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Novel catalysts development for NOx reduction from H2 combustion engines 

Jieling Shao 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology, Gothenburg  

Abstract 

Hydrogen, as a clean energy carrier, burns without producing any carbon emissions. Hydrogen 

internal combustion engines (H2-ICE) are considered an alternative for the transition from conventional 

fossil-fuel vehicles. However, the development of effective aftertreatment catalysts remains necessary 

to address the inevitable NOx emissions from internal combustion engines. This thesis covers the 

performance of various active metals supported on zeolites as catalysts for the selective reduction of NO 

by H2 (H2-SCR), as well as the investigation of the influence of various reaction conditions and the 

related reaction mechanisms. The results of the thesis work are reported in two manuscripts, namely 

Paper I and II.  

Paper I focus on catalysts with Pt supported on SSZ-13 zeolite. Their performance is evaluated 

with varying H2/NO feed ratios (5/10/15), Pt loadings (0.5/1.0/2.0 wt.%), and with and without water 

co-feeding. Activity tests showed that Pt catalysts have high catalytic activities for H2-SCR at low 

temperatures (<150 ℃), but only NO oxidation occurs at high temperatures. The reaction process is 

complex and includes multiple reactions such as competing H2 oxidation and NO oxidation, as well as 

other side reactions. The selectivity for the by-product N2O cannot be ignored and it is even greater than 

that for N2 at temperatures less than 120 ℃. Higher H2 concentration promotes N2 selectivity, and the 

more exothermic H2 oxidation aids NO oxidation to occur at lower temperatures. The 0.5 wt.% Pt 

catalyst was found to possess the highest N2 selectivity in the loading studies, not only because fewer 

active sites attenuate the competing hydrogen oxidation reaction, but also it possesses a smaller particle 

size and higher dispersion, and a larger portion of Pt in its metallic state. Water had a strong inhibitory 

effect on H2-SCR at low temperatures, with a significant reduction in N2 generation compared to 

anhydrous environments. It was found in in-situ DRIFTS experiments that nitrosyl species weakly 

adsorbed on the catalyst and could be easily removed; H2 is absorbed on the Pt active sites and is 

activated to interact with nitrates. Meanwhile, NH4
+ ions were formed during the reaction and could play 

a role as reaction intermediates to assist in the reduction of NO. Simultaneous entry of NO and H2 

induces a faster reaction than sequential entry and affects the binding of surface species, especially NO. 

The introduction of O2 to the NO+H2 mixture generates more nitrite (NO2
-) species on the catalyst.   

Paper II focuses on extending the range of reaction temperatures for H2-SCR. It was found that 

Pt/SSZ-13, Pd/SSZ-13, and Ir/SSZ-13 catalyze the H2-SCR at three temperature intervals, low, medium, 

and high temperatures, respectively. Also, nitrogen selectivity increases sequentially with temperature. 

Combining them in series in the order of iridium-palladium-platinum is an interesting option. Due to the 

low reactivity of Ir, two strategies, a reduction pretreatment and replacement of the support with BETA 

zeolite, were examined and found to be successful in increasing its nitrogen generation. Similarly, the 

difference in H2-SCR reaction properties on the three active centres was investigated using in-situ 

DRIFTS measurements, and it was found that the Ir had the strongest NO adsorption, which was one of 

the reasons for its weak activity. No H2-SCR reaction occurred based on observation from the spectra at 

200 ℃. After the reduction pretreatment, NO adsorption was weakened due to the metal present more 

in its metallic state and this contributed to the occurrence of H2-SCR. 

Keywords: H2-SCR, Platinum, Palladium, Iridium, SSZ-13 zeolite, BETA zeolite, Nitrogen 

selectivity, in-situ DRIFTS, reduction pretreatment, temperature intervals 
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1 Introduction 

1.1 H2 internal combustion engines (ICE) 

The combustion of conventional gasoline and diesel fuels in ICEs, produces not only NOx but 

also toxic and harmful gases such as CO and HC, and CO2, which is a prominent greenhouse 

gas (GHG). Since 2019, the EU has progressively issued regulations targeting CO2 emissions 

for new cars and vans including Regulation (EU) 2019/631 and Regulation (EU) 2023/851 as 

well as ‘the European Green Deal’. It proposed that the EU’s greenhouse gas emissions should 

be reduced by at least 55% by 2030 and zero net emission of GHGs reached by 2050. Therefore, 

technologies using renewable and non-carbon-based energies have been subject to large 

development. Hydrogen as a carbon free energy source, is an advantageous fuel as it can provide 

efficient and eco-friendly energy production. Compared to nearly all other fuels, hydrogen has 

a wide flammability range in air (4-74% vs. 1.4-7.6% for gasoline) which implies a wide range 

of fuel-air mixtures are possible for combustion.1 Hydrogen also has a very low ignition energy 

that enables a greater fuel economy due to a more complete combustion of the fuel 2,3. However, 

topics such as the hydrogen storage and transport, engine-design and hydrogen refueling 

stations all remain challenging and under development 4. Still, H2-ICE vehicles can be very 

important for the future 5.  In principle, nitrogen oxides (NOx) are the only undesirable engine 

out emissions from hydrogen combustion engines 6. It is therefore crucial to efficiently remove 

the NOx. 

 

1.2 Nitrogen oxide emissions 

Nitrogen oxides including NO, NO2, N2O and their derivatives have negative impact on health, 

the environment, and biological ecosystems. NO is very easily oxidised to NO2, and the strong 

acidity from NO2 results in acidification and eutrophication of land and water7. N2O, the third 

most important greenhouse gas, also substantially contributes to global warming. Nitrogen 

oxides are formed when nitrogen and oxygen react at high temperatures. Man-made emissions 

of nitrogen oxides dominate total emissions in Europe. The sources include automobiles, trucks 

and various non-road vehicles as well as stationary industrial sources 8. According to a report 

from United States Environmental Protection Agency9, NOx emissions generated from on-road 

diesel/gasoline combustion in New England, USA, account for a total of 47% of NOx emissions, 

see Fig. 1 below. Although each country’s situation is different, the European Environment 

Agency reported that in 201110, the most significant sources of NOx emission were ‘Road 

transport (41%)’, and similarly, the transport sector is the single largest source of nitrogen 

oxides in Sweden11. 
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Fig. 1. The pie chart of NOx emissions in New England distributed among various sectors in 2002. 

(https://www3.epa.gov/region1/airquality/nox.html) 

 

1.3 NOx emission standards 

As mentioned before, most of the world's NOx emissions come from transport, so this section 

focuses on the control of tailpipe emissions. Tailpipe emission standards were first introduced 

in California in 1959 to control CO and HC emissions from gasoline engines.  Currently, 

California’s emission standard remains among the most stringent, while EU has issued six 

versions of emission regulations (Euro I – Euro VI) for both gasoline passenger cars and light 

duty vehicles and diesel heavy-duty trucks & bus vehicles. NOx is one of the strongly regulated 

exhaust components in addition to carbon monoxide (CO), hydrocarbon (HC), particulate 

matter (PM) and particle number (PN). Also, emission limits for NOx have become 

progressively stringent with each version of regulations (Table 1). As a result, higher demands 

are being placed on NOx emission control to cope with stricter emission regulations. Figure 2 

shows NOx emissions in Sweden from 1990 to 2021, with a decreasing trend from year to year. 

Since 1990, the legislation for emissions of nitrogen oxides from domestic traffic has fallen by 

72%, while total NOx emissions have been reduced by more than half (Table 1). 
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Table. EU emission standards for heavy-duty CI (diesel) and PI engines: Transient testing 

(https://dieselnet.com/standards/eu/hd.php) CI- compression ignition; PI- positive ignition. 

  

 

Fig. 2. NOx emissions to air in the period of 1990-2021 in Sweden. (https://www.naturvardsverket.se/data-och-

statistik/luft/utslapp/utslapp-av-kvaveoxider-till-luft/) 
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1.4 NOx emission control 

Regardless of the fuel, during high temperature combustion with air in an internal combustion 

engine, NOx generation is unavoidable. Many efforts have been made to control the NOx 

emissions by post-combustion removal processes. Selective catalytic reduction (SCR) 

technology is one of the advanced, economical technologies for the abatement of NOx from 

diesel engine emissions. For conventional diesel internal combustion engines (ICE), ammonia 

(NH3)-assisted SCR systems are used to achieve a de-NOx function. They are positioned (for a 

typical EuroV heavy-duty engine) after a diesel oxidation catalyst (DOC), and diesel particulate 

filter (DPF), but before an ammonia slip catalyst (ASC)12
. NH3-SCR was patented in the United 

States by the Engelhard Corporation in 1957 13,14. It has been introduced in the automotive 

industry in later years to cope with the stringent regulations on NOx emissions 15. Ammonia as 

a reducing agent is produced by the decomposition of injected urea and mixed with other gases 

into the SCR catalyst. However, the design of the injection equipment is complex to ensure 

proper atomization to calibrate a stoichiometric NH3/NO injection and to prevent urea 

crystallization. Some drawbacks, such as ammonia slip, high operating cost, and crystallization 

byproducts cause equipment fouling and corrosion problems 16. For hydrogen fueled engines, 

H2-SCR is an interesting NOx abatement strategy, since it does not require an additional 

ammonia reservoir and injection system. Recently, hydrogen used as the reducing agent has 

attracted more and more attention for NOx removal because it provides a promising way to meet 

the emission limits without inducing secondary pollutants 17–19.  However, H2-SCR catalysts 

examined in the literature have lower activity and selectivity compared to conventional NH3-

SCR.   

Here, the definition of catalyst needs to be re-emphasised. A catalyst is a substance that 

increases the rate of a chemical reaction by lowering the activation energy required for the 

reaction to occur, without itself being consumed or permanently altered in the process. To 

accelerate the reaction, it does participate in the reaction process by forming bonds with the 

reactants, allowing them to react to a product, which detaches from the catalyst and leaves it 

unaltered. With the participation of the catalyst, the reaction undergoes an alternative path but 

energetically more favorable, namely the catalyst lowers the activation energy barrier it needs 

to overcome. However, the change in the Gibbs free energy between the reactants and products 

does not change with a catalyst, so the catalyst does not affect the equilibrium of the reaction. 

Theoretically, if a reaction is thermodynamically unfavorable, then a catalyst cannot make the 

reaction happen; a catalyst only changes the kinetics and not the thermodynamics20. The 

catalysts used for H2-SCR are typical heterogeneous catalysts, with the solids catalysing the gas 

phase reactions. The catalyst consists of an active site and a porous high surface area carrier. 

Although catalysts have an accelerating effect on reactions, different active sites catalyse to 

different degrees, i.e. catalytic activity. And the reaction process is complex, generating a 

variety of by-products, so the selectivity of the reaction target product N2 is also extremely 

important.  
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1.5 Objectives and scopes of the thesis 

The purpose of this work is to develop a high-efficient catalyst for selective reduction of NO 

by H2 with both high activity - NO conversion and high selectivity for N2. Several active metals 

have been synthesized and screened for H2-SCR, where their activity performance and reaction 

condition optimization were evaluated. To fully understand the reaction pathway, a preliminary 

mechanism has been studied on different catalysts. 

In Paper I, Pt-based catalysts with three loadings (0.5/1.0/2.0 wt.%) supported on a lab-

synthesized SSZ-13 zeolite were prepared. Activity evaluations of the Pt/SSZ-13 samples under 

different conditions including H2/NO ratio, Pt loadings and w/o H2O were compared, and 

multiple characterization measurements of the catalysts were carried out to interpret the results. 

The reaction processes within specific temperature regions were described according to the 

activity test results and insights into the reaction mechanism were revealed by carefully 

designing DRIFTS measurement to exclude the effect of water. 

Paper II is a communication paper. It describes the activities of H2-SCR on Pt/Pd/Ir catalysts 

supported on SSZ-13 zeolite and their combinations. It was found that the three active metals 

have their specific working temperature windows that can cover a wide temperature range of 

H2-SCR. Two strategies that included reduction pretreatment and changing to a BETA zeolite 

support for the Ir catalyst could successfully improve its reactivity. XPS characterization and 

DRIFTS measurements revealed reasons for the different performances for H2-SCR of the three 

metals. 

 

1.6 Outline of the thesis 

The outline of this thesis is as follows:  

Chapter 1: General introduction of the background, motivation, and objectives. 

Chapter 2: Introduction of H2-SCR mechanism, H2-SCR catalysts and their challenges. 

Chapter 3: Description of catalyst synthesis, activity tests and characterization methodology. 

Chapter 4: Key findings of Paper I and Paper II and interpretations. 

Chapter 5: Main conclusions. 

Chapter 6: Future work. 
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2 Background 

2.1 H2-SCR catalysts 

2.1.1 Reaction mechanism 

The reaction process of NO and H2 under excess O2 conditions is very complex, if only 

considering the reaction between two gases, the following reactions can occur: 

2H2 + 2NO → N2 + 2H2O (1) 

H2 + 2NO → N2O + H2O (2) 

O2 + 2H2 → 2H2O (3) 

2NO + O2 → 2NO2 (4) 

2NO + 5H2 → 2NH3 + 2H2O (5) 
 

Reaction (2) indicates that N2O is a by-product formed by NO reacting with H2. H2 oxidation 

(3) is a competing reaction during H2-SCR under conditions with O2 which not only leads to a 

lower utilization of the reactant H2, but also affects the temperature profile by the exothermic 

reaction. If H2 oxidation is combined into reactions (1) and (2), as suggested by Costa et al. 

using a Pt-supported catalyst 21:  

2NO + 4H2 + O2 → N2 + 4H2O (∆H= -573.7 kJ/mol NO) (6) 

2NO + 3H2 + O2 → N2O + 3H2O (∆H= -411.9 kJ/mol NO) (7) 

1/2O2 + H2 → H2O (∆H= -271.7 kJ/mol H2) (8) 
 

It was demonstrated that the reaction (6) was the energetically most favorable reaction among 

the three reactions (∆𝐺 = ∆𝐻 − 𝑇∆𝑆; G – Gibbs free energy; H – enthalpy; S - entropy). 

According to reactions (4) and (5), by-products such as NO2 and NH3 can be formed as well. 

Here, NO2 formation may have an inhibition effect on NO reduction by H2, since NO2 itself has 

a strong oxidizing activity. Opposite to this, ammonia produced by reaction (5) could play a 

positive role in aiding the NO reduction following the NH3-SCR mechanism.  

The detailed reaction mechanism can be divided into NO adsorption/dissociation and 

oxidation/reduction parts. In terms of the NO adsorption/dissociation, NO firstly adsorbs on the 

active metal (Pt, Pd, etc.) or the support surface. Among the multiple elementary steps, NO 

dissociation to Nad and Oad is considered to be the key step to produce adsorbed N atoms, and 

the subsequent formation of N2. Hydrogen is also absorbed on the catalyst surface and 

dissociated to form active Had atoms. The role of the Had atoms is to remove the Oad from the 

active sites and assist the NO dissociation 22,23. This is confirmed by the work from Bell and 

Hecker that the energy needed for forming Nad from N-O bond dissociation is higher than that 

from N-O-H dissociation 24,25. Papp and Sabde found that when the hydrogen was cut off, N2O 

was generated while the N2 formation dropped, and they proposed that the mechanism for N2O 

formation involves neighboring NOad and Oad since Oad could be removed in the absence of H2
 

26. This demonstrates the negative effect of O2 because the oxygen-covered active site inhibits 

the NO adsorption and excess oxygen consumes the reducing agent hydrogen 27.  

The oxidation-reduction mechanism is more complicated regarding the active reaction 

intermediates. Shibata et al have proposed a mechanistic scheme for H2-SCR on Pt catalysts as 
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shown in Scheme 1 28. H2 firstly adsorbs on the metallic Pt surface and dissociates to form 

active Had atoms that assist the NO dissociation to generate Nad and Oad. Oad can react with Had 

to produce water. Nad can react with another Nad to form N2, with NO to form N2O and with Had 

to form NHx which is one active intermediate to further react with Had to form NH3. Another 

pathway for the N2 formation involves NOad reacting with Had. The NHx as an intermediate 

existing on Pt(100) is also reported by some other researchers 29. These species could play a 

role as reducing agents that further reduce the NO to produce N2 and N2O. NH3 can be stored 

on the BrØnsted sites of the support as NH4
+ which can have the same function as NHx(ad).  

 

Scheme 1. Proposed mechanism for SCR by H2 over Pt catalysts. Reprinted with the permission from ref. [28]. Copyright 

(2004) American Chemical Society. 

Regarding the N2O formation mechanism, Zhang and co-workers have investigated it with a 

Pt/HY catalyst 30. The overall reaction process in Fig. 3 is similar to that in Scheme 1. The 

mechanism for the N2O formation has the following two routes: 

On Pt surface: H(ad) + nitrous species(ad) + O2(ad) → N2 + N2O + H2O (9) 

At Pt-support interface:  H(spillover) + nitrous species(ad) → N2O + N2 + H2O (10) 

  

Since N2 was formed by an adsorbed H atom (NOad+Had→Nad+OHad), the relative quantity of 

Had with respect to nitrous species on the Pt surface is a key point in reaction (9). It was also 

claimed that H is involved in spillover as in reaction (10) which was supported by the work of 

Conner et al. and Shin et al. 31,32. Nevertheless, H spillover requires overcoming certain energy 

barriers, often resulting in insufficiently active H at the Pt and support interface. It tends to form 

the by-product N2O by N(ad)+NO(ad)→N2O. 
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Fig. 3. N2 and N2O formation routes on Pt surface and at Pt-HY interface. Reprinted with the permission from ref. [30]. 

Copyright (2014) Elsevier. 

 

It was also reported in several publications that the reaction pathway is also dependent on the 

reaction temperature 33,34. Komatsubara et al. have proposed the following reaction pathways, 

based on different temperature regions with a Pt/Nb-AlMCM-41 catalyst 35: 

At 313-373 K  

2NO → N2O + Oad (11) 

Oads + H2 → H2O (12) 

At 350-450 K  

2NO + 5H2 → 2NH3 + 2H2O (13) 

4NO + 4NH3 + O2 → 4N2 + 6H2O (14) 

4NO + 4NH3 + 3O2 → 4N2O + 6H2O (15) 

At 450-650 K  

2NO + 5H2 → 2NH3 + 2H2O (16) 

4NH3 + 3O2 → 2N2 + 6H2O (17) 

2NH3 + 2O2 → N2O + 3H2O (18) 

 

According to this mechanism, at low temperature, H2 removes oxygen from the Pt surface to 

regenerate the active site. N2O was the dominant product at low temperatures (<373 K). With 

increasing temperature, NH3 forms and becomes an important intermediate36, reacting with NO 

and O2 to generate the N2 and N2O. Similarly at the highest temperature range of 450-650 K, 

NO was reduced to form NH3 that subsequently tended to undergo oxidation reactions. 

Summarising the above reaction mechanisms, including NO adsorption/desorption as well as 

metal redox states, it is evident that hydrogen probably not only plays the role of a reducing 

agent, but also removes oxygen from the metal surface and assists in the dissociation of NO, 

and the possibility of hydrogen spillover onto the support should not be ignored. Oxygen, on 
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the other hand, plays a negative role, not only consuming hydrogen excessively, but also 

competing for adsorption on the active metal surface to inhibit the reaction. In addition, NHx is 

an important reaction intermediate that can assist in the reduction of NO. However, it should 

be noted that the exact mechanistic steps of the reaction are complex and can vary depending 

on the specific catalyst material and reaction conditions.  

2.1.2 Pt-based catalysts 

Following the above discussion, most of the reaction mechanisms were investigated on the 

surface of platinum-based catalysts due to the fact that platinum group metals, in particular Pt 

and Pd, have been found to be the most active compared to other catalysts for NOx reduction 

by H2
 19,37. During 20 years of research, many scholars have found that platinum has a high NO 

conversion for this reaction in the low-temperature range of 100-200 ℃, but also with N2O 

formation as the main by-product 38,39. Jones et al. first reported the possibility of use of Pt as a 

H2-SCR catalyst in 1971 40. Fu and Chuang have confirmed that Pt has the best activity among 

precious metals for H2-SCR in the order Pt>Pd-Ru>Pd>Ru>>Au 41. It has been reported in one 

publication that NO starts to be reduced from 40 ℃ and reaches a maximum NO conversion of 

75% at 90 ℃ on a Pt/SiO2 catalyst 42.  

Costas and co-workers have studied Pt supported on various metal oxides (Al2O3, SiO2, La2O3, 

MgO, Y2O3, CaO, CeO2, TiO2 and MgO-CeO2), and found that among different catalysts, 

Pt/MgO and Pt/CeO2 showed good catalytic activity and the binary oxide of 50 wt.% MgO- 50 

wt.% CeO2 was the best 21,43. Yokota et al. investigated NOx removal with H2 in the presence 

of an excess of oxygen on Pt catalysts. The results showed the effectiveness of the catalyst 

support was in the order of ZSM-5~mordenite>SiO2>Al2O3
 44.  It was shown that activity for 

NO conversion and N2/N2O selectivity were strongly dependent on the support for the Pt 

catalysts. Some works have reported that Pt supported on HY 45, HZSM-5 46,47, HMCM-41 48, 

and HFER49 zeolites were highly active for H2-SCR due to the large surface area and the 

appropriate acidity, which is beneficial for the N2 selectivity 50. Additionally, Shibata et al. 

found that the N2 selectivities for Pt/zeolites were generally higher than those on Pt/metal oxides 

and were in order of Pt/MFI > Pt/BEA > Pt/Y, Pt/MOR 28. Yokota et al. also reported that Pt-

ZSM was more active than Pt/SiO2 and Pt/γ-Al2O3
 51. In another work, Li et al. found that Pt-

Ti-MCM-41 exhibited good stability and tolerance against SO2 and CO 48. In fact, most of these 

reports on zeolites having better reaction selectivity take into account their acidic nature, in 

addition to the influence of the interaction of the active metal and the support, the dispersion of 

the active metals on the support and the morphological structure of the zeolite themselves. 

Briefly, the reaction mechanism mentioned in the previous section indicates the formation of 

the important intermediates NHx during the reaction, which can be adsorbed on the acid centres 

of the carrier to assist in the reduction of NO 52.  

In addition, there is a lot of work directed towards the effect of promoters on platinum catalysts. 

Sodium (Na) as a promoter, added in minute quantities to Pt/ZSM-15 and Pt/Al2O3 catalysts, 

has been found to increase Pt0 generation, favoring the H2-SCR activity and selectivity. It has 

to be mentioned here that the redox properties of active metals are crucial for the reaction and 

not only for the Pt. It has been demonstrated in the literature 53 that the predominant mechanism 

is decomposition of NO on reduced Pt metal sites, followed by the regeneration of the active Pt 
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sites by the reductant. Oxygen adsorbed on the Pt surface has inhibition effect of the NO 

adsorption and further reaction, as well as the H2 dissociation54. In another paper, the addition 

of tungsten oxide (WO3) has demonstrated remarkable enhancement in activity within the low 

temperature range of 100-175 ℃, when 0.5% was added to Pt/TiO2
 55. The addition of 1% WO3 

resulted in the increase of NO conversion from 35% to 86% at 150 ℃. Further increasing the 

loading of WO3 to 2%, the activity window shifted to lower temperature and the NO conversion 

was enhanced and resulted in 88% at 125 ℃. The enhancement of low-temperature activity was 

suggested to be due to electron transfer from WO3 to Pt sites, which led to the formation of 

metallic Pt. 

2.1.3 Pd-based catalysts 

Opposite to the catalyst performance of Pt-based catalysts, Pd-based catalysts are attractive for 

NO reduction with higher N2 selectivity. It was reported that Pd catalysts supported on oxides 

showed much better nitrogen selectivity than Pt-based catalysts, which could obtain over 95% 

NO conversion and above 80% N2 selectivity at 200 ℃ 56.  Ueda et al. reported that there is a 

second NO conversion peak on Pd-oxides (supported on Al2O3, TiO2) at 300 ℃ compared to 

Pt-oxides which indicated that Pd has activity at higher temperature 18. In 2002, Wen found that 

Pd/MFI had a high N2 selectivity of 70% at 100 ℃. N2 was the only N-containing product 

without any N2O formation. The oxidation of Pd0 and the agglomeration of PdO are responsible 

for decreased NO reduction activity at high temperatures (>200 ℃)57
. 

It should be noted that the exhaust of a hydrogen internal combustion engine contains a higher 

concentration of water than conventional fuels (e.g. at air/fuel = 1, the molar fraction of water 

is 34% in the exhaust)58,59, so the study of the subsequent effect of water on H2-SCR catalysts 

is important. Engelmann-Pirez and coworkers have investigated the water effect on Pt and Pd 

supported on Al2O3 and LaCoO3. The most prominent result obtained was that for Pd/LaCoO3, 

different from other catalysts, water had a promotional effect on NO reduction without affecting 

the selectivity behavior. Whereas water had a strong inhibiting effect on the rate of H2-SCR for 

Pd/Al2O3 and Pt catalysts. It was explained by a probable stabilizing effect of water on the 

metallic character of Pd, due to interactions between Pd and LaCoO3 perovskite 56. This 

discovery indicates at the same time, that the support probably has an important influence on 

the reaction performance. Qing et al. have studied Pd on Al2O3, SiO2 and MgO, and they found 

that Pd/Al2O3 and Pd/SiO2 exhibited high activities, gaining 100% NOx conversion above 200 

℃, however, there is no activity on Pd/MgO 60. Moreover, studies related to promoter effects 

have also been done on many Pd-based catalysts. According to the work from Leicht et al., a 

novel Pd/WOx/ZrO2 catalyst with a W promoter content of 8.7% showed considerable H2-

deNOx activity between 125 and 280 ℃, with an outstanding overall N2 selectivity of 96%, due 

to the increased electron density on Pt caused by the tungsten promoter. Mechanistic studies 

conducted by DRIFTS spectroscopy indicated that the reaction occurs on the Pd sites, and the 

formed water mainly adsorbed on the WOx which reduced the inhibition of the Pd surface 61,62. 

It has also been reported that Mn as an additive on Pd/TiO2-Al2O3, not only enhanced the 

activity performance, but also remarkably increased N2 selectivity above 150 ℃. The synergetic 

effect between Pd and Mn led to more NOx adsorbed in new types of nitrite and nitrate species 

which were considered more reactive in the H2-SCR process 63.  
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In addition, Savva et al. investigated the impact of Pd particle size (ca. 13-45 nm) on H2-SCR 

performance within the 130-220 ℃ temperature range. They observed a substantial increase in 

the rate of NO conversion with smaller Pd particles. This enhancement was attributed to an 

increased concentration of active NOx formed in the vicinity of the Pd-ceria interface (Scheme 

2) and an accelerated rate of H-spillover. According to the literature, the Pd surface is expected 

to accommodate H-surface and O-s under H2-SCR reaction conditions, and likely inactive NOx-s
 

64,65. The active NOx was located within a zone around the Pd nanoparticles. The CeO2 support 

has influence on the dispersion and stabilization of deposited Pd metal, activation of NOx, H-

spillover rate and the oxidation of Pd particles 66–68. Consistent with the coverage of the NOx, 

TOFNO (s
-1) was notably higher over the small Pd particles than on the larger particles 69. Part 

of the adsorbed NOx might be inactive. The surface coverage of the active adsorbed NOx species 

was 10 times larger for the smaller particles (13 nm) compared to the large particles (45 nm). 

This disparity was attributed to a significant portion of the active NOx species concentrated in 

the region surrounding the Pd nanoparticles, where the diffusion rate of hydrogen from the Pd 

surface towards the interface played a crucial role. 

 

 

Scheme 2. Dependency of the extent (∆x, nm) of reaction zone of active NOx-s formed in the H2-SCR on Pd particle size for 

the Pd/CeO2 catalytic system. Reprinted with the permission from ref. [69]. Copyright (2021) Elsevier. 
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2.1.4 Ir-based catalysts 

Apart from Pt and Pd, Ir has been reported to have two advantages, namely higher N2-selectivity 

and high-temperature catalytic properties. In particular, Ir-based catalysts can still convert NO 

to N2 at high temperatures (>300 ℃) under an oxygen environment when the catalyst surface 

is dominated by oxygen 70. There seems to be a certain academic consensus on the performance 

of Pt and Pd on H2-SCR, but interestingly there are still discrepancies for Ir due to the more 

limited studies of Ir-based catalysts. Burch et al. reported that Ir had no activity for H2-SCR 42. 

By contrast, Nanba and co-workers demonstrated that Iridium exhibited definite activity, 

although lower than Pt or Pd 52. Yoshinari et al. reported excellent NO conversion to N2 on 

Ir/SiO2 catalyst in the absence of O2 at higher temperatures (>300 ℃) 71. However, in the 

presence of oxygen, the NO reduction was decreased. Surprisingly, the presence of SO2 has a 

considerable effect on changing the situation of Ir/SiO2 under the strong inhibition by excess 

oxygen. The promoting effect of SO2 over Ir/SiO2 is not only found for H2-SCR but was also 

observed for CO-SCR and various hydrocarbons from Yoshinari’s other studies 72. Providing 

some insight into the reasons, SO2 showed an inhibiting effect on NO reduction in the absence 

of O2. The coexistence of O2 and SO2 was essential for NO reduction to occur faster (Fig. 4). It 

has been observed by FTIR that in the absence of SO2, O2 inhibited the formation of NHx which 

is considered an important intermediate to reduce NO. However, in the absence of O2, NO 

reduction was completely inhibited due to the strong SO2 adsorption on the Ir surface.  Finally, 

in the co-existence of O2 and SO2, O2 can be removed by SO2 oxidation, and more vacant Ir 

surface sites were created to allow NO adsorption and further reaction. 

 

Fig. 4. Response of NO and H2 conversion to intermittent feed of SO2 over 0.5% Ir/SiO2 catalyst. Conditions: NO=1000 

ppm, O2=0.65%, H2O=10%, H2=3000 ppm, SO2=0 or 20 ppm, T =400 ℃, W/F=0.0267 g s cm-3. (◼) NO conversion to N2, 

(⧫) NO conversion to N2O, () H2 conversion. Reprinted with the permission from ref. [72]. Copyright (2003) Elsevier. 

Regarding the mechanism on the Ir catalyst, four elementary reactions, namely NO dissociation, 

N2O formation and NO2 formation were investigated on the flat (111) and the stepped (211) 
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surfaces of iridium. It was found by DFT calculations (Table 1) that step-Ir sites can generally 

bond NO, N and O more strongly which was related to the lower coordination of metal atoms 

at step edges than those at flat surfaces. Table 1 also displays the barriers of NO dissociation 

and N2 formation on step Ir(211) than on the flat Ir (111) surfaces. Since on Ir (211), the barriers 

for the reactions followed the order: NO dissociation < N2 formation < N2O formation < NO2 

formation, high N2 selectivity could be achieved by controlling the temperature to only produce 

N2. All the data reveals that the reaction is dependent on the structural sensitivity of the Ir 

surface. Since both temperature and water vapour effects during the reaction change surface 

structure, it has been suggested that smaller particle size Ir catalysts could be used to increase 

the step facets, thus increasing the nitrogen selectivity 73.  

Table 1. Calculated adsorption energies (Ead)a of NO, N, and O on the most stable sites, and the barriers (Ea) for the 

elementary reactions on Ir and Pt. Reprinted with the permission from ref. [73]. Copyright (2003) American Chemical 

Society. 

 

2.1.5 Summary of metal catalysts  

The performance of Pt, Pd and Ir catalysts are described above, and it is easy to conclude that 

the different active metals have their own characteristics; Pt has the highest NO conversion and 

the reaction occurs at low temperatures (<150 ℃), Pd is in the middle of the temperature range 

(100-300 ℃) and the NO conversion is relatively lower than that of Pt, and Ir catalysts have 

lower activity, mainly present at high temperatures (>300 ℃). The predominant formation of 

the by-product N2O is inevitable on Pt catalysts at low temperatures, but the selectivity to N2 is 

better on Pd and Ir catalysts. Undoubtedly, improvements can be made by support effects, 

promoter effects, multi-metal synergistic interactions and different reaction conditions. The 

authors in one literature report concluded that the nature of the noble metals is affected by the 

working temperature 52.  

Upon reviewing the literature on the reaction mechanism, the significance of competitive H2 

oxidation activity at varying temperatures on the catalyst becomes evident. Consequently, this 

thesis work is committed to two primary goals: identifying an optimal active center and 

evaluating its impact on enhancing the catalyst. Ultimately, the aim is to create a catalyst that 

efficiently achieves superior N2 selectivity across a broader range of temperature intervals. 
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3 Experimental 

This chapter of the thesis describes the methods used for catalyst synthesis, catalyst 

characterization methods and catalytic activity measurements for both studies. 

 

3.1 Catalyst synthesis 

3.1.1 SSZ-13 zeolite synthesis 

The Na-SSZ-13 zeolite was prepared by a hydrothermal synthesis method. Firstly, a gel was 

mixed with the following molar composition: 0.1Na2O: 1SiO2: 0.025Al2O3: 0.2N,N,N-

trimethyl-1-adamantylammonium hydroxide (TMAdOH):44H2O
 74.  The sodium, aluminum 

and silica sources and the zeolite morphology template were sodium hydroxide (VMR 

Chemicals), aluminium hydroxide hydrate (Sigma-Aldrich), fumed silica (Sigma-Aldrich), and 

TMAdOH (TCI), respectively. The mixture has been stirred and aged overnight at room 

temperature to form a uniform gel. Then it was transferred to a Teflon-lined stainless-steel 

autoclave and was kept in a rotating oven under the conditions of 160 ℃ for 6 days to form the 

zeolite structure. After 6 days, when the autoclave cooled down to room temperature, it could 

be opened. The solution from the autoclave was centrifuge-washed several times with Milli-Q 

water and then dried at 80 ℃ overnight. The solid sample was ground to powder and calcined 

to fully remove the template organic compounds at 600 ℃ for 8 h. The Na-SSZ-13 was obtained 

after calcination. 

The H-SSZ-13 was obtained by an ion exchange method from Na-SSZ-13. The Na-SSZ-13 

powder was stirred with 0.5 M NH4NO3 (Thermo Scientific) solution (100 mL per 1 g powder) 

at 80 ℃ for 2 h, and then washed with Milli-Q water until pH value around 7 was reached. This 

procedure was repeated twice to ensure adequate exchange. After that, the sample with 

ammonium form was dried overnight at 80 ℃ and calcined at 550 ℃ for 6 h to change to the 

proton type SSZ-13 zeolite.  

3.1.2 Pt, Pd, Ir catalyst preparation 

 

Fig. 5. Synthesis procedure of catalysts and monoliths. 
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As illustrated in Fig. 5, the monometallic Pt/Pd/Ir supported on SSZ-13 zeolite catalysts of 1 

wt.% loading was prepared by an incipient wetness impregnation technique. Pt or Pd solution 

was prepared by mixing Pt(NO3)4 precursor (Alfa Aesar, 15 wt.% Pt) or Pd(NO3)2 precursor 

(Alfa Aesar 10% Pd)) and Milli-Q water to obtain a total volume similar to the wet volume of 

the zeolite support. Iridium (III) acetylacetonate (Sigma-Aldrich, 97%) was used as the Ir 

precursor and was mixed with acetone to prepare the Ir solution. The wet volume of H-SSZ-13 

was approximately 0.6 mL/g, close to the total pore volume determined by a N2 physisorption 

measurement. The Pt/Pd/Ir solution was dropped slowly in 4 g of H-SSZ-13 zeolite placed in a 

mortar and after each 8 drops, the mixture was conscientiously ground using a pestle to achieve 

a homogeneous distribution 75. After that, the sample was dried overnight at 80 ℃ and 

subsequently calcined at 600 ℃ for 8 h to obtain the powder catalyst. 1 wt.% Ir/BETA was also 

prepared following the same synthesis method. A commercial ammonium BETA zeolite 

(CP814E, Zeolyst) was used that was calcined in an oven at 550 ℃ for 6 h to convert it to its 

proton form before the impregnation. 

3.1.3 Catalyst monolith preparation 

The synthesized catalyst powder was dissolved in a solution (50 wt.% ethanol and 50 wt.% 

Milli-Q water) containing 5 wt.% boehmite binder (Disperal P2, Sasol) as a slurry and 

washcoated onto a honeycomb monolith (Cordierite, D x L = 1.5 cm * 2.0 cm, 400 cpsi) until 

the desired dry catalyst loading (300 mg) was reached 76–78. Then the monolith was subsequently 

dried in an oven at 80 ℃ overnight and then calcined at 500 ℃ for 2 h. Each washcoated 

monolith sample was usually prepared in duplicate, with one for testing and the other for 

backup. Here the catalyst monoliths were prepared and ready for pretreatment before the 

subsequent activity tests. 

 

3.2 Activity measurements 

Catalytic tests were performed with a laboratory-scale flow reactor (synthetic gas bench, SGB), 

where the monolith was inserted into a horizontal quartz reactor tube (inner diameter: 16 mm) 

and wrapped in quartz wool to prevent the passage of gases around the outside of the monolith.  

The inlet gas mixture was regulated by Bronkhorst mass flow controllers (MFCs) and water 

vapour was produced by a controlled evaporation and mixing system (CEM). The mole 

fractions of all the gases at the outlet of the reactor were measured and monitored by FTIR 

(MKSTM multigas 2030) and mass spectrometry (HPR-20 QIC). 

3.2.1 Degreening pretreatment 

The pretreatments and activity experiments in the flow reactor are presented in Table 2. Before 

the activity tests, a degreening pretreatment was performed to pretreat the catalyst monolith in 

oxidising and water vapour environments. The de-greening procedure consists of exposing the 

catalyst monolith to a gas mixture relevant for the application, i.e. lean conditions 79. The 

catalyst monolith was ramped up to 550 ℃ at a rate of 5 ℃/min until the temperature was 

stabilized. Then it was degreened under 10 mol% O2 in Ar balance at 550 ℃ for 4 h and 

pretreated using 10 mol% O2 and 5 mol% H2O in Ar balance at 500 ℃ for 30 min with a total 
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flow rate of 1200 NmL/min. The total flow rate was set to obtain a space velocity (20,000 h-1), 

based on the volume of the monolith (3.54 mL).  Ar was used as the inert carrier gas. The feed 

flow of water was prepared separately by injecting it into 300 NmL/min of Ar before mixing 

with other feed gases. All calculations of the resulting molar or mass flow rates of gases were 

based on the ideal gas law. Every monolith sample was degreening pretreated prior to activity 

testing. In addition, each catalyst powder sample was also degreened prior to any 

characterisation measurements. The powder samples were placed in a ceramic boat and 

positioned inside the flow reactor tube to be pretreated under the same conditions.  

3.2.2 Reduction pretreatment 

To further improve the activity of the catalysts, a reduction pretreatment was used as one 

strategy that was performed instead of the degreening pretreatment before activity 

measurements with the monoliths. The reduction conditions are also listed in Table 2. It 

involved flow of 3% H2 in Ar balance at a total flow of 1200 NmL/min and held at 500 ℃ (5 

℃/min ramp up rate) for 4 h.  

3.2.3 Activity test protocol 

 

Fig. 6. Schematic overview of the flow reactor set-up. 

After the pretreatment, the test cycle involved heating and cooling over a temperature range of 

80 to 500 ℃ with a temperature ramp rate of 5 ℃/min. This same test cycle was repeated 5 

times to examine any slower changes in the state of the catalyst, caused for example by 

deactivation or hysteresis effects. In a typical experiment with a molar feed ratio of H2/NO = 

10, the gas composition of the reactivity test was 10% O2, 5% H2O, 500 ppm NO, and 5000 

ppm of H2 in Ar balance. Similar tests with H2/NO ratios of 5 and 15 were also performed by 

using 2500 and 7500 ppm of H2, respectively.  The outlet gases from the flow reactor were 

connected to a Fourier-transform infrared spectrometer (FTIR, Multigas2030, MKS) operating 

at 191 ℃ to analyze the product composition including NO, NO2, N2O, NH3 and H2O for each 

catalyst. The analyzer was composed of an IR source, a Michelson interferometer, a gas cell, 

and a liquid-nitrogen-cooled MCT detector. When the sample is illuminated with IR radiation, 

a part of the radiation was adsorbed and transmitted. The adsorbed radiation is converted into 

rotational and/or vibrational energy by the sample molecules. The resulting signal at the 
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detector is a spectrum, from 4000 cm-1 to 600 cm-1 with a resolution of 0.5 cm-1 and recorded 

every 3.75 s or 15 s, representing a molecular fingerprint of the gas. The fingerprint means that 

each specific bond or functional group in a molecule adsorbs IR at a different frequency, 

resulting in a specific spectrum. The data was analyzed by MKS software suite MF2000 v.10.2 

and FTIR-library v.R3. Before the activity tests, a calibration was done using 200/300/400/500 

ppm NO, N2O and NO2, with and without water. Then, the actual flow rate was compared to 

the FTIR signal, and a linear relationship was constructed to calculate a calibration factor for 

subsequent calculations with the reaction data. Since the main-product N2 cannot be detected 

by FTIR, the N2 content was calculated from the mass balance. In order to make direct 

measurements of the amount of nitrogen and hydrogen as well as other gas components, an 

additional mass spectrometer (MS) was connected for analysis (Fig. 6). In the MS, a sample’s 

gas molecules are converted to rapidly moving positive ions by electron bombardment and 

charged particles are separated according to their mass to charge ratio, which is also expressed 

as m/z and then taking a record of the relative abundance of each ion is obtained. A mass 

spectrum is formed, which shows the spectrum of ion abundance versus mass-to-charge ratio. 

Another five-cycle test in the absence of water (dry test) was also performed after the activity 

tests to study the effect of water on the activity performance of the catalyst. The discussion of 

the activity test in Section 4 was based on the data of the 4th cycle.  

 

Table 2. The activity test procedure and reaction conditions (GHSV=20,000 h-1 (STP)). 

Step Experiment Conditions 

1 Degreening & Pretreatment 
(i) 10% O2 in Ar at 550 ℃ for 4 h (ii) 10% O2 and 5% H2O in Ar 

at 500 ℃ for 30 min  

 Reduction pretreatment 3% H2 in Ar at 500 ℃ for 4 h 

2 Cooling 
cooling from 500 ℃ to 80 ℃ in Ar (cooling rate: 5 ℃/min) and 

keep at 80 ℃ for 30 min  

3 Test cycle, repeated 5 times 

(i) continuous reaction from 80 ℃ to 500 ℃ (heating rate: 

5 ℃/min) in the gas mixture of 500 ppm NO, 2500 ppm/5000 

ppm/7500 ppm H2, 10% O2, 5% H2O in Ar (ii) keep at 500 ℃ 

with the same gas mixture for 20 min (iii) continuous reaction 

from 500 ℃ to 80 ℃ (cooling rate: 5 ℃/min) in the same gas 

mixture 

 

3.3 Data analysis 

As mentioned in Section 3.2, the product gases including NO, N2O and NO2 were detected by 

FTIR. It should be noted that NH3 was measured, but not detected. The conversion of NO 

reflects the activity of the catalyst for the reaction. NO conversion and product selectivities 

were calculated as shown below, neglecting any variations in the total molar flow of the gas 

due to the reactions, since the NOx concentrations were very small: 
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 𝑁𝑂 𝑐𝑜𝑛𝑣. % =  
𝐶𝑡𝑜𝑡𝑎𝑙 −𝐶𝑁𝑂

𝐶𝑡𝑜𝑡𝑎𝑙 
∗ 100% (1) 

𝑁𝑡𝑜𝑡𝑎𝑙 =  𝐶𝑁𝑂 +  𝐶𝑁𝑂2
+ 2 ∗  𝐶𝑁2𝑂 

(2) 

𝐶𝑁2
=  (𝐶𝑡𝑜𝑡𝑎𝑙 −  𝑁𝑡𝑜𝑡𝑎𝑙)/2 

(3) 

𝐶𝑁𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑡 =  𝐶𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑁𝑂 
(4) 

𝑁2 𝑆𝑒𝑙. % =  
2 ∗  𝐶𝑁2

𝐶𝑁𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑡
∗ 100% (5) 

𝑁𝑂2 𝑆𝑒𝑙. % =  
𝐶𝑁𝑂2

 

𝐶𝑁𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑡
∗ 100% (6) 

𝑁2𝑂 𝑆𝑒𝑙. % =  
2 ∗ 𝐶𝑁2𝑂

𝐶𝑁𝑂𝑐𝑜𝑛𝑣𝑒𝑟𝑡
∗ 100% (7) 

  

The total inlet concentration of NO (𝐶𝑡𝑜𝑡𝑎𝑙 ) was 500 ppm. N2 concentration was in most cases 

calculated by a mass balance of nitrogen atoms as in Eq.2 and Eq.3 but was also detected by 

mass spectrometry in some experiments.  Selectivity is another important parameter to measure 

in addition to NO conversion, indicating the amount of converted NO that is converted to each 

product gas. The selectivity of each product (N2/N2O/NO2) was calculated by Eq.5 – Eq.7. Most 

of the activity data results in Section 4 are plotted as a function of temperature for the relevant 

parameters by plotting the NO conversion and each gas product selectivity against the time as 

the reaction temperature varies. 

 

3.4 Catalyst characterizations 

3.4.1 Nitrogen (N2) physisorption 

The textural properties like specific surface area, pore-volume, and pore size of the catalysts 

were measured by N2 physisorption at -196 °C using a Tristar 3000 gas analyzer. The supported 

catalysts (approximately 0.1 g) were degassed in a ½-inch quartz tube at 250 °C for 16 h under 

N2 flow to remove moisture. The Brunauer-Emmett-Teller (BET) method in a range of relative 

pressures p/p0 from 0.05 to 0.3 was used to calculate the specific surface areas and the t-plot 

method was used to calculate the microporous volume and external surface areas. In BET 

surface area analysis, the surface is cooled to the cryogenic temperature for N2 to dose it 

stepwise onto the surface in a series of controlled pressure changes. With pressure increases, 

after the saturation pressure is reached, no further adsorption occurs regardless of any further 

increase in pressure. After that, the pressure is gradually reduced so that nitrogen is 

continuously desorbed from the surface which yields the nitrogen-physisorption isotherm. 

There are five types of adsorption isotherms possible. The BET calculation, by Eq.8 uses the 

information from the isotherm to determine the surface area of the sample. 𝜐 is the quantity of 

nitrogen adsorbed at a given relative pressure (𝑝 𝑝0⁄ )  , 𝜐𝑚  is the monolayer adsorption 
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capacity, which is the volume of gas adsorbed at standard temperature and pressure (STP), and 

c is the BET constant 80.  

 

𝑝 𝑝0⁄

𝜐(1 − (𝑝 𝑝0⁄ ))
=  

𝑐 − 1

𝜐𝑚𝑐
(

𝑝

𝑝0
) +

1

𝜐𝑚𝑐
 (8) 

  

However, it should be noticed that the application of the BET equation for determining surface 

area is limited, especially for zeolite materials which contain micropores and a multi-

dimensional pore structure.  

3.4.2 X-ray diffraction (XRD) 

XRD was used to identify the crystalline phases of the synthesized catalysts in this work. The 

X-ray diffractograms for all catalysts were obtained using an X-ray powder diffractometer 

operated at 40 kV and 40 mA (Bruker AXSD8 Advance) with a CuKα monochromatic radiation 

(λ=1.542A°) source. The samples were scanned in the 2θ range of 5°-80°, with a step size of 

0.02° and scan time of 1 second per step. The Bragg equation in Fig. 7 reflects the relationship 

between the direction of diffraction lines and the crystal structure 81. For a particular crystal, 

only an angle of incidence that satisfies the Bragg’s equation can produce an interference 

enhancement and show diffraction fringes. This is the fundamental meaning of an XRD spectra. 

When X-rays are irradiated into a sample, the scattered X-rays from the various atoms in the 

crystal interfere and produce strong X-ray diffraction lines in specific directions. When X-rays 

are irradiated at different angles to the sample, diffraction occurs at different crystal faces, and 

the detector will accept the number of diffracted photons reflected from that face, resulting in a 

spectrum of the angle-intensity relationship. 

 
Fig. 7. Bragg equation that could be used for XRD measurement. 

3.4.3 Inductively coupled plasma sector field mass spectrometry (ICP-SFMS) 

Elemental compositions (Si, Al, O, Pt, Pd, Ir, etc.) of the catalysts were analyzed with 

inductively coupled plasma sector field mass spectrometry (ICP-SFMS) analysis which was 

performed by ALS Scandinavia (Luleå, Sweden).  

3.4.4 CO chemisorption 

CO chemisorption measurements were performed by using an ASAP2020 Chemi Plus 

instrument (Micromeritics). Around 0.1 g of catalyst powder sample was placed in a U-shape 

reactor with quartz wool. Before measurement, the sample was degassed in He and underwent 
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1 h of H2 reduction at 400 ℃ for pretreatment. After that, the powder sample was evacuated by 

vacuum to pressures in the range of 100-600 mmHg (at intervals of 25 mmHg) which was used 

for CO adsorption measurements using the double-isotherm method. The stoichiometry factors 

(i.e. the number of CO molecules that each active site or metal atom on the catalyst surface 

binds or adsorbs) used were 1 for Pt, 2 for Pd and 2 for Ir and were used to calculate the 

dispersion82–85. By combining the results of CO chemisorption and ICP, the Pt/Pd/Ir active site 

densities with different loadings could be calculated. The estimated active site densities with 

units of μmol. g-1, were calculated by the following equation. 

 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑠𝑖𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑊𝑤𝑎𝑠ℎ𝑐𝑜𝑎𝑡 ∗ 0.95 ∗ 𝑀𝑒𝑡𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∗ 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 ∗ 106

𝑀 ∗ 𝑊𝑤𝑎𝑠ℎ𝑐𝑜𝑎𝑡
 

𝑊𝑤𝑎𝑠ℎ𝑐𝑜𝑎𝑡 – Actual washcoat mass in the monolith;  

0.95 – Mass fraction of actual catalyst material (other than binder) in washcoat;  

Metal loading – Mass fraction of metal in catalyst from ICP analysis;  

Dispersion – from CO chemisorption measurement; 

𝑀 – Molecular weight of metal. 

3.4.5 X-ray photoelectron spectroscopy (XPS) 

The chemical state and composition of the catalysts were measured by XPS which was 

conducted using a PHI5000 VersaProbe Ⅲ-Scanning XPS MicroprobeTM with an X-ray source 

of monochromatic Al Kα radiation (Hv=1486.6 eV). Degreened powder samples were taped 

onto test discs and placed into the chamber to be evacuated for approximately 30 minutes before 

being sent into the cell. Firstly, test points were selected on the sample and compared with 

photographs taken while inside the chamber at the beginning, to ensure that the discs did not 

rotate in any way after entering the chamber. A map scanning was measured to identify all the 

elements on the sample. This is followed by a detailed scan for a particular metal, which was 

usually scanned more than 10 times to ensure that the peaks are clear due to the low content of 

the precious metals on the catalysts. The system was aligned with Au (83.96 eV), Ag (368.21 

eV) and Cu (932.62 eV). The measurements were calibrated with the carbon peak (C1s) at 284.8 

eV.  It should be noted that since the Pt 4f5/2 and Al 2p lines overlapped, Pt 4f7/2 was used with 

the intensity ratio of Pt 4f7/2: Pt 4f5/2 = 4:3 and the energy separation between them is around 

3.33 eV. The XPSPEAK41 software was employed for the deconvolution of experimental 

spectra into individual components. Background subtraction and curve fitting were processed 

by the Shirley model and Gauss-Lorentz functions in the software. 

3.4.6 High-resolution transmission electron microscopy (HRTEM) 

The morphology of catalyst particles was measured by high-resolution transmission electron 

microscopy (HRTEM) using an FEI Titan 80-300 microscope equipped with a high-angle 

annular dark-field (HAADF) detector, with an operating voltage of 300 kV. The average 

particle size and distribution were calculated by random selection of over 100 particles using 

ImageJ software. 

3.4.7 In-situ diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS) 

In-situ diffuse reflectance infrared Fourier transformed spectroscopy (DRIFTS) spectra were 

recorded with a Bruker Vertex 70 spectrometer equipped with an MCT detector and scanning 
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was done at 4 cm-1 resolution. A powder sample was placed into a sealed diffuse reflection 

chamber (Harrick Praying Mantis) equipped with a CaF2 window. A mass spectrometer (Hiden 

HR20) was connected to the outlet to the outlet stream to monitor the out-gases.  

In-situ DRIFTS was conducted for two studies in Paper I. As mentioned before, the degreened 

catalysts were used for the measurements. Study one was CO adsorption on the Pt/SSZ-13 

catalysts to determine the Pt states and thus validate the XPS results, as well as provide the 

estimation of the stoichiometry factor for CO chemisorption on the Pt 86,87.  The background 

was recorded at 35 ℃ (catalyst bed temperature) before the measurement. Before each 

experiment, a pretreatment at 300 ℃ with 100 NmL/min of 10 vol.% O2 in Ar for 30 min was 

performed to clean the catalyst surface. Then, a flow of 100 Nml/min containing 1000 ppm of 

CO/Ar was fed to the cell for 60 min. After that CO feed was cut and the stream composition 

switched to pure Ar to flush the chamber. The spectrum was recorded 63 times each minute 

from introducing CO. The second DRIFTS study was to give insight into the reaction 

mechanism of H2-SCR by observing different adsorbates on the surface and their changes 

during the adsorption of NO followed by an introduction of H2.  

For the H2-SCR mechanism studies, new Pt samples were loaded into the chamber. The detailed 

protocol is shown in Table 3. The background was recorded at 80 ℃ after the pretreatment. 

Then, three steps were performed, firstly flowing 500 ppm NO for 60 min, flushing with Ar for 

30 min, and finally introducing 5000 ppm H2 for 60 min to investigate the reaction mechanism. 

In order to exclude the effect of some overlap of the water peaks with the NO adsorption peaks, 

an additional measurement was performed. This consisted of 5000 ppm H2 and 5000 ppm O2 

flowing at 80 ℃ for 60 min through the system to form water without any possible NO 

interference. The water formation spectrum was recorded to compare the water peaks with the 

peaks in the previous spectrum. Following this, the same three steps (2-4) were repeated to 

observe the H2-SCR reaction process. In order to study the different effects of stepwise and 

simultaneous introduction of reacting gases, the experiment of simultaneous introduction of 

500 ppm NO and 5000 ppm H2 for 60 min was also added. Meanwhile, 5000 ppm O2 was added 

afterward to study the O2 effect on the H2-SCR reaction. 
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Table 3. The DRIFTS measurement procedure for H2-SCR 

Step Experiment Conditions 

 Pretreatment flowing 10% O2 in Ar at 300 ℃ for 30 min in total flow of 100 NmL/min  

1 Background record 
cooling from 300 ℃ to 80 ℃ in Ar (cooling rate: 5 ℃/min);  

background spectra were recorded 

2 NO adsorption flowing 500 ppm NO in Ar at 80 ℃ for 60 min;  

3 Ar  flowing Ar for 30 min 

4 H2-SCR introducing 5000 ppm H2 in Ar for 60 min;  

 
New sample 

pretreatment 

flowing 10% O2 in Ar at 300 ℃ for 30 min in total flow of 100 NmL/min 

5 H2O formation 
cooling from 300 ℃ to 80 ℃ in Ar (cooling rate: 5 ℃/min);  

flowing 5000 ppm H2 and 5000 ppm O2 at 80 ℃ for 60 min;  

6 NO adsorption flowing 500 ppm NO in Ar at 80 ℃ for 60 min; 

7 Ar  flowing Ar at 80 ℃ for 30 min 

8 H2-SCR introducing 5000 ppm H2 in Ar at 80 ℃ for 60 min;  

9 Step 2-4  

10 H2-SCR (2) 500 ppm NO and 5000 ppm H2 at 80 ℃ for 60 min;  

11 H2-SCR (3) 500 ppm NO, 5000 ppm H2 and 5000 ppm O2 at 80 ℃ for 60 min;  

 

For Paper II, DRIFTS measurements were performed to interpret the reaction performance of 

the three different catalysts (Pt/Pd/Ir). Degreened powder samples were used in this study. After 

the pretreatment, the background profile was recorded during the cooling process at 200 ℃ and 

80 ℃. Then 500 ppm NO was fed to record the NO adsorption onto the catalyst at 80 ℃. The 

temperature was raised to 200 ℃ and the spectra of NO adsorption were recorded. Then 

maintaining the temperature at 200 ℃, the feed was switched to 5000 ppm H2 to observe 

whether the H2-SCR occurred. This procedure was repeated for different catalysts, observing 

differences in peak intensities of adsorbed species, to gain some insights into the reaction 

mechanism. 
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4 Results and Discussion  

4.1 Characterization results 

Three loadings (0.5/1.0/2.0 wt.%) of Pt supported on SSZ-13 zeolite catalysts were prepared 

for the studies (Table 4).  For Paper II, 1 wt.% Pd/SSZ-13, 1 wt.% Ir/SSZ-13 and 1 wt.% 

Ir/BETA were prepared. The element contents were determined by ICP-SFMS analysis and the 

loadings of noble metals Pt and Pd were very close to the nominal values. However, due to the 

inert nature of iridium, which is difficult to dissolve in various solutions, the ALS company has 

not established a methodology for measuring the elemental content of Ir, and therefore no ICP 

data for Ir was obtained. The SiO2 to Al2O3 molar ratio was around 20 for all the samples.  

Table 4. Physicochemical properties of Pt, Pd, Ir/SSZ-13 de-greened catalysts. 

* Estimated metal site density= Wwashcoat*0.95*loading*dispersion/Mmetal/ Wwashcoat 

CO chemisorption measurements were performed to determine the metal dispersion and crystal 

sizes of the catalysts (Table 4). As the Pt loadings increased from 0.5 to 2.0 wt.%, the dispersion 

of Pt particles decreased from 18.6 to 9.9%. The mean particle sizes determined were 6.1, 9.7 

and 11.4 nm for 0.5, 1.0 and 2.0 wt.% of Pt, respectively. The dispersion of Pd for the Pd/SSZ-

13 sample was 64.4 % which was considerably higher than for all other samples. The measured 

particle size from CO chemisorption was only 1.7 nm for Pd/SSZ-13. But for the Ir samples, it 

is interesting to see that there are so many differences between the two samples loaded with Ir 

on the SSZ-13 and BETA zeolite. Especially, the 1 wt.% Ir/SSZ-13 catalyst showed a very poor 

metal dispersion (2.7%), thus very large particles. Therefore, were detailed plots of CO 

chemisorption explored to examine differences in the behaviors of the samples (Fig. 8). 

Initially, the top curve represents the overall adsorption, encompassing both physisorption and 

chemisorption on the surface. Subsequently, an evacuation process was implemented to 

eliminate the physisorbed CO, leading to the repetition of the isotherm and the generation of 

the lower curve. The variance between these curves signifies the quantity of chemisorbed CO. 

With the mass of the test powder and the metal loading, the metal dispersion can be calculated 

by the chemisorbed CO content. Hence, it is observed in Fig. 8 that there is a low CO 

chemisorption on the 1 wt.% Ir/SSZ-13 sample surface, which is related to the fact that Ir mostly 

exists in its oxidised form on the catalyst. However, this situation was improved on the Ir 

catalysts with BETA as support, which showed significant CO chemisorption. It should be 

Nominal 

loading / wt.% 

ICP-SFMS CO chemisorption TEM BET 

Metal /wt.% SAR (SiO2/Al2O3) 
Disper

sion/% 

Mean 

particle 

size/nm 

Estimated metal site 

density/μmol. g-1 

washcoat 

Particle 

size/nm 

Surface 

area/m2. g-1 

0.5 Pt/SSZ-13 0.51 21.6 18.6 6.1 4.5 5.4 602 

1.0 Pt/SSZ-13 1.04 21.8 11.7 9.7 5.7 7.8 616 

2.0 Pt/SSZ-13 2.04 19.4 9.9 11.4 9.6 10.1 611 

1.0 Pd/SSZ-13 0.98 20.0 64.4 1.7 57.5 / 614 

1.0 Ir/SSZ-13 / / 2.7 53.4 1.3 / 644 

1.0 Ir/BETA / / 14.3 10.1 7.1 / 524 
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noted that all catalysts were reduced with hydrogen at 400 ℃ for 1 h in the pretreatment step 

prior to adsorption. It was demonstrated that the 1 wt.% Ir/SSZ-13 de-greened sample was very 

difficult to be reduced to its metallic state under these conditions. In addition, the differences 

in CO chemisorption also reflect the oxidation state of the metals on the surface of the individual 

catalysts, a property that will be explained in more detail in the subsequent XPS tests. Also, 

based on the measurements of CO chemisorption, the metal site density could be calculated. It 

is reasonable that the site densities of the three Pt samples showed an increasing trend in site 

densities with the loadings. Pd offered a very high active site density due to its high dispersion 

and very small particle size. For the iridium catalyst, its samples when Ir was loaded on BETA 

presented a higher site density than that for SSZ-13. 

 

Fig. 8. CO chemisorption plots of degreened 1 wt.% Pt, Pd, Ir/SSZ-13 catalysts and 1 wt.% Ir/BETA catalyst. 

The particle sizes of the Pt catalysts were not only determined by CO chemisorption, but also 

by HRTEM images. The images can be found in Paper I and the particle sizes are listed in 

Table 4. The average particle sizes were determined from 100 randomly selected particles in 

the TEM images. It should be noted that ion-exchanged platinum species are likely present in 

the catalysts, however, these cannot be observed with the TEM instrument. The average particle 

sizes increased with Pt loading, corresponding with the CO chemisorption results, from 5.4 nm, 

7.8 nm to 10.1 nm for 0.5, 1.0, and 2.0 wt.% Pt/SSZ-13 samples. 

According to Table 4, samples supported on SSZ-13 zeolite after loading the active metals and 

degreening pretreatment still showed relatively high surface areas of around 610 m2g-1. 

Compared to SSZ-13 zeolite, the BETA zeolite supported Ir sample presented a lower surface 

area which is related to the different topologies of the zeolites. The BET adsorption and 

desorption isotherm’s linear relationships in Fig. 9 illustrated that the SSZ-13 gave close to a 

Type I isotherm in the classification of adsorption isotherms88 which are given by microporous 

solids but with large internal surface area. The BETA zeolite yielded a Type II isotherm that is 

related to a microporous absorbent and it has a hysteresis loop at higher pressure.  
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Fig. 9. BET adsorption and desorption isotherm linear plots of BETA, SSZ-13 and ZSM-5 zeolites. 

The oxidation states of the samples were measured by XPS. Fig. 10a and Fig. 10b compare the 

Pt 4f of degreened Pt samples with 1 wt.% and 2 wt.% loadings. It should be noted that an 

overlap of the binding energies between Al 2p and Pt 4f makes it difficult to deconvolute the 

spectrum of Pt 4f, in particular with a low loading of Pt. Only the XPS results for the 1 wt.% 

Pt/SSZ-13 and 2 wt.% Pt/SSZ-13 samples are presented in Fig. 10, since the signals were too 

weak for the 0.5 wt.% Pt sample. According to the data, the binding energy at 70.6/74.4 eV and 

72.5/75.8 eV of the 1 wt.% Pt de-greened sample can be assigned to 4f7/2/4f5/2 of Pt0 and Pt2+ 

species, respectively89,90. The 1 wt.% Pt sample has a larger amount of metallic Pt (73.7%) than 

the 2 wt.% Pt sample (24.8%) and a lesser amount of Pt2+ at 26.3% compared to 75.2% for the 

2 wt.% Pt sample. Fig. 10c and Fig. 10d show the results for the 1 wt.% Pd/SSZ-13 and 1 wt.% 

Ir/CHA degreened samples respectively. The binding energies at 335.9/341.2 eV and 

338.0/343.4 eV were assigned to 3d5/2/3d3/2 of Pd2+ and Pd4+, respectively 91. For the Iridium 

sample, the XPS data is illustrated in Fig. 10d, with the binding energies at 62.1/64.9 eV and 

63.6/66.6 eV that belongs to 4f7/2/4f5/2 of the Ir3+ and Ir4+ species 91. Comparison of all the 

degreened samples with 1 wt.% loading revealed that only platinum was present mainly in its 

metallic state, while Pd and Ir existed only in their oxidised state. Also, iridium was most the 

oxidised. More detailed XPS data for the Pt catalysts can be found in Paper I, while XPS data 

for Pd and Ir as well as for the samples after their respective reduction pretreatments are shown 

in Paper II. 
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Fig. 10. X-ray photoelectron spectra of (a) 1.0 wt.% Pt/SSZ-13 (b) 2.0 wt.% Pt/SSZ-13 (c) 1 wt.% Pd/SSZ-13 (d) 1 wt.% 

Ir/SSZ-13 de-greened catalysts. 
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4.2 Activity tests 

4.2.1 Pt catalysts 

For the Pt-based catalysts in the H2-SCR study of the first paper, 0.5/1.0/2.0 wt.% Pt/SSZ-13 

were synthesized and measured for their activity performance. The activity test protocol was 

introduced in Section 3.2.3 and the outlet gas composition was detected by FTIR and MS.  

The overall reaction process can be divided into four temperature zones (Fig. 11a). In the first 

region of 80-93 ℃, NO concentration decreased and the products N2 and N2O increased, 

indicating H2-SCR occurred over the Pt/SSZ-13 catalyst.  The selectivity for N2O is higher than 

N2 at this stage (black and red curves). The mechanism of N2O production has been mentioned 

in Section 2.1.1 according to the literature30. In the temperature range 97 ℃ to 150 ℃, it is 

noticed that the N2O production starts to drop dramatically and the N2 first increased and then 

decreased. To interpret this observation, N2O reduction by H2 was tested on the 1 wt.% Pt 

sample which showed that N2O could not be reduced to N2 on the Pt/SSZ-13 catalyst (Fig.11b).  

Hence, we considered that it is due to the H2-SCR preferring to produce N2 than N2O in this 

temperature range. Also, as the temperature rises, the H2 oxidation was enhanced which limited 

the availability of H2 which resulted in suppressed N2 production. Eventually, hydrogen is 

further consumed with temperature resulting in NO oxidation to NO2 at higher temperatures 

gradually becoming the dominant reaction, while the products N2 and N2O of H2-SCR still 

gradually decreased. Although, N2 decreased somewhat more slowly than N2O. Finally, at the 

highest temperatures, the NO oxidation was suppressed due to thermodynamic equilibrium. A 

more detailed description can be found in Paper I. 

 

Fig. 11. (a) NOx and N2 concentration of H2-SCR reaction on 2 wt.% Pt/SSZ-13 catalyst (b) The activity results of N2O 

reduction by H2 on 1 wt.% Pt/SSZ-13 catalyst (GHSV=20,000 h-1 (STP); gas inlet: 10% O2, 5% H2O, 500 ppm NO/N2O, 5000 

ppm H2 balanced in Ar; T:  80-500 ℃; heating rate: 5 ℃/min). 

After an initial exploration of the complex reaction process, the effect of reaction conditions 

was further investigated, including the feed ratio of H2/NO, the metal loading of Pt, and wet 

and dry environments. As shown in Fig.12, in the absence of hydrogen, only NO oxidation at 

high temperatures occurred. The peak of H2-SCR conversion at low temperatures appeared after 

the introduction of hydrogen.  A greater H2 proportion favored the target product N2 which is 

due to the higher active H atom density on the Pt centers promoting the complete reduction of 

NO to N2. NO oxidation became dominant at high temperatures because H2 is rapidly consumed 

by its combustion (Paper I). Interestingly, H2 cannot only support N2 reduction but also assists 
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the NO oxidation at lower temperatures. One possible reason is that the larger H2 oxidation with 

higher H2 concentration resulted in increased reaction heat and thereby an increased 

temperature of the catalyst surface. 

 

Fig. 12. Comparison of the effect of different H2/NO ratios on 2 wt.% Pt/SSZ-13 catalyst, where (a) shows the conversion, and 

the concentration profiles are shown in (b) N2 (c) N2O (d) NO2 (GHSV=20,000 h-1 (STP); gas inlet: 10% O2, 5% H2O, 500 

ppm NO, 2500/5000/7500 ppm H2 balanced in Ar; T:  80-500 ℃; heating rate: 5 ℃/min). 

It was found that the Pt loading had a significant effect on the activity performance (Fig. 13). 

Table 5 shows that the 2 wt.% Pt sample had approximately twice the active site density 

compared to the 0.5 wt.% Pt sample. However, it was not the case that a higher content of active 

centers was more beneficial for H2-SCR. On the contrary, the highest conversion for NO 

oxidation was achieved on the 2 wt.% Pt sample. Also, H2 was more oxidized on 2 wt.% Pt 

sample that led to the lowest NO reduction conversion at low temperatures. From comparison 

of the selectivity for each product, it was found that 0.5 wt.% Pt had the highest N2 selectivity, 

reaching 75% at 167 ℃. Through various characterizations, it was demonstrated that particle 

size, dispersion, metallic states, etc. were responsible for the highest NO reduction and highest 

N2 selectivity of the 0.5 wt.% sample. However, it is also important to recognize that there were 

differences in the H2 conversion over the catalysts with varying Pt loading which influenced 

the H2 availability in the monoliths at varying temperatures. For example, with the 0.5 wt.% 
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sample, the H2 conversion increased more slowly with temperature, which maintained a higher 

H2 concentration at higher temperatures which is beneficial for H2-SCR. 

 

Fig. 13. Comparison of NO conversion and N2/N2O/NO2 concentration profiles on Pt/SSZ-13 catalysts with different Pt 

loadings (GHSV=20,000 h-1 (STP); gas inlet:10% O2, 5% H2O, 500 ppm NO, 5000 ppm H2 balanced in Ar; T:  80-500 ℃; 

heating rate: 5 ℃/min). 

The influence of water is important to consider, especially for the aftertreatment of hydrogen 

internal combustion engines, where large quantities of water would be present in the exhaust 

gas. Fig.14 compares the activity of the 1 wt.% Pt sample in the presence and absence of water.  

Water had a significant inhibition effect at low temperature on H2-SCR over the Pt catalyst 

which is due to the competitive adsorption of water on the active sites. The N2 signal from MS 

measurements was observed to be higher in the absence of water than in the presence of water. 

Not only N2 was affected, the N2O formation was also less pronounced when the system was 

without water addition, which also indicated that N2 selectivity during H2-SCR improved under 

dry conditions. At higher temperatures, the influence of water was less because of greater water 

desorption from active sites that reduced its inhibiting effect. 
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Fig. 14. Comparison of NO/NO2/N2 concentration from FITR and N2 Signal from MS of 1 wt.% Pt/SSZ-13 catalyst (a) with 

H2O and (b) without H2O (GHSV=20,000 h-1 (STP); gas inlet: 10% O2, 0%/5% H2O, 500 ppm NO, 5000 ppm H2 balanced in 

Ar; T:  80-500 ℃; heating rate: 5 ℃/min). 

 

4.2.2 Pd and Ir catalysts 

1 wt.% Pd/SSZ-13 and 1 wt.% Ir/SSZ-13 were measured following the same procedure to 

compare their activity performance with 1 wt.% Pt/SSZ-13 catalyst (Fig.15a). It was found that 

the three catalysts have their different working temperature intervals (low-medium-high), 

respectively. This is also the key point in Paper II. As mentioned in Section 4.2.1, H2-SCR 

only occurs at low temperature over the Pt catalyst, whereas H2-SCR on the Pd catalyst has a 

higher and wider reaction temperature interval, although NO conversion is about 20% of that 

of Pt. The N2 selectivity on Pd was maintained at 80% in the medium temperature region, but 

the Pt catalyst only had a maximum selectivity of 70% at one temperature point, 150 ℃ 

(Fig.16).  The Ir catalyst had the highest working temperature interval (>250 ℃), but also the 

lowest NO conversion. Surprisingly, the N2 selectivity was however very high during its 

catalytic temperature window. This specific high-temperature property of Ir is important for the 

H2-ICE since the exhaust gases could have high and wide temperature profiles. Since each 

catalyst exhibited a distinct working temperature window, an attempt was made to examine the 

activity of a combination of the three catalysts positioned sequentially in order of Ir/SSZ-13-

Pd/SSZ-13-Pt/SSZ-13, under the same flow and feed gas composition. The Pt sample was 

positioned furthest downstream to avoid premature consumption of H2 by its extraordinary 

oxidation activity. Fig.15b shows that with this arrangement, nitrogen generation exhibited two 

distinct peaks in the low-medium-high temperature zones, although the last caused by Ir is 

hardly visible. This concept shows large potential, however, the activity for the iridium catalysts 

needs improvement. 
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Fig. 15. (a) NO conversion of de-greened 1 wt.% Pt/SSZ-13, 1 wt.% Pd/SSZ-13 and 1 wt.% Ir/SSZ-13 de-greened samples. 

(b) MS signals of N2 generation and calibrated concentration (3 cycles) from the catalyst series: Ir/SSZ-13-Pd/SSZ-13-

Pt/SSZ-13.  

 

Fig. 16. Selectivity of de-greened 1 wt.% Pt/CHA, 1 wt.% Pd/CHA and 1 wt.% Ir/CHA. N2 is determined by mass balance 

using FTIR data. 

 

Two strategies were used to improve the activity of the Ir catalyst. As discussed in Section 4.1, 

XPS measurement results indicated the Pd and Ir catalysts were essentially completely in their 

oxidized states. The first strategy was a reduction pretreatment of the Ir catalyst, for which the 

conditions are outlined in Section 3.2.2. Ir was also loaded onto BETA zeolite instead of SSZ-

13 zeolite via the same incipient wet impregnation method as a second strategy to further 

improve the reactivity of iridium. According to Fig. 17, with an H2 pretreatment, the reactivities 

were improved for both SSZ-13 and BETA supports. Notably, the H2-pretreated Ir/BETA 

catalyst showed a doubled maximum N2 generation, compared to a more moderate increase for 

the H2-pretreated Ir/SSZ-13 (max. 30 ppm vs. 15 ppm). However, the working temperature 

window for the H2-pretreated Ir/BETA shifted to lower temperatures. XPS results (Paper II) 

revealed that after H2-pretreatment, Ir was present in a more reduced form both on BETA zeolite 

and SSZ-13 zeolite, which may be one of the important reasons for the increase in activity. 

Comparison of the XPS results of Ir/BETA and Ir/SSZ-13 showed that a larger fraction of the 

metal was in more reduced states on Ir/BETA, which explains the shift of its nitrogen formation 

to a lower temperature. 
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Fig. 17. (a) NO conversion of degreened and reduced 1 wt.% Ir/SSZ-13 (b) NO conversion of degreened and reduced 1 wt.% 

Ir/BETA (c) N2 concentration of reduced 1 wt.% Ir/SSZ-13 and 1 wt.% Ir/BETA catalysts. 

 

4.3 DRIFTS studies 

4.3.1 CO adsorption 

CO adsorption was performed in DRIFTS measurements to confirm the XPS results for the 

redox states of platinum in Pt/SSZ-13 catalysts. The different CO adsorption peaks represent 

different species of adsorbed platinum, namely the metallic, oxidised and partially oxidised 

states of Pt. The results demonstrate that after the degreening pretreatment, the 0.5 wt.% 

Pt/SSZ-13 had more Pt in its metallic state and the least Pt in its oxidised state, which supports 

the XPS results.  

4.3.2 H2-SCR on Pt/SSZ-13 catalyst 

In Paper I, DRIFTS measurements of H2-SCR on degreened 1 wt.% Pt/SSZ-13 at 80 ℃ was 

carried out, which was divided into three main steps: NO adsorption, inert flushing and H2 

exposure. In the first two steps it was found that NO was absorbed on the surfaces of Pt and the 

support in different forms and that after cutting off the NO gas, the NOx adsorbed started to 

desorb due to weaker adsorption. The H2-SCR reaction occurred after the addition of hydrogen, 

which produced large peaks at high wavenumbers representing the water product adsorption, 

as well as a multitude of other newly generated peaks. However, since the water peaks 

overlapped with the NO adsorption peaks, new experiments were designed in order to exclude 

the interfering effects of water when defining each IR peak.  

The H2-oxidation reaction was carried out by passing only hydrogen and oxygen over the 

catalyst, thus determining the location of each peak of water on the catalyst. Then NO 

adsorption and H2-SCR were performed to compare with it to exclude the overlapping effects 

of water. Finally, the differences between the sequential and simultaneous passage of NO and 

H2 and the peaks in the presence of excess oxygen were investigated. The specific experiments 

and their results are explained in detail in Paper I. The main conclusions included the following 

i) Nitrosyl species weakly adsorbed on the acidic sites of the zeolite can be easily removed. ii) 

H2 was absorbed on Pt active sites rather than the support surface and was activated to interact 

with NO that was also absorbed on the Pt surface. iii) NH4
+ ions were formed on the surface 

and can play a role as a reaction intermediate to assist in the reduction of NO. iv) The reaction 
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occurs rapidly when NO and H2 enter simultaneously, where the form of adsorption of NO on 

the surface changed. v) The addition of O2 to an NO+H2 mixture generates more nitrite (NO2
-) 

species on the catalyst.   

4.3.3 NO adsorption profiles and H2-SCR on Pt, Pd, Ir/SSZ-13 catalysts 

DRIFT spectra were examined with de-greened 1 wt.% Pt/SSZ-13, Pd/SSZ-13 and Ir/SSZ-13 

catalysts to study differences in the mechanism with the catalysts regarding two steps – NO 

adsorption and H2-NO reaction. The main focus was to compare differences in NO adsorption 

behavior and the H2-NO reaction behavior of the three catalysts at 80 and 200 ℃. The results 

demonstrated that the de-greened Ir catalyst had the strongest NO adsorption and thus did not 

catalyse the H2-NO reaction at 200 ℃ due to the strong NO adsorption as well as its inert nature. 

After reduction pretreatment, NO adsorption on the surface of Ir at 200 ℃ is weakened, which 

contributes to the subsequently improved reaction activity. In addition, the Pd catalyst surface 

has a different NO adsorption than the other two other catalysts, where a larger fraction of Pd 

existed as exchanged Pd ions. A more detailed explanation can be found in Paper II. 
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5 Conclusions  

The main objective of this thesis project is to develop highly efficient H2-SCR catalysts with 

high N2 selectivity. On this basis, understanding their water resistance and suitable operating 

temperature ranges are also important.  

Catalysts with Pt as the active centre and SSZ-13 as the carrier were investigated in Paper I. 

Firstly, it was discussed that the total reaction process can be divided into four regions according 

to temperature, with the H2-SCR reaction occurring predominantly with high NO conversion at 

low temperatures, but with the production of the by-product N2O being initially more abundant 

than N2 and gradually decreasing. At high temperatures, only NO oxidation to NO2 occurs as 

the hydrogen combustion reaction consumes most of the hydrogen. After examining various 

reaction conditions, it was found that the H2 content contributed to increased N2 selectivity and 

also caused more exothermic hydrogen oxidation, promoting earlier NO oxidation. When 

studying the effect of Pt loading, it was found that lower loading was more favorable for N2 

selectivity. This is due to multiple factors. On the one hand, fewer active centres lower rate of 

the competing reaction H2 combustion which allows better penetration of H2 into the monolith 

and maintains a higher H2/NO ratio that is favorable for N2 selectivity. On the other hand, the 

lowest loading (0.5 wt.% Pt/SSZ-13) was found to have the highest dispersion and the smallest 

particle size from various characterization data, and the XPS and CO adsorption data together 

indicated that it had the highest portion of Pt in the metallic state. In addition, water had a 

significant inhibitory effect on the reaction at low temperatures, mainly in the form of a large 

reduction in N2 generation compared to anhydrous conditions. Finally, the mechanism of the 

reaction was initially explored using DRIFTS. In order to exclude the interference of water 

adsorption peaks on NO adsorption, a separate reaction of H2-O2 on the surface of the Pt catalyst 

was designed to compare with results from NO-H2 reaction. In addition, control experiments 

with stepwise and simultaneous feed of NO and H2 as well as experiments on the effect of 

excess oxygen participation in the reaction were also designed. It was found that when H2 was 

introduced on an NO saturated sample at 80 ℃, water formation was observed showing that the 

SCR reaction was started. H2 is absorbed on the surface of Pt active sites and is activated to 

interact with nitrates. Meanwhile, NH4
+ ions were formed during the reaction and played a role 

as reaction intermediates to assist in the reduction of NO. Simultaneous feed of NO and H2 

induces a faster reaction than sequential feed and influences the binding of surface species, 

especially NO. The introduction of O2 to an NO+H2 mixture generates more nitrite (NO2
-) 

species on the catalyst.     

In Paper II the main focus was on extending the temperature range of the reaction by 

combining three different active metals (Pt, Pd, Ir). The activity data demonstrated that 1 wt.% 

Pt/SSZ-13, 1 wt.% Pd/SSZ-13 and 1 wt.% Ir/SSZ-13 acted to catalyze N2 formation in the low 

(80-250 ℃), medium (110-390 ℃) and high temperature ranges (245-470 ℃), respectively. In 

contrast, the selectivity for N2 progressively increased with temperature. This is related to their 

own catalytic reaction activities as well as the redox properties of the metals. Their inherent 

catalytic activity also greatly affects the competing reaction-hydrogen combustion. In other 

words, Pt with high activity is also more active for the H2 oxidation which depletes H2 in large 



38 

 

quantities at an early stage, leaving no possibilities to reduce NO at high temperatures. Whereas 

XPS analysis showed that only de-greened Pt/SSZ-13 catalyst remains in mostly its metallic 

state, Pd and Ir exist only in their oxidised states. Thereafter, in response to the lower catalytic 

activity of iridium, the NO conversion was successfully improved by reduction pretreatment 

and by loading onto a BETA zeolite support. While a DRIFTS study of the reaction mechanism 

indicated that de-greened 1 wt.% Ir/SSZ-13 had a stronger NO adsorption than other catalysts. 

H2-SCR did not occur at 200 ℃ due to the stronger NO adsorption and lower catalytic activity 

of the Ir sample. However, after reduction pretreatment, NO adsorption on the surface of Ir at 

200 ℃ was weakened and the reaction successfully occurred.  
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6 Future Work  

In Paper I, the Pt catalysts were mainly investigated, and it was found that although their 

activity was high, N2O by-product formation was high, and the temperature interval of Pt 

catalysts is narrow. In contrast, catalysts with two other active centres (Pd, Ir) were explored in 

Paper II, and it was found that Pd/SSZ-13 had a higher and wider temperature active interval 

than Pt, while N2 selectivity was maintained at about 80%. The catalytic activity of Pd is higher 

than that of Ir, so it is believed that there is potential for continued development of palladium 

catalysts. For the development of palladium catalysts, the primary need is to improve their NO 

conversion. Factors that can be considered to achieve improvements include support and 

additive effects. Another important factor is the effect of water. As emphasized in Section 4.2.1, 

the exhaust gases of hydrogen internal combustion engines contain a large amount of water, so 

good water resistance is particularly important for H2-SCR catalysts. Pd catalysts have been 

found to have much better water resistance than Pt catalysts (experiments not shown in this 

thesis), and an investigation of water resistance under higher water content as well as an in-

depth study of specific mechanistic effects of water are of importance.  

The results from Paper II revealed that the redox state of the metals has a large effect on the 

reaction and is correlated with temperature. So, the next step will be to observe and track the 

real-time metal redox state changes during the reaction process and carry out a deeper 

investigation of the dynamic reaction mechanism. In such a study water could also be 

introduced to create different gas environments and observe its effect on the metal redox states 

during in-situ measurements. 
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