2 ratios were 13 % O2 with either 500 or 

1000 ppm NH3. The reaction mixtures used for different oxygen partial pressures comparison were: 

100 ppm NH3 with 1.3 % O2; 200 ppm NH3 with 2.6 % O2; 1000 ppm NH3 with 13 % O2. For apparent 

activation energy calculation in different reaction mixtures, 4 temperature points with NH3 conversions 

in the range of 2.5-10 % were used. To exclude the influence of intraparticle mass transfer limitations 

on the measured apparent reaction rate, the compliance to Weisz-Prater criterion was inspected.52 

Particularly, it was shown that the difference between the efficient and intrinsic reaction rates did not 
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exceed 10 %. This indicates a negligible effect of intraparticle diffusion on the reaction rate. The 

respective estimations are provided on pp. S1-S2 of the Supporting Information (SI). 

 

2.3. Operando DRIFTS studies 

A VERTEX 70 Fourier transform infrared spectrometer (Bruker Optics, Germany) with a mercury 

cadmium telluride detector was used to measure operando DRIFTS spectra. The spectrometer was 

equipped with Praying Mantis diffuse reflection optics and a high temperature cell (Harrick) with a 

home-made dome with a flat CaF2 window. The cylindrical sample-containing compartment of the cell 

was completely filled with 60 mg of PtA-IW-700 sample with 100-200 μm grain size fraction. The 

composition of the reaction mixture was 500 ppm NH3 and 10 % O2 in He. The gas flow of 100 cm3/min 

was flushed from the top to the bottom of the catalyst bed.  

The sample was heated in He to 400 °C and cooled down stepwise to room temperature in the 

same atmosphere. 30-minute-long temperature steps at 400, 300, 250, 200, 150, 100 °C were made. 

Reference spectra in He were measured at the end of each temperature step. After this the sample 

was cooled down to 50 °C and kept for 30 min. This was followed by switching to the reaction mixture 

and 30 min of equilibration. Then stepwise heating in the reaction mixture started with the same 

temperature steps as during cooling in He. The sample was maintained for 30 min at each temperature 

step in the reaction mixture, which was followed by recording DRIFTS spectra.  

For online analysis of outlet gas composition, an Omnistar GSD-320 quadrupole mass 

spectrometer (Pfeiffer Vacuum GmbH) was used. To calculate conversion and product yields, relative 

concentrations of ammonia and reaction products were used. They were estimated based on minimum 

and maximum ion currents of each component normalized by ion current of He and taken as 0 and 1, 

respectively. The detailed quantification approach of the mass spectrometry data is descried on p. S3-

S4 of the SI. The approach was used to follow the trends in surface species distribution detected by 

DRIFTS and the highest and the lowest products / educts concentrations which was done in the study. 
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2.4. Operando XAS studies 

QEXAFS spectra at the Pt L3 absorption edge were recorded in transmission geometry at P64 

beamline of the PETRA III synchrotron radiation source (DESY, Hamburg, Germany).53 Fast oscillating 

Si(111) channel-cut monochromator was used for scanning X-ray energy at a 5 Hz frequency. The 

sampling rate of ionization chamber detectors was 1 MHz. Higher harmonics were rejected by using a 

Rh-coated stripe on a pair of 800-mm-long Si mirrors. A beam size was set to 1 x 1 mm. The spectra of 

the samples were normalized and energy corrected in ProQEXAFS v. 2.43 software.54 SIMPLISMA55 and 

multivariate curve resolution alternating least squares (MCR-ALS)56 algorithms, integrated in this 

software, were applied for extracting individual spectral components of the recorded QEXAFS spectra. 

Further, with the help of the same program, linear combination analysis (LCA) was performed using 

the extracted spectral components as references. 

The experiments were conducted on in situ setup, similar to the one described in reference [57]. 

The catalysts used were 100-200 μm sieved powders. They were loaded into 1.5 mm (outer diameter) 

quartz capillary microreactors with 0.02 mm wall thickness with a catalyst bed length of approximately 

5 mm. An ammonia oxidation reaction mixture or gas mixtures containing reaction educts / products 

were dosed through the capillary microreactor. X-ray beam was probing the catalyst perpendicularly 

to the capillary in the point of the first third of a catalyst bed.  

The reaction mixture for catalytic experiments feed contained 500 ppm NH3, 10 vol. % O2 balanced 

with He with a total gas flow of 75 cm3/min. The samples underwent heating, cooling, and another 

heating in the reaction mixture from 50 to 400 °C and back with the rate 5 °C/min. The first heating 

and cooling in the reaction mixture were used for catalyst pretreatment. The results for the second 

heating cycle are presented. 

After the catalytic experiments in the reaction mixture, the PtA-IW-500 sample was additionally 

heated from 50 to 400 °C with the heating rate 10 °C/min in He. Later, it was quickly cooled down to 

50 °C, and the procedure was repeated in the atmospheres of different reaction educts / products in 

the following order: 500 ppm NH3 in inert; 500 ppm NO in inert; 500 ppm NO and 10 % O2 in inert; 10 
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% O2 in inert. In parallel, QEXAFS spectra were recorded. The total gas flow amounted to 75 cm3/min 

for every gas mixture.  

Gas mixture on the reactor outlet was analyzed with a MultiGas 2030 FTIR spectrometer (MKS 

Instruments, USA).  

 

2.5. XANES calculations 

Density functional theory (DFT) calculations were conducted to determine the lowest-energy 

geometries of different adsorbates on Pt and species in its subsurface. These optimized geometries 

were used to calculate X-ray absorption near edge structure (XANES) spectra of platinum to further 

compare them with the experimental ones. 

The DFT calculations were carried out using the Vienna Ab Initio Simulation Package (VASP)58, 59 

employing the generalized gradient approximation (GGA) with Bayesian error estimation functional 

with van der Waals corrections (BEEF-vdW)60, 61 and the projector-augmented wave (PAW) 

potentials.62, 63 A four-layer slab of platinum was used; during the relaxations the two bottom layers of 

the slabs were fixed. A kinetic energy cutoff of 450 eV was always used for the calculations. In order 

to avoid interaction between periodic images, the Pt slabs were separated by approx. 20 Å of vacuum 

along the z-direction. The files with atom coordinates of the optimized structures in xyz-format are 

available in ref. [64]. 

To calculate the X-ray absorption near edge structure (XANES) spectra of the models optimized 

with DFT, multiple scattering FEFF 9.6.4 ab initio code65 was used. Radii for full multiple scattering and 

the self-consistent potential calculations were 5 Å in both cases. For high energy resolution, the line 

broadening was reduced by applying the value of (-1.6) eV to vi0 in the EXCHANGE card.66 XANES 

calculations were performed for Pt atoms in non-equivalent positions on the surface (for example, 

directly bound to an adsorbate as well as adjacent to an adsorbate-bound Pt etc.). For the qualitative 

identification of trends, the spectra for 4-6 atoms directly bound to O- or N-species were used because 

they were sufficiently different from pure metallic Pt with respect to absorption maxima positions. 
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Averages of the series of 4-6 spectra of Pt bound to each type of O- and N-species were further 

compared. 

 

3. Results 

3.1 Catalytic tests 

Both studied catalysts showed a typical behavior of supported Pt in ammonia oxidation reaction 

(fig. 1). Their activity was similar and was shifted by 15-25 °C to lower temperatures for the more active 

PtA-IW-700 with bigger Pt particle size. During heating in the reaction mixture, the catalysts started to 

exhibit activity in NH3 oxidation at 150-175 °C. PtA-IW-700 reached 50 % conversion at 209 °C (T50%), 

and PtA-IW-500 – at 224 °C. Complete conversion was observed at around 230 and 245 °C, respectively. 

At lower temperatures, when the conversion was not full, the catalysts demonstrated the highest 

selectivity to nitrogen which, for example for Pt-IW-500, decreased from the initial 65 % to 50 % at 240 

°C. The rest of the products under these conditions was mainly N2O, the concentration of which rose 

with temperature. Close to 250 °C, N2O outweighed nitrogen reaching its selectivity maximum of 55 % 

for PtA-IW-700 and 62 % for PtA-IW-500. With further heating, N2O selectivity gradually decreased to 

approx. 10 % at 400 °C. At the same time, above 240 °C NOx (NO and NO2 mixture) fraction in the 

products started to substantially increase. For PtA-IW-700 it became the dominant product above 310 

°C. PtA-IW-500 was less selective to NOx, but yielded more N2O. For this sample, NOx became the main 

product above 345 °C. In the temperature range of 240-400 °C, where N2O and NOx were prevalent, 

selectivity to nitrogen gradually declined from approx. 40 % to approx. 25 % for PtA-IW-700, while for 

PtA-IW500 N2 selectivity amounted in relatively stable 25-30 % with an increase by 5-10 % above 360 

°C. The catalysts showed similar trends in their performance during cooling with moderate hysteresis 

(fig. S3). T50% decreased by 2 °C for PtA-IW-700 and by 8 °C for PtA-IW-500. 
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Figure 1. Catalytic activity and selectivity of A – PtA-IW-500 and B – PtA-IW-700 catalysts during the 

second heating in the reaction mixture (500 ppm NH3 and 13 % O2 in nitrogen). 

 

3.2. Kinetic analysis 

 

 

Figure 2. A – dependence of integral reaction rate on NH3 concentration (constant O2 

concentration of 13 %); B – dependence of integral reaction rate on O2 concentration (constant NH3 

concentration of 500 ppm). Catalysts: PtA-IW-700, PtA-IW-500.  
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Integral reaction rates of ammonia oxidation were determined at different concentrations of 

either O2 or NH3 in gas feed. Based on them, the apparent reaction order was estimated. For this 

purpose, at constant temperatures, NH3 concentration was varied from 100 to 2000 ppm at unchanged 

O2 concentration of 13 %. Similarly, NH3 concentration was kept constant 500 ppm while O2 

concentration was altered from 1 to 13 %. Higher ammonia concentrations increased the rate of NH3 

conversion (fig. 2A). This points to positive reaction orders by ammonia from 0.3 to 1 (table S5). Thus, 

no indication of the surface poisoning by ammonia was found in the conditions studied. On the 

contrary, O2 concentration increase leads to a drop in the reaction rate which is expressed in negative 

reaction orders (fig. 2B, table S5). This evidences surface poisoning by O-containing species. Hence, 

either high O2 partial pressure or low NH3:O2 ratio deactivates Pt in NH3 oxidation. Such deactivation 

trends were observed for both Pt/γ-Al2O3 catalysts with different particle sizes and at different 

temperatures.  

 

Figure 3. Arrhenius plots for NH3 oxidation on PtA-IW-700 in various reaction mixtures: feeds with 

constant NH3:O2 ratio but different O2 partial pressures (brown and orange lines) and feeds with 

different NH3:O2 ratios but constant O2 partial pressure (lines with square markers). A – plots acquired 

for heating, B – plots acquired for cooling. 
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To determine whether it is O2 partial pressure or NH3:O2 ratio that leads to negative reaction 

order, conventional light offs and light outs were carried out for PtA-IW-700 in different reaction feeds. 

In one case three reactant mixtures with constant NH3:O2 ratio but varying O2 (and NH3) partial 

pressures were tested. Ammonia concentrations were 100 ppm, 200 ppm, 1000 ppm, and oxygen 

concentrations – 1.3 %, 2.6 %, and 13 % respectively. In the other case, NH3:O2 ratio differed by 2 times 

while O2 partial pressure remained stable. Here, a standard catalytic cycle with 500 ppm ammonia and 

13 % oxygen was compared with a similar cycle where ammonia concentration was increased to 1000 

ppm. The resulting catalytic data are plotted in an Arrhenius diagram (fig. 3) to calculate apparent 

activation energies. The plots lie fairly close to each other, which indicates that the values of apparent 

activation energies are in the same range. Nonetheless, they are not equal, since their slopes differ for 

most of the conditions. The exception are 500 and 1000 ppm of NH3 with 13 % of O2 during cooling 

(fig. 3B). The parallel lines of Arrhenius diagrams for these conditions indicate stable apparent 

activation energies at constant O2 concentrations. At the same time, different slopes for other 

conditions evidence changing apparent activation energies with the change of O2 content in the 

reaction mixture, in line with the previous conclusions. 

The change of the apparent activation energy in different reaction feeds is visualized in fig. 4. 

During heating the Ea did not show any clear trend with respect to O2 partial pressures. However, the 

Ea values were relatively high exceeding those obtained during the cooling 1.2-1.9 times. On the other 

hand, a trend in apparent activation energy change during cooling was seen. Variation of NH3:O2 ratio 

while keeping the same O2 partial pressure (reaction feeds with 500 and 1000 ppm NH3 and 13 % O2) 

did not alter Ea. At the same time, the change of O2 partial pressures clearly affected Ea during the 

cooling. Apparent activation energy substantially increased with rising oxygen concentration. A 

relatively high Ea values during heating and their increase with raising O2 partial pressure during cooling 

may be an indication of the dependence of apparent activation energy on surface oxygen coverage 

and a high adsorption energy of oxygen. Thus, the relatively high equilibrium constant of O adsorption 

contributes to the elevated apparent Ea values during heating. During cooling, when much of oxygen 
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is desorbed, a direct correlation of Ea with O2 concentration, hence with its surface coverage, is 

observed. These results suggest that high oxygen coverage on platinum surface makes this metal 

inactive in ammonia oxidation. During light off, surface oxygen desorbs with rising temperature leaving 

the surface clean and available for ammonia oxidation. 

 

 

Figure 4. Change of apparent activation energies for PtA-IW-700 in various reaction mixtures: feeds 

with constant NH3:O2 ratio but different O2 partial pressures and feeds with different NH3:O2 ratios but 

constant O2 partial pressure; A – acquired for heating, B – acquired for cooling. 

 

It is interesting to compare these trends of changing apparent activation energies on the opposite 

sides of hysteresis with those of other oxidation reactions typical for emission control. For example, in 

the case of CO oxidation over Pt particles in a similar size range as in this work (larger than about 2 nm) 

which is common in industrial applications, lower activity during heating is caused by CO poisoning. 

During cooling Pt is oxidized and exhibits higher activity.67, 68 This is in line with a report of apparent 

activation energy of CO oxidation increasing from 75 kJ/mol over platinum oxide to 93 kJ/mol over 
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reduced and CO-poisoned Pt.69 Although measured under ultrahigh vacuum, these results are 

consistent with those obtained under atmospheric pressure.70 Notably, for CO oxidation, even the less 

active poisoned Pt during ignition leads to lower or similar apparent Ea as the more active Pt state during 

NH3 oxidation extinction (for O2 concentrations > 1.3 %, cf. fig. 4). In agreement with this, CO oxidation 

over Pt generally occurs at lower temperatures than ammonia oxidation under analogous conditions. 

Contrary to CO, the oxidized and reduced states of Pt surface play a different role in hysteresis during 

methane oxidation. In this case, the reaction is faster over reduced Pt.71 Specifically, ignition starts when 

oxygen is at least partially removed from platinum surface.71, 72 As a result, a more active reduced state 

persists at lower temperatures during cooling causing hysteresis.71, 72 Apparent activation energies over 

reduced Pt for lean CH4-air mixtures (equivalence ratios 0.3-0.5) are reported to be to 66-88 kJ/mol.72, 

73 These are lower than during cooling in ammonia oxidation (fig. 4) where lower fuel-to-oxygen ratios 

were used. The authors also discussed the increase of apparent Ea at higher O2 concentrations, like in 

the case of ammonia oxidation.73 Concerning the light-off, the apparent activation energy of methane 

oxidation was significantly higher and amounted to 166-188 kJ/mol for the same abovementioned CH4-

air mixtures.73 The authors connected this increase with the apparent activation energy required for 

oxygen desorption in presence of methane. The reported apparent activation energies during methane 

oxidation ignition are similar to the highest values that are observed for ammonia oxidation in fig. 4. This 

hints that lower activity during heating in NH3 oxidation feed may be caused by the same step of O2 

desorption which has a considerably high activation energy. 

 

3.3. Operando DRIFTS studies 

To determine the nature of the adsorbed surface species and their influence on the catalyst 

performance operando DRIFTS spectra were acquired on the PtA-IW-700 catalyst in the reaction feed 

(500 ppm NH3, 10% O2 in He) at 100-400 °C. The spectra recorded at constant temperatures when 

reaching steady states are presented in fig. 5 together with simultaneously recorded catalytic data. 

General trends in the catalytic data obtained during DRIFTS measurements were similar to the 

results from the conventional laboratory reactor (fig. 5A). Ammonia oxidation light-off took place 

between 150 and 200 °C reaching conversions close to complete at higher temperatures. In the low 

temperature range, from the conversion start to reaching approximately complete conversions (150-
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200 °C), the selectivity to nitrogen was predominant. At 200 °C, in the point of the highest N2 yield, 

significant amounts of N2O were also detected. With further temperature raise above 350 °C NO 

became the predominant product. Practically no NO2 was detected among the products during the 

tests in the DRIFTS cell. 

 

 

Figure 5. Results of operando DRIFTS measurements for PtA-IW-700: A – catalytic data, products 

determined by a mass spectrometer; B – DRIFTS spectra recorded at different temperatures. 

Reaction mixture – 500 ppm NH3, 10 % O2 in He, flow – 100 cm3/min. 60 mg of the catalyst. 

 

Simultaneously recorded DRIFTS spectra could be described with adsorption bands of two major 

surface species: either ammonia-derived adsorbates or nitrate-groups (fig. 5B). The first group of bands 

originating from ammonia-derived species was mainly present at lower temperatures. It included the 

bands at 1692 and 1509 cm-1 corresponding to NH3 on Brønsted acid sites.35 In turn, the band at 1267 

cm-1 can be attributed to NH3 on Lewis acid sites.35 The other absorption band most likely belongs to 

ammonia dissociation products: scissorings of NH2 group at 1603 cm-1 and deformation of NH group at 

1456 cm-1.35, 74 The second group of bands corresponding to nitrates that evolved at high temperatures. 

The bands at 1564 – 1552 cm-1 and 1252 cm-1 originate from the asymmetric and symmetric stretch of 

monodentate NO2 group, respectively.75 A broad band around 1252 cm-1 most likely contains additional 
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less intense features of two types of bidentate species – bridging nitrate (about 1210 cm-1) and bridging 

nitrite (about 1230 cm-1).75 Although it is difficult to distinguish each of them in this region, other 

characteristic bands of bridging nitrates and bridging nitrites are present: at 1610 cm-1 at 1302 cm-1, 

respectively.75 The feature at 1302 cm-1 may also belong to an asymmetric stretch of chelating 

bidentate nitrate.75 A symmetric stretch for this group locates at 1581 cm-1.75 Although it is difficult to 

unambiguously attribute all the spectral features observed at high temperatures, they exhibit a typical 

profile of NOx interacting with alumina support and consisting mainly of nitrates.75 

The evolution of the spectral profile correlated with the change of catalytic activity and selectivity. 

For instance, at low temperatures, where nitrogen selectivity was the highest, the spectra showed 

abundant presence of ammonia on the catalyst surface that decreased with heating. At 250 °C, when 

nitrogen selectivity started to decline, N2O became the main product. At this point, a relatively clean 

catalyst surface with hardly detectable absorption bands of ammonia or nitrates was observed. This 

observation is consistent with the results reported in refs. [31, 36] where N2O selectivity increased in 

the lack of adsorbed ammonia on Pt surface. Starting from 300 °C, pronounced absorption bands of 

nitrates began to rise in the spectra. This was accompanied with the buildup of selectivity to NO. 

Despite the clear correlation between the detection of nitrates and NO selectivity, it is hard to tell 

whether nitrates are the source of NOx in the products or the result of NOx reaction with the support. 

In case of titania-supported Pt described in ref. [36], no surface NOx or nitrates were detected while 

NOx yield was still high. This suggests that nitrates are rather the products of NOx reaction with Al2O3 

support. In turn, TiO2 may not form nitrates because of its lower basicity compared to alumina. 

Operando DRIFTS has shown an important role of the support in selectivity to nitrogen. This can 

be better understood in the light of the studies conducted under model conditions.76-78 They reported 

that NO can be produced only when all adsorbed NHx (x=1-3) species are dehydrogenated. This is fairly 

close to the observation made in the current study under atmospheric pressure. Specifically, NOx 

started to evolve to a considerable extent only when the catalyst surface was deprived of the adsorbed 

NHx species. At the same time, N2O was the product in the transition between the predominant N2 
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yield in the excess of NHx and the relatively clean surface where NOx started to evolve. Nitrous oxide 

is not commonly reported in the model studies conducted under vacuum, therefore the current 

experiment complements them with the data acquired under the atmospheric pressure. 

Despite these results are generally consistent with the results of other methods and previous 

publications, operando DRIFTS has no possibility to distinguish between surface species on Pt and the 

support. For this reason, to conclude about the specific species on Pt one needs to apply 

complementary element-specific spectroscopic methods like operando XAS.  

 

3.4. Operando XAS studies 

3.4.1. Heating in the reaction mixture 

 

Figure 6. Contour plot for Pt L3 normalized operando XANES spectra of PtA-IW-500 recorded during the 

second heating in the reaction mixture (500 ppm NH3 and 10 % O2, inert balance). A – energy profiles 

of the contour plot at three different temperatures that corresponded to the spectra with the most 

different shapes (see a comparison with Pt and PtO2 references in figure 4A). B – the contour plot. C – 

X-ray absorption profile at the energy near the maximum absorption intensity (11568.9 eV). 
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In order to identify species adsorbed on Pt surface at different temperatures we performed 

temperature-programmed reaction on both Pt/Al2O3 samples in NH3 oxidation gas mixture (500 ppm 

NH3 and 10 % O2 in He) while simultaneously recording QEXAFS spectra.  

The QEXAFS spectra recorded for the PtA-IW-500 sample during heating in the reaction mixture 

are presented as a contour plot in fig. 6. The absorption intensity in this case is presented through the 

color map. On the contour plot, y-axis projection is a spectrum at a certain temperature (fig. 6A), and 

x-axis projection – normalized absorbance at a certain energy (fig 6C). In our case, the x-axis projection 

was selected near the absorption maximum – at 11568.9 eV. As it can be seen from this projection, 

the maximum intensity decreased during heating in the reaction mixture and reached its minimum at 

230 – 260 °C. With further temperature increase, the absorbance grew again. The intensity of the Pt L3 

absorption maximum correlates with the electron density.79 The intensity drop is a sign of Pt reduction, 

while higher intensity points to its oxidation. Therefore, it can be concluded that Pt became more 

reduced during the light off in the reaction mixture at 230 – 260 °C and afterwards re-oxidized at higher 

temperatures. 

A closer look at the temperature profiles of the contour plot at low temperature, at the 

temperature of absorption minimum and at high temperature revealed three distinct spectral shapes 

in the region around the absorption edge (this region is also known as a “white line”). These spectra 

differed not only in their intensity, but also in the energies corresponding to absorption maxima. 

During heating in the reaction mixture, the white line maximum shifted to lower energy values. This 

indicates a change in coordination environment of Pt and suggests that the two oxidized states at high 

and low temperatures are not equivalent. 

Catalytic data obtained in parallel to QEXAFS measurements are presented in fig. 7A. The light off 

started at 170 °C. With further heating, T50% was reached at 215 °C and full conversion at 260 °C. The 

qualitative trends in catalyst selectivity were similar to those observed in a laboratory setup. For 

example, the highest nitrogen yield emerged after the start of the light off and retained until the 

temperature of full conversion. Then selectivity to N2 decreased in favor of N2O which had its 
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production maximum at 280 °C with subsequent decline. In parallel, after reaching complete 

conversion, NOx started to evolve, gradually increasing their yield till 400 °C. 

To gain a deeper insight, the measured QEXAFS data were further analyzed using the multivariate 

curve resolution (MCR) algorithm. In this way, three spectral components were identified that are 

shown in fig. 7B. In general, these spectra were very similar and located in between Pt foil and PtO2 

reference spectra suggesting partially oxidized state of Pt (fig. S4). The moderate differences between 

the spectra implied that they corresponded to three states of Pt nanoparticles which had most of their 

bulk atoms unchanged and differed mainly with their surface sites. The MCR-derived spectral 

components were then used as references to conduct linear combination analysis (LCA) of the 

measured spectra. In this way, we could estimate the contribution of each component in the operando 

spectra and thus follow the change of Pt phase composition. The relative fraction of each component 

in the spectra measured at certain temperature is plotted in fig. 7C.  

The first of the three spectral components (blue lines in fig. 7B, C) was the most abundant at low 

temperatures (inactive catalyst state). It had the highest white line intensity implying the most oxidized 

Pt state compared to the other two.79 As soon as the fraction of the low-temperature component fell 

below 40 % around 170 °C, light off started. At this point, the second spectral component became 

predominant (marked with the grey line in fig. 7B, C).  

Compared to the low temperature component, the white line of the second spectral component 

(marked in grey in fig. 7B, C) slightly shifted to lower energies and was less intense indicating Pt 

reduction.79 Along with the build-up of the second component, ammonia conversion also increased 

and became 100 % at approx. 250-260 °C. This aligned with the maximum concentration (approx. 55 

%) of the second component. The upturn of this more reduced Pt phase correlated with the highest 

selectivity to nitrogen.  

After the onset of full conversion at temperatures over 260 °C, the third spectral component 

started to prevail (marked in red in fig. 7B, C). Its higher absorption maximum, compared to the second 

component, pointed to re-oxidation of platinum. The white line also shifted to lower energies, which 
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implied the change in coordination environment of Pt. In this case, the yield of N2O exceeded that of 

N2 with a maximum at 280 °C and then gradually decreased. At the same time, selectivity to 

undesirable NOx grew monotonously from 0 to approx. 20 % in the whole temperature interval where 

the high temperature spectral component was prevailing.  

 

 

Figure 7. Results of operando QEXAFS measurements for PtA-IW-500 during the second heating in the 

reaction mixture (500 ppm NH3 and 10 % O2, inert balance): A – catalytic data; B – the most distinct 

spectral components derived by MCR; C – contribution of the three most distinct spectral components 

to the experimental spectra. Maximum concentrations for spectral components were observed at the 

following temperatures: low-temperature component – below 100 °C; intermediate-temperature 

component – about 230 °C; high-temperature component – above 310 °C. 

 

The abovementioned spectral behavior and its correlation with catalytic activity and selectivity 

was observed not only for the PtA-IW-500 sample. In particular, a similar QEXAFS experiment 

conducted for PtA-IW-700 with less dispersed Pt revealed the same trends as those reported above 

(figs. S5 and S6). The difference from PtA-IW-500 with smaller nanoparticles was that the changes in 

the phase content of PtA-IW-700 were less pronounced yet clearly noticeable. This can be explained 

with the lower contribution of the surface atoms participating in the reaction because of the 
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significantly larger Pt particle diameter and the bulk averaging nature of XAS. Moreover, we previously 

reported analogous observations of three spectral components with Pt reduction and re-oxidation for 

Pt on zeolite.50 In general, for alumina- and zeolite-supported Pt particles larger than approx. 2 nm, the 

oxidized low-temperature component corresponded to the inactive state, the more reduced 

intermediate-temperature component was linked to high activity and selectivity, and another oxidized 

component associated with low selectivity yet high activity at elevated temperatures. Such a similar 

spectral trend in connection with catalytic performance proved a common reaction mechanism. 

Therefore, the variation of the Pt surface state reflected in the observed spectra seems to be the key 

to a better understanding of NH3 oxidation mechanism. 

Hence, the identification of the species at the origin of the observed spectral features is required 

to reveal Pt surface structures responsible for its catalytic activity and selectivity. In this respect, the 

oxidized Pt state at low temperatures corresponds to inactive Pt, probably, due to O-containing 

poisoning species as evidenced from the kinetic studies. In turn, the other two spectral components 

are more difficult to determine based on the data discussed above. Operando DRIFTS results only 

indirectly hint that the intermediate temperature component could correspond to more reduced Pt 

covered with ammonia-derived species. Furthermore, the identification of the high-temperature 

component is even less clear. The XAS results suggest that it is oxidized however not equivalent to the 

low-temperature component, based upon its white line shift.  

 

3.4.2. Treatment in model atmospheres 

To further identify the Pt surface states discovered during NH3 oxidation we performed 

temperature-programmed heating of PtA-IW-500 with individual educts / products while 

simultaneously measuring QEXAFS spectra. The atmospheres in which the sample was treated were 

pure He, 500 ppm NH3, 10 % O2, 500 ppm NO, a mixture of 500 ppm NO and 10 % O2.  

The contour plots obtained from the spectra recorded in different atmospheres are presented in 

figs. S7-S11. First, the sample was heated in He. In this atmosphere, Pt was reduced with the decrease 
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of a white line intensity comparable to the heating in the reaction mixture – to 1.6-1.7 (cf. figs. S7 and 

6). However, in contrast to the heating in the reaction mixture, the sample did not re-oxidize at high 

temperatures even though the red shift of the white line was still present. 

During heating in NH3, the sample underwent strong reduction with much higher intensity 

decrease than observed in the reaction mixture (fig. S8). This was followed by subsequent treatments 

of the catalyst in diluted NO, NO and O2 mixture, and O2. All these atmospheres led to surface oxidation 

of Pt (figs. S9-S11). The final average oxidation state was higher in the oxygen-containing media. The 

analysis of the gas mixture composition at the reactor outlet during the treatment in NO atmosphere 

has shown both products of NO disproportionation – N2O and NO2 (fig. S12B). The nitrogen mass 

balance corresponded to the conversion of NO in the feed. However, N2O concentration exceeded NO2 

concentration almost twice, which suggests probable oxygen deposition on Pt resulting in its oxidation. 

Similarly to the analysis of the results obtained in the reaction mixture, spectral components were 

extracted for measurements in model gas mixtures. For this purpose, prior to the MCR algorithm 

discussed above, the SIMPLISMA algorithm was applied.  

The most distinct spectral components recorded in He atmosphere (Fig. 8) were similar to the 

ones obtained in the reaction feed. This was the case for both MCR and SIMPLISMA analyses (cf. fig. 8 

and fig. S13A, B). As discussed before, after the start of heating in He Pt was reduced (cf. blue and grey 

lines in fig. 8A). With the further temperature increase, the spectra shifted to lower energies, like in 

the reaction feed, but without an increase in the white line intensity (cf. grey and red lines in fig. 8A). 

Thus, despite being similar to the spectral components in the reaction mixture, the spectra in He had 

small energy shifts and slightly lower intensities (see fig. 8B, C). This indicates less pronounced changes 

of the Pt surface species compared to the reaction mixture.  
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Figure 8. The MCR-derived most distinct spectral components for the Pt L3 XANES spectra of PtA-IW-

500: A – in He atmosphere; B – in He atmosphere compared to the ones dominating in the reaction 

mixture (RM) at high and low temperatures; C – in He atmosphere compared to the one dominating in 

the reaction mixture at intermediate temperature. Maximum concentrations for spectral components 

in He were observed at the following temperatures: low-temperature component – 50 °C; 

intermediate-temperature component – about 220 °C; high-temperature component – 400 °C (see fig. 

7 for the temperatures of the components in the reaction mixture). 

 

 

Figure 9. A – MCR-derived most distinct spectral components for the Pt L3 XANES spectra recorded during 

heating of PtA-IW-500 in reductive (NH3) and oxidative (NO, O2, and their mixture) atmospheres. B – 

contributions of the four most distinct MCR-derived spectral shapes to the experimental spectra during 

heating in reductive and oxidative atmospheres. For the spectral components in all atmospheres 

presented in the figure, low temperature and high temperature correspond to 50 and 400 °C, 

respectively. 
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The spectral data collected in four following atmospheres – NH3, pure NO, O2 and their mixture – 

were analyzed with the MCR and SIMPLISMA algorithms as one batch in order to search for common 

spectral components. In this way, four components were found by both methods and are shown in 

figs. 9, S14 and S15. Similar trends were uncovered by both algorithms, namely, two spectral 

components dominated in the reductive environment of NH3 (light grey and dark grey lines in fig. 9) 

and the other two – in all remaining oxidizing environments (red and blue lines in fig. 9). These spectral 

shapes were then compared with the ones acquired under reaction conditions to obtain a better 

understanding of the nature of the surface species governing Pt activity and selectivity (figs. S16, S17). 

Of the two dominant components found for Pt in NH3 atmosphere, one was very similar to the 

intermediate-temperature component observed during the light off in the reaction mixture. These 

spectra are compared in fig. S16. In the case of MCR analysis the two spectra had the same maximum 

absorption energy hinting to the same coordination environment of Pt. At the same time, the white 

line intensity in NH3 was slightly higher, which could imply different surface concentration of the same 

adsorbate. SIMPLISMA analysis resulted in practically identical spectral components for NH3 

atmosphere at low temperatures and the spectral component in the reaction mixture at intermediate 

temperatures, during the light off (fig. S13C). This implied that the intermediate temperature state of 

platinum, responsible for high activity and selectivity to N2, was probably Pt with adsorbed NH3 / NHx 

species.  

With the further heating in ammonia, Pt species strongly reduced and could not be oxidized to 

the initial state during the following oxidative treatments (fig. S17). The sign of this was the strong 

decrease in the absorption intensity (black curve) that did not recover in oxidative environments (the 

spectra in red and blue). Hence, at that point it was not possible to directly compare Pt states with 

those obtained in the reaction mixture. However, the presence of only two main spectral components 

for all three oxidative atmospheres (containing NO and not containing it) meant that the species at the 

origin of these spectra did not contain nitrogen atoms. Thus, the low-temperature and the high-
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temperature components under reaction conditions may both contain exclusively oxygen atoms with 

different types of binding to Pt or in different surface or interstitial locations. 

To better understand the spectral features observed by operando XAS in this study, it is helpful to 

analyze the reports of surface species in ammonia oxidation described in literature. This analysis is 

based on works [14, 17, 19-21, 23, 24, 33, 34, 36, 38, 80-93] and presented in detail on pp. S12-S14 of 

the SI. In short, two most frequently reported groups of species existing on Pt under reaction 

conditions are either ammonia- or oxygen-based. The first group includes NH3 and its dissociation 

products NHx (x = 0-2). The second group is represented by oxygen in oxidic or atomically adsorbed 

form as well as oxygen in subsurface layers of metallic Pt. Since measuring XAS references of many of 

the above-mentioned species would pose significant difficulties, DFT modelling was used to obtain the 

most energetically favourable geometries of the reaction-relevant educts in surface Pt layers. These 

geometries were further employed to calculate the corresponding Pt L3 XANES spectra. 

 

3.5 Modelling trends in XANES spectral shapes 

Pt L3 spectra with different adsorbates on Pt(100) surface were modelled to confirm the 

assignment of the spectral components observed during NH3 oxidation. The initial geometries for 

modelling the most energetically favourable positions of NH3 / NHx species on Pt(100) surface (NH3 

atop, NH2 bridge, NH hollow, and N hollow positions) were taken from ref. [80]. The initial geometries 

for modelling O in the hollow position on the Pt surface and in tetrahedral position in its subsurface 

were based on ref. [92]. The optimised structures used for spectra calculation are illustrated in fig. S18. 

The xyz-coordinates of their atoms can be found in ref. [64]. The resulting absorption edge position 

and intensity in the spectra calculated from these models cannot be directly compared to the 

experimental ones due to large errors in absolute energy scale calculations and potentially different 

energy resolution. Therefore, distance between the first and the second most intense absorption 

maxima and the high energy side slope of the most intense absorption band (white line, figs. 10, S19) 

were chosen to follow the trends in the spectral shape for the modelled structures.  
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For better comparison of slope steepness and distance between the first and the second 

absorption maxima, all experimental and theoretical spectra were aligned to the same energy position 

of the highest absorption intensity (i.e. white line).  

The trends observed in the modelled spectra allow to attribute the spectra observed at low and 

intermediate temperatures in the reaction mixture. As it is demonstrated in fig. 10C, the second most 

intense absorption band in the experimental spectra is located in the same range for both the low-

temperature and the intermediate-temperature components (blue and grey curves). This range was 

also common for calculated spectra with surface O and NHx species adsorbed on Pt. However, the 

calculated spectra of these species differed in the white line slope steepness. For all N-containing 

species the slope was much shallower than for O-covered surfaces. The spectrum with the least 

pronounced shallow slope among the N-containing species is compared to the least steep slope among 

the O-containing species in fig. S19. At the same time, distinct trends in slope steepness could be seen 

among the experimental spectra from fig. 10C. For the low-temperature component and the high-

temperature component, the slope was clearly steeper than for the intermediate-temperature 

component observed during the light-off. Therefore, the modelled spectra confirmed that the low-

temperature spectral component is related mainly to Pt with surface O, in line with the previous 

assumptions. In turn, the intermediate-temperature component from the experimental spectra rather 

resembled the spectrum of Pt with adsorbed NH3 / NHx. The calculated spectrum of pure Pt(100) 

surface did not match the spectrum of the intermediate-temperature component well because of a 

steeper slope and lower distance between the two most intense bands. This supported the attribution 

of the middle-temperature component from the reaction mixture rather to NH3 / NHx species than to 

clean Pt surface, despite the apparent similarity of the experimental spectra in He and in NH3 noted in 

section 3.4.2. 
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Figure 10. Comparison of the experimental operando XANES spectra of PtA-IW-500 obtained during 

heating in the reaction mixture (500 ppm NH3 and 10 % O2, inert balance) with the modelled XANES 

spectra of Pt with different adsorbates: A – calculated spectra of surface Pt(100) atoms on pure Pt 

cluster and modelled spectra of Pt in the same cluster contacting with O species; B – modelled spectra 

of surface Pt(100) atoms contacting with adsorbed NH3 or its dissociation products; C – experimental 

spectra. Maximum concentrations for spectral components in the reaction mixture were observed at 

the following temperatures: low-temperature component – below 100 °C; intermediate-temperature 

component – about 230 °C; high-temperature component – above 310 °C. 

 

Spectral modelling was also used to identify the high-temperature component from the 

experimental data in the reaction mixture. A clear trend of increasing distance between the two most 

intense absorption bands was observed with rising temperature (fig. 10C). A shift in the same direction 

is observed upon formation of Pt with subsurface O. It has the second absorption maximum at higher 

energy than surface O with the same coverage (fig. 10A). Nonetheless, the position of the second band 
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in the calculated spectrum did not precisely match the second band for the experimental spectrum. 

This may be explained with simultaneous presence of multiple types of adsorbates on Pt. The surface 

may still contain some O which was not reduced during the light off. Moreover, higher surface 

coverage with O species stabilizes subsurface O structures.93 This increases the likeliness of the co-

existence of surface and subsurface oxygen. Hence, the features of both species would be observed in 

the experimental spectrum. For example, fig. S20 shows the spectra of surface and subsurface O after 

averaging. On the averaged spectrum the second absorption maximum moves closer to the first one 

and approaches the one observed experimentally at high temperature. 

 

4. Conclusions 

In this work the main states of Pt that govern its activity and selectivity in ammonia oxidation on 

Pt/Al2O3 were studied. To identify these states, kinetic analysis, operando DRIFTS and XAS, and XANES 

spectral modelling were applied. Kinetic analysis showed that a high coverage by O-containing species 

poisoned Pt surface at low temperature At the same time, ammonia did not deactivate the catalyst 

under the conditions tested (up to 1000 ppm concentration). This was further confirmed with 

operando DRIFTS analysis which showed abundance of NH3 on the catalyst at low temperature which 

remained during the light off until the full conversion was reached. This was followed by the decline of 

adsorbed ammonia and the growth of N2O and NOx yield. Furthermore, the operando XAS and 

modelling studies revealed three main states of platinum during ammonia oxidation with the spectra 

shown in fig. 11B. The species observed at low temperatures contained oxygen that poisoned Pt 

surface and made it inactive in ammonia oxidation (see fig. 11A, D). With temperature increase this O-

containing species decomposed or desorbed enabling NH3 dissociation, which gave rise to NHx species. 

In this state the Pt surface started to be active with high selectivity to the desired product nitrogen (cf. 

fig. 11A, D). At higher temperature, due to fast conversion, the coverage of ammonia and NHx-species 

on the surface was low. This made it prone to oxidation by reaction with another type of O-species. 

Most likely, under the influence of high temperature and high surface O coverage, some oxygen atoms 
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diffused into subsurface of Pt crystal lattice (fig. 11 D). This state did not prevent high activity. However, 

it was associated with selectivity to the undesired reaction products N2O and NO due to the low 

coverage of NHx species and higher probability for them to interact with surface oxygen than with 

other N-containing moieties under these conditions. Surface oxygen desorption during heating in the 

reaction mixture was also likely to be the reason of significantly higher apparent activation energies 

during the light-offs compared to the light-outs. This led to hysteresis when the catalysts were more 

active during cooling with subsurface O and NHx-covered surface persisting at lower temperatures in 

the absence of fully O-covered Pt. 

 

 

Figure 11. Surface and subsurface species in the top Pt layers at the origin of a typical spectral trend 

for Pt under reaction conditions, which prevail in different modes of Pt activity and selectivity. The 

experimental data obtained for operando QEXAFS measurements of PtA-IW-500 during the second 

heating in the reaction mixture (500 ppm NH3 and 10 % O2, inert balance): A – catalytic results; B – the 

most distinct spectral components derived by MCR; C – contribution of the three most distinct spectral 

components to the experimental spectra; D – species in surface and subsurface structures of Pt 

deferring at the various temperature regimes of the light off.  
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