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1. Introduction 

 

1.1 Background 

The first connection between the mean temperature of the atmosphere and the presence 

of CO2 was proposed by Arrhenius early in 1896. He affirmed that the mean 

temperature would have been lower without the presence of CO2 in the atmosphere1. 

Apart from the scientific statement, he did not suspect any future climate change due to 

an excess of this gas, neither a responsibility of the mankind due to its energy and 

sources management. How could he? The overpopulated and connected planet known 

nowadays was not even imaginable. Only a hundred of years later the climate change 

has been globally recognized and ascribed to human activities, with some skepticism 

that is still present2,3.  

Despite it has a physiological oscillation, the equilibrium of the natural carbon cycle has 

been dramatically affected after the deep utilization of fossil fuels, and now the risk is 

that of an irreversible global change.  

The first international report about climate change was compiled in 1990 by the 

International Panel on Climate Change (IPCC), established under the UNFCCC (United 

Nations Framework Convention for Climate Change). It followed the international 

treaty known as the Kyoto Protocol, committing the UN state parties to reduce 

greenhouse gas emissions, in line with the IPCC report4. Other reports from IPCC 

followed, the last one compiled within the Paris Agreement in 2016. Released in 2018, 

it is focused on how to keep the global mean temperature increase within about 1.5°C 

above the pre-industrial level5. The mean earth temperature and emissions of CO2 

increased constantly in the last decades, as reported in Figure 1-1.  
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Figure 1-1: CO2 trend (source: NASA) and temperature anomalies (source: NASA) in the period 
1960-2020. 

The comparison between the mean atmospheric CO2 concentration with the earth 

temperature anomalies in the last 60 years clearly shows a correlation between the two. 

Currently, the temperature increase is around 0.9°C above the preindustrial level. It is 

considered that climate change will be irreversible for many natural systems if that 

value will increase, as summarized in Figure 1-2. 

 

Figure 1-2: risks and impacts for specific natural, managed and human systems assessed 
between 1.5°C and 2°C. Reprinted from IPCC report5. 
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In the meanwhile, the global population reached 7.7 billion in 2019 and it is expected to 

reach 9.7 billion in 20506. Energy demand is consequently increased and so did the use 

of fossil sources and the carbon footprint. In the decade 2009-2018, 86% of total 

emissions were from fossil fuel use, and 14% from land use change, consisting mainly 

in deforestation7. The global energy-related CO2  emissions accounted for the historical 

amount of 33Gt in 20188. Global fossil CO2 emissions have grown at a rate of 1.3 %yr−1 

in this period. China’s emissions increased by +2.2 % yr−1 on average dominating the 

global absolute trend, followed by India’s emissions increase by +5.1 % yr−1, while 

emissions decreased in EU28 by −1.4 % yr−1 and in the USA by −0.5 %yr−1.7 

The availability and versatility of fossil hydrocarbons make them hardly substitutable. 

Indeed, despite the increased attention for the environment, and the increase in 

renewable sources, the use of fossil fuels is still receiving investments9. 

In Figure 1-3 the distribution of greenhouse gas emissions by economic sector is 

represented.  

 

 

Figure 1-3: global greenhouse gas emissions by economic sector. Source: IEA. 

 

Electricity and heat production lead the emissions balance, with a comparable weight 

for industry and agriculture. Transportation and buildings have a lower, but not 

negligible, part. However, this distribution changes a lot considering each country, so 

that transportation can reach almost one-third of the emissions in the most developed 

countries10.  
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The IPCC report focused prevalently on a progressive reduction in the emissions of 

greenhouse gases. This relies mostly on the reduction of carbon content sources. Indeed, 

a realistic scenario excludes a radical change to zero emissions, but it focuses more on 

the efficiency of the transition towards a carbon-free global economy. Figure 1-4 gives 

an overview of what has been done in this direction for energy production.  

 

Figure 1-4: comparison between CO2 emissions in 2017 and 2018 for energy production.  
Sources: IEA 

 

It shows the comparison of the CO2 emitted in 2017 and 2018 together with the 

reduction in the emissions achieved for different sectors. The economic growth would 

have brought to an energy consumption responsible for almost 34 Gt CO2 in 2018. 

However, part of them has been avoided thanks to the improvement in energy supply 

(indicated by the coloured bars). The highest savings have been obtained thanks to the 

increased efficiency of energy conversion and to the use of renewables, followed by the 

switch from coal-based energy production to gas-based one. The latter is explained by 

the lower carbon content of natural gas compared to coal. Indeed, the main component 

of natural gas is methane, which has the highest hydrogen-to-carbon ratio of all 

hydrocarbons that turns into a lower CO2 emitted per energy unit11.  

The use of natural gas is of great interest not only because of the possibility to switch 

many activities still based on coal and together increase the energy efficiency,11 but also 

for the possibility to enrich the already existing natural gas feeds with biogas12–15 or 

with the so-called green hydrogen, produced with renewable energies for a further 

reduction of CO2 emissions16,17. In particular the possibility to blend natural gas with 
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hydrogen is not only an advantage for natural gas sustainability, but it has a key role on 

the insertion of the same hydrogen produced by renewable energy, prospected to 

become economically advantageous in the next decades.18,19. 

The substitution of fossil fuels with natural gas is interesting not only in the field of 

energy production, but also for transportation, which is among the major sources of 

greenhouse gases, as shown in Figure 1-3, and with an increasing impact from the 

developing economies.20 

Since transportation is strongly linked with people's way of life, it is also one of the 

main discussed and controversial fields dealing with global warming. The marketing 

appeal of sustainability created many misunderstandings around vehicles impact, which 

often hides the real environmental perspectives.21 Many alternative vehicles appeared in 

the market to reduce the carbon footprint in the last years. Now, the list is headed by 

electric vehicles. They do not directly produce emissions, being particularly good for 

city transportation22. Their indirect emissions depend on the energy mix used to charge 

them and so their environmental convenience must be referred to the situation explained 

in Figure 1-4. On the opposite, they have a considerable production footprint since they 

need a great amount of Li-ion batteries that, in this particular moment, can reduce their 

appeal compared to other alternative vehicles23,24. Moreover, having intrinsic problems 

with weight and autonomy, it is hard if not impossible to design proper solutions in the 

case of freight transportation at the state of art25,26. In a long-term vision, they surely 

represent a valid option, especially for city transportation, but they cannot be the only 

solution when thinking at the efficient transition mentioned above.  

As for the case of energy conversion, the switch to natural gas usage offers a versatile 

solution in the direction of CO2 reduction, for both passengers and freight 

transportation. They can follow the expected increase of spark ignition engines due to 

diesel restrictions27,28 and take advantage of the progressive substitution with biogas and 

hydrogen produced by renewable sources to furtherly improve the CO2 balance29.  

Natural gas is mainly composed of methane which is a very stable molecule that, due to 

his low electron affinity and high C-H bond energy activation, needs high temperatures 

(>1600K) or a very effective catalyst to be oxidized30. This means that the thermal 

conversion in the engine is always followed by NOx production and uncomplete or 

partial conversion close to the coldest part of the engine chamber, i.e. unburned 

hydrocarbons, and CO31. In line with main thermal engines, also natural gas fueled 

vehicles need a proper aftertreatment, particularly effective to remove the unburned 
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CH4. Indeed, besides being very stable, methane has a global warming potential 25 

times higher than CO2 in a 100-year time window32. For this reason, the advantage of 

the highest H:C ratio, which brings to lower CO2 production, might be suppressed by 

methane emission in the atmosphere33,34,35 making NGVs a promising transitional 

option but needing proper aftertreatment equipment. 
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1.2 NGV aftertreatment 

The temperatures at the tailpipe of NGVs do not overcome 1000K so a very effective 

catalyst is needed as mentioned30. Despite the different typologies of engines that 

exploit natural gas, the most commonly used in vehicles is a spark ignited engine36,37. 

The exhaust gases pass through a honeycomb cylindric monolith coated with the 

catalyst. Coupled with closed-loop control, the conditions are maintained around a 

stoichiometric combustion window to reach the proper composition in the 

aftertreatment for the simultaneous oxidation of C-containing compounds and the 

reduction of nitrogen oxides38. This is possible thanks to the superimposition on the 

monolith of layers of oxidation and reduction catalysts. The technology is now well 

established and is known as three-way catalyst or TWC. The application is close to that 

of gasoline aftertreatment, with the additional difficulty to oxidize methane reflected in 

a higher amount of oxidative catalyst on the TWC (>200g ft-3)36. Moreover, the 

interaction of CH4 and the other pollutants has not been studied and understood as well 

as in the case of unburned hydrocarbons in gasoline application. It is then fundamental 

to design new catalysts containing a lower amount of metal, since out of technical 

discussions the metal price of precious metals such as palladium and platinum is 

extremely high (see Figure 1-6).  

Among the metallic catalysts, palladium is the most active material towards methane 

oxidation39–42. Due to the complexity of the exhaust atmosphere and the reaction 

mechanisms involved, the identification of the real active sites under operating 

conditions is not straightforward43. It is widely recognized that a Mars-van Krevelen 

mechanism is involved, with an important role of both CH4 and O2 surface coverage, 

the adsorption of CH4 and its dissociation to CH3 being the rate-determining step44, 45. It 

is well known that the valence of Pd is pivotal in the CH4 dissociation to CH3
46 and 

studies suggest that CH4 is efficiently oxidized by PdO, or more specifically by a 

mixture of Pd oxidized species. 47–50 Some studies suggest that also the presence of 

metallic Pd can be beneficial for the catalysis at low temperatures51,52. Certainly PdO is 

the most active phase at high temperature, however it decomposes to metallic Pd above 

973 K leading to an activity loss53. Another important factor when dealing with Pd-

based catalysts for methane abatement in the aftertreatment of NGVs is the presence of 

water54. In stoichiometric conditions, it participates in the conversion of CH4 through 

steam reforming55,56. In lean conditions, the fundamental exchange of oxygen species 

between the support and the active sites is limited by the reaction of chemisorbed 
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oxygen with water57. Hydroxyl groups are formed, which inhibits the interaction with 

CH4
58. This happens mostly at low to medium temperatures (<723K) and even if the 

deactivation is reversible, it can enhance Pd sintering which is not59–61. In Figure 1-5 it 

is reported the normalized rate of CH4 conversion over time in a typical time-on-stream 

test in lean conditions and in presence of water. The conversion, normalized to the 

initial value, is visibly decreasing over time due to catalyst deactivation. 

 

Figure 1-5: normalized conversion of methane in a time-on-stream experiment in wet 
atmosphere at 723K on a Pd based catalyst. 

 

To improve the stability of Pd-based catalysts, the oxygen mobility between active sites 

and the support can be improved by using CeO2 as support62. CeO2 is widely used in 

TWC as an oxygen storage material thanks to its capability to switch between oxidized 

and reduced states.63 This property has been exploited also for the stabilization of PdO 

at high temperature47,64.  

Another possibility investigated for increasing catalyst stability is the association of 

palladium with a second metal. For example, despite having a lower activity than Pd, 

the addition of Pt to Pd-based catalysts has been found to improve the dispersion of 

active sites65, the thermal stability66 and oxygen mobility67. The composition plays a 

major role on the characteristics of the final bimetallic catalyst68 and the influence of 

several other parameters has been investigated51,66,69. At the same time, there is no 

general agreement on whether bimetallic catalysts are better than Pd single catalyst70,71 

and the possible alloy formation between the two metals and its role on methane 
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conversion is still debated72–75. Despite these discrepancies, the researchers agree on the 

fact that the bimetallic catalyst is more stable than the monometallic formulation, 

especially considering the effect of the presence of water.66,76–79 

 

From a bare industrial point of view, also the price of the two metals should be 

considered, which is pivotal in the composition choices. In Figure 1-6 the price of Pt 

and Pd in the last 10 years and the relative Pt-to-Pd price ratio are reported. The 

horizontal line fixes the ratio at 2 below which the cost optimum is achieved only by 

bimetallic systems, with a different Pt content80. Moreover, Pt and Pd are mainly used in 

automotive after-treatment and their price is set by the vehicle's demand. Pt is mostly 

used in diesel vehicles aftertreatment while Pd in gasoline ones. Since the latter are 

considered to increase and substitute diesel vehicles, the same can be expected for Pd 

and Pt81,82. Thus, a stable convenience for bimetallic Pt-Pd solutions in the next years 

for TWC application is estimated, making them even more attractive also for NGVs 

applications. 

 

 

Figure 1-6: Platinum and palladium prices and their Pt-to-Pd price ratio. Sources: Umicore. 

 

Apart from these generic predictions and considering the higher amount of PGM 

material requested in natural gas vehicles TWC system, the platinum substitution could 

not be enough to compensate for the palladium price increase. In these terms, several 

cheaper substitutions for bimetallic Pd-based catalysts were studied83. The formation of 

an intermetallic compound with gallium was found to be beneficial towards Pd sintering 
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and water stability84. Nickel was found to influence the surface electric environment 

destabilizing oxygen species turning in higher activity. Gold can reduce PdO 

decomposition at high temperatures85. Cobalt86,87 and tin88 are found to increase 

palladium dispersion and overall oxygen mobility, thus improving methane catalytic 

activity. The synthesis of such bimetallic systems is often complex requiring great 

amounts of solvents and thermal treatments. Once more, these aspects contrast the 

direction of the efficient transition prospected at the beginning. An organic approach 

should thus be developed that considers all the life of the catalyst, from production to 

disposal.  

 

Keeping in mind the above mentioned issues, this work is aimed at exploring the 

possibility of synthesizing active and stable bimetallic catalysts containing Pd for NGVs 

applications. In order to meet the efficient transition requirements, i.e. a more 

sustainable catalyst lifecycle, the mechanochemical route has been exploited for catalyst 

preparation, avoiding the use of solvents and thermal treatments. 
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1.3 Mechanochemical synthesis  

Mechanical milling is a widespread technique used in all the industries that deal with 

solid processing, from raw materials extraction to fine chemicals production, such as 

pharmaceutical ones. It is the simplest process involved in the control of particle size 

and mixing of solids, and the only one practicable without liquid carriers or at least with 

reduced amount of solvents. Mechanical energy is mainly exploited to break particles 

and homogenize the powder system, but despite the simple concept, it is difficult to 

model the mechanical dynamics involved in a mill89–93. It becomes even more complex 

when the mechanical energy is not only exploited for the breakage of particles, but also 

to induce particular chemical reactions between the different solid phases 94–98. This is 

what is referred to as “mechanochemical synthesis”, or “mechanochemistry” 99,100. Due 

to its easiness and the possibility to avoid solvents, mechanochemistry is currently 

widely investigated for the solid synthesis of novel materials 101–110. Figure 1-7 shows, 

in grey, the number of publications per year in the period 1990-2020 that include 

“mechanochemical synthesis” either in the title, in the abstract, or in the author 

keywords. 

 

 

Figure 1-7: number of publications per year searching “mechanochemical synthesis” (grey) or 
“ball milling” and “catalyst”(light-blue)  on Scopus (results on 1.10.2020). 
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To understand the potentiality of this synthesis, just think that for research purposes it 

can be carried out manually using a mortar. However, a systematic approach needs the 

application of reproducible parameters and thinking about microscale and nanoscale 

interactions ball milling is the main choice95. In ball milling the powder is grounded 

inside a jar together with grinding spheres. Both the jar and the spheres are usually 

made of hard materials such as zirconia, alumina, or hardened stainless steel, the choice 

of the material depending on the solids involved and on the final application of the 

resulting powder in order to avoid contamination between the jar, the balls and the 

product. In general, the hardness of the milling means should be higher than that of the 

powder involved. The mill gives the jar a controlled movement that develops a series of 

mechanical impacts between spheres, powder and jar walls. The direction and intensity 

of the impacts depend upon the type of mill. For example, rotatory mills simply rotate 

the jar, in vibratory mills the jar undergoes small and frequent vertical vibrations, 

planetary mills combine two rotation movements to exploit centrifugal forces and 

shakers combine linear and circular trajectories for the jar. In all these configurations, it 

is possible to vary the number and the size of the spheres and the amount of material to 

grind. These parameters are usually known as ball-to-powder ratio and, together with 

the type of mill, the milling frequency (rotations or vibrations per unit of time) and the 

milling duration, define the milling process. Overall, the amount of energy given to the 

powder system depends upon all these factors, and usually the processes can be 

classified as high energy milling or low energy milling. Again, despite the simple 

mechanics of the system, many parameters affect its dynamics, and the issue is even 

more important when dealing with chemical reactions taking place among solid phases 

during milling.111–114 

The advantage of exploiting mechanical energy in chemical synthesis is to avoid 

thermal pathways and, possibly, the use of solvents generally employed in conventional 

synthesis procedures. This allows overtaking the thermodynamic equilibrium of 

crystalline phases and multi-component alloys, bringing to metastable phases with 

advantageous properties115,116. These aspects have been recently exploited for the 

successful preparation of novel metal-supported catalysts with better performances than 

the traditional ones 117–122. Unfortunately, the lack of theoretical modeling of the ball 

milling process for chemical synthesis does not allow a systematic optimization, 

reducing the study to a trial-and-error approach. In the catalysis field, this is especially 

time consuming since each trial needs catalytic tests and an important effort on 
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characterization. However, the promising results of this application in catalyst 

preparation are pushing the research in this direction, as inferred from Figure 1-7, where 

the trend in the number of publications per year that contains the combination “ball 

milling” and “catalyst” in the title, in the abstract or the author keywords is reported. 

In the end it is worth highlighting that, apart from the unquestionable advantages of a 

simple and effective synthesis, the possibility to avoid solvents implies the reduction of 

chemical waste to almost zero. This is in line with the very recently issued EU 

Chemicals Strategy towards a Toxic-free Environment that aims at the replacement of 

hazardous chemicals with eco-friendly, sustainable ones123
, and with the first principle 

of the so-called “Green Chemistry” which indeed promotes the reduction of chemical 

waste.124 Moreover the solvents used in traditional synthesis are often hazardous ones, 

so that the mechanical synthesis is safer for the environment, but also for the operator 

who deals with it. Last, mechanical energy is exploited, the most valuable form of 

energy, and at the same time thermal energy is avoided, the least valuable. This turn into 

an important saving in the optic of industrial scale, especially in the production of 

catalysts. The mechanochemical synthesis reflects then all the future expectations by 

industry, being safer, efficient and sustainable.125 

 

1.4 Scope of the work and outline 

Recently, our research group developed a mechanochemical procedure to prepare 

Pd/CeO2 catalysts starting from Pd and ceria powders, giving rise to particular Pd shell-

CeO2 core arrangements that are highly active for catalytic methane oxidation 126. It was 

found in particular that only low energy milling was effective.127  In fact, after a first 

approach in which manual grinding was carried out in an agate mortar, the synthesis 

was successfully implemented in a low energy vibratory mini-mill Pulverisette 23 

(Fritsch). The mill, used also in this work, is shown in Figure 1-8 together with a simple 

scheme of its movement. In this setup it is possible to change the vibration frequency 

and the time of the process so ultimately the energy released in the synthesis. With this 

setup it is possible to produce about 1 g of material for each run. 
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Figure 1-8: mini mill Pulverisette 23, Fritsch, and jar-ball movement scheme. 

 

To increase the amount of catalyst prepared for each synthesis, as required for example 

for the preparation of structured catalysts which have also been tested in my research 

work, a scale-up of the synthesis has been implemented. This has been carried out with 

a planetary mill Pulverisette 6 (Fritsch), shown in Figure 1-9 with a schematic picture of 

its dynamics. The jar and its support rotate in two different directions generating 

variable centrifugal forces on balls and powder. For a defined set of balls (number and 

size), the amount of energy was controlled by the frequency of rotation and time of the 

process. With this mill up to 10 g of materials for each run have been prepared. 
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Figure 1-9: planetary mill Pulverisette 6, Fritsch, and jar-ball movement scheme. 

 

 

Both Pulverisette 23 vibratory mill and Pulverisette 6 planetary mill have been used to 

investigate the effect of the insertion of Pt into the Ce-Pd core-shell configuration 

mentioned above, extending the study to a structured Pd-CZ catalyst formulation that 

has been tested in collaboration with Umicore Automotive Catalysts R&D Department 

in a close-to-real application. The bimetallic Pt-Pd catalysts have been studied for lean 

methane oxidation also in wet atmosphere during time-on-stream experiments, and to 

better understand the catalytic results, they have been characterized with the help of in-

situ syncrothron techniques at the ALBA synchrotron beamline in Barcelona. The 

addition of Sn and In as substituents instead of Pt in the same Pd-Ce arrangement was 

also investigated. Moreover, the optimization of the milling process carried out 

specifically for methane oxidation led to a study of the CO oxidation reaction for the 

best catalysts formulated for methane oxidation. 
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2. Experimental 

 

2.1 Samples preparation 

The mechanical synthesis was optimized by a trial-and-error approach. Apart from the 

work developed with Umicore Automotive Catalysts R&D Department that required a 

preventive scale up study and a different approach, see Chapter 6, p.84, all the syntheses 

were carried out in the same vibrating ball mill Pulverisette 23 mentioned in Chapter 1 

(Figure 1-8), adapting a previously reported procedure126. It was chosen to reduce the 

number of variables involved and assess the catalytic effect of small changes. The first 

one was the ball-to-powder ratio, fixed at 10:1. A single ball (ZrO2, 15mm diameter, 

Fritsch) was used in a zirconia grinding bowl (ZrO2, 15ml, Fritsch) and the material 

produced per synthesis was set to 1g. The energy transferred to the jar, and ultimately to 

the mixing system, depends, in vibrating mills, on the vibrating frequency and the 

milling duration. It was decided to fix the frequency at 15Hz for all the syntheses, with 

the energy released being dependent only on the milling time.  

The synthesis was carried out with dry precursors, as indicated in Table 2-1, where the 

list of materials and support oxides involved is reported.  

Another important parameter was the metal composition. It was varied and explored in 

the case of the preliminary Pt-Pd study reported in Chapter 3 but fixed for the others. 

More details will be given in each dedicated chapter.  

For every metal involved a monometallic sample was prepared in a one-step milling 

synthesis and a bimetallic sample, in combination with Pd, in a two-step milling run. In 

the latter case another parameter was considered, which is the order of metal insertion 

during milling. It was decided to separate the metal insertion in the jar, starting from the 

idea of adding a second metal to the already studied one-step milled Pd/Ce sample126. In 

other words, the second metal was added with a further second milling step to an 

already mixed powder of Pd and Ce. This defined what was called “order of milling”, 

which was considered as an interesting parameter and explored preparing also samples 

with Pd added as last component instead of first one. 
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Table 2-1: list of materials prepared with corresponding Chapters. 
Metal Metal precursor Support oxide  

Pd 

Pt 

Pd black, Sigma Aldrich 

Pt black, Sigma Aldrich, ≤20μm 

CeO2, Treibacher 

Industrie, AG 

Chapter 

3,4 

Pd 

Sn 

In 

Pd black, Sigma Aldrich 

Tin(II)Acetate, Sigma Aldrich 

Indium III nitrate hydrate, Sigma Aldrich, 

99.999% 

CeO2, Treibacher 

Industrie, AG 

Chapter 

5 

Pd 

Pt 

*details in Chapter 6 

Pd 

Pt 

Pd black, Sigma Aldrich 

Pt black, Sigma Aldrich, ≤20μm 

CeO2, Umicore Chapter 

7 

 

Apart from the different metals, two different CeO2 supports were involved, one 

provided by Treibacher Industrie and he second one, used only for the studies of CO 

oxidation, provided by Umicore AG&Co.KG.  

Starting from the addition of a second metal in the sample Pd/Ce, every further change 

in compositions, precursors or in the order of milling was weighted by assessing the 

catalytic activity and characterizing the materials. An overview of the setups involved in 

catalyst testing and characterization will be given in the next paragraphs. 
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2.2 Characterization  

The adjustment and optimization of the mechanochemical synthesis to bimetallic 

catalyst formulation was followed with different characterization approaches in order to 

correlate structural, textural and redox properties to the catalytic activity. The 

fundamental physicochemical properties of the samples were investigated by means of 

surface area measurements and X-ray diffraction (XRD) analysis. The surface area was 

measured according to Brunauer-Emmett-Teller (BET) theory following N2 adsorption 

isotherms at 77 K in a Micromeritics TriStar Porosimeter. Before nitrogen adsorption, 

ca. 250 mg of catalyst powder was degassed in vacuum at 423 K for 90 minutes to 

desorb humidity and weakly adsorbed species. Figure 2-1 shows the Micromeritics 

Tristar 3000 equipment together with an example of N2 adsorption isotherm.  

 

  

Figure 2-1: Micromeritics Tristar 3000 equipment with an example of adsorption isotherm 

 

XRD patterns were collected in a Philips X’pert diffractometer (Figure 2-2) equipped 

with an X’Celerator detector using Cu-Kα radiation (λ = 1.542).  

 

 

Figure 2-2: Philips X’Pert diffractometer with X’Celerator detector. 
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Data were generally recorded first in the 2θ range of 20-100° with a step size of 0.02° 

and a counting time per step of 40s. A second set of measurements was carried out in 

the 2θ range of 32-48° with a step size of 0.02° and a counting time per step of 320s to 

get more precise information on Pd species.  

Redox properties of samples were studied by temperature programmed tests in reducing 

(Temperature Programmed Reduction, TPR) or oxidizing atmosphere (Temperature 

Programmed Oxidation, TPO). TPR measurements were carried out in a Micromeritics 

Autochem II 2920 apparatus (Figure 2-3).  

 

 

Figure 2-3: Micromeritics Autochem II 2920 and Micromeritics Cryocooler  

 

A U-shaped quartz reactor was loaded with 50 mg of catalyst on a quartz wool bed and 

brought from 193 K to 1173 K at a heating rate of 10 K/min. The starting temperature 

was reached by pumping liquid nitrogen in the furnace with a Micromeritics 

Cryocooler. The gas flowrate (4.5% H2 in N2) was set to 35 ml/min. The measurements 

were carried out on both as prepared and pre-treated samples. For the second option, the 

catalysts were treated at 623K for 1h in flowing air, then cooled to 193 K before starting 

the reduction. TPO experiments were carried out in the same setup used for catalytic 

tests by loading the reactor with 150 mg of catalyst. The gas flowrate (2% O2 in N2) was 

set at 60 ml/min. Three heating/cooling cycles were performed from room temperature 

up to 1273 K at a rate of 10 K/min. The oxygen uptake and release were monitored with 

an online ABB Magnos 106 paramagnetic analyzer. 

The most interesting PtPd samples were characterized also by high-resolution 

transmission electron microscopy (HRTEM) thanks to the collaboration with the 

Institute of Energy Technologies and Department of Chemical Engineering at the 

Universitat Politècnica de Catalunya in Barcelona. HRTEM analysis was carried out at 
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200 kV with a JEOL JEM-2010F electron microscope equipped with a field emission 

gun. Analogous samples were also analyzed in CLÆSS beamline at the synchrotron 

facility of ALBA CELLS in Barcelona (Figure 2-4).  

 

Figure 2-4: CLÆSS beamline at the synchrotron facility of ALBA CELLS in Barcelona and detail of 
the in-situ experimental setup 

 

The energy range selectable by CLEAR spectrometer is 6.4-12.5 keV. The sample set-

ups give access to low/high-temperature (300K-923K), low/high-energy measurements 

(in transmission and fluorescence mode), "in situ" solid-gas reactors. Continuous energy 

scanning for quick scans was available, allowed to collect X-ray absorption near edge 

structure. 
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2.3 Catalytic activity  

 

2.3.1 Setup  

The scheme of the synthetic gas bench setup for powder tests is reported in Figure 2-5. 

A quartz tubular reactor was placed in a temperature programmed furnace and a K-type 

thermocouple was inserted close to the catalyst bed.  

It was possible to set, through the furnace controller, the temperature ramp rate and time 

dwells at fixed temperatures. A set of Brooks mass flow controllers (MFC) provided the 

right flow of each gas. It was possible to feed CH4, CO, H2, O2 and He as balance 

carrier. 

For the tests in wet atmosphere, an HPLC pump provided a flow of deionized water 

which was then evaporated by heating tapes to obtain an additional flow of steam. The 

outlet gas was condensed in an AGT MAK 20 sample gas cooler before entering in an 

online ABB gas analyzer for continuous gas composition and temperature monitoring. 

The analyzer is equipped with an Uras 14 infrared module to measure CH4, CO and 

CO2 concentration and a Magnos 106 paramagnetic analyzer to monitor oxygen 

concentration.  

 

 
Figure 2-5: scheme of experimental setup for powder tests 

 

 

2.3.2 CH4 oxidation 

Temperature programmed combustion (TPC) and time-on-stream (TOS) experiments 

were carried out at atmospheric pressure in a quartz tubular reactor, loaded with 120 mg 

of catalyst powder supported on a quartz wool bed. The total flow rate was set at 180 
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ml/min, corresponding to a GHSV of about 180’000 h-1. The gas inlet composition was 

0.5 vol% CH4 and 2 vol% O2 in He (dry atmosphere). For the tests in wet atmosphere, 

the HPLC pump provided a flow of 10 vol% of steam in the feed gas.  

TPC tests in dry conditions (TPC dry) consisted of heating/cooling cycles from room 

temperature up to 1173K and back, with a ramp rate of 10K/min. If not otherwise 

specified, for TPC dry experiments the second light-off cycle is shown in the Figures, as 

it represents the steady state behavior of the catalyst after the first heating/cooling that 

can be considered a sort of activation. 

For TPC experiments in wet atmosphere (TPC wet) and for the time-on-stream tests 

(TOS), the samples were pretreated with one dry cycle up to 1173 K. In wet TPC tests, 

after the dry pre-treatment 10 vol% of water was fed to the reactor and two light-off 

cycles were carried out up to 1173 K, followed by another cycle in dry atmosphere to 

check the reversibility of water deactivation. Time-on-stream experiments were carried 

out in dry (TOS dry) and wet atmosphere (TOS wet) by raising the temperature up to 

723 K after the pretreatment and keeping it constant for 24 hours. For TOS wet 

experiments, the temperature was first raised up to 453 K then water was introduced in 

the feed. 

Methane conversion was calculated as:  

%𝑋𝐶𝐻4
 (𝑇, 𝑡)  =  

[𝐶𝐻4]𝑖𝑛 − [𝐶𝐻4]𝑜𝑢𝑡

[𝐶𝐻4]𝑖𝑛
×  100 

where [𝐶𝐻4]𝑖𝑛 and [𝐶𝐻4]𝑜𝑢𝑡 are the inlet and outlet methane concentration, 

respectively. The conversion is a function of temperature during TPC tests (the 

temperature ramp being constant and set at 10 K/min), and function of time during TOS 

experiments at constant T. 

In the case of TOS experiments, also a normalized conversion was calculated: 

N[%𝑋𝐶𝐻4
 (𝑇 = 723𝐾, 𝑡)]  =  

𝑋𝐶𝐻4  (𝑡)

𝑋𝐶𝐻4(𝑡=0)
  

where t=0 is the beginning of the 24h TOS test. 

 

2.3.3 CO oxidation  

Bimetallic PtPd samples were tested also for CO oxidation chosen as a model reaction 

and for its implications in the abatement of the exhausts from natural gas fueled 
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vehicles. Light-off tests (LO) were carried out at atmospheric pressure in a quartz 

tubular reactor loaded with 20 mg of catalyst powder mixed with 80 mg of quartz beads 

(200 μm), and supported on a quartz wool bed. The mixing with inert quartz beads was 

used to avoid hot spots, and the ratio between catalyst and beads was selected according 

to the literature for CO oxidation experiments carried out in similar conditions.128 The 

total flow rate was set at 100 ml/min, corresponding to a GHSV of about 600’000 h-1. 

The gas inlet composition was 0.4 vol% CO and 10 vol% O2 in He.  

LO tests consisted in a single heating ramp from room temperature (RT) up to 523 K, 

the temperature ramp being constant and set at 2 K/min.  

Carbon monoxide conversion was calculated as:  

%𝑋𝐶𝑂 (𝑇)  =  
[𝐶𝑂]𝑖𝑛 − [𝐶𝑂]𝑜𝑢𝑡

[𝐶𝑂]𝑖𝑛
×  100 

where [𝐶𝑂]𝑖𝑛 and [𝐶𝑂]𝑜𝑢𝑡 are the inlet and outlet carbon monoxide concentration, 

respectively.  

Two different reducing pretreatments were also considered: the first with CO as the 

reducing agent (2 vol% CO in He), and the second using hydrogen (4.5 vol% H2 in N2). 

Both treatments were carried out by increasing the temperature from RT to 523 K, with 

a ramp of 10 K/min, and holding for 5 minutes before cooling.  
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3. The effect of the addition of platinum on 

Pd/CeO2 catalysts prepared by dry milling 

for methane oxidation in presence of water 

 

 

Abstract 

Pt is used as a partial substituent in Pd/Ce catalysts prepared by mechanical synthesis 

for the oxidation of methane in wet atmosphere. Both light-off and time-on-stream 

catalytic tests were carried out to evaluate the activity and stability of the catalysts. 

HRTEM characterization highlighted the importance of the contact between Pd and 

ceria in the formation of an amorphous Pd-Ce layer which has been indicated as 

fundamental to obtain high catalytic activity. Moreover, the formation of mushroom-

like structures with a platinum head and a palladium oxide foot have also been 

detected after the treatment with methane and water, which were then related to the 

higher stability of PtPdCe milled samples. 

*submitted to ACS Applied Materials & Interfaces as “Structural evolution of bimetallic 

PtPd/CeO2 methane oxidation catalysts prepared by dry milling”; authors: Andrea Mussio, 

Maila Danielis, Núria J. Divins, Jordi Llorca, Sara Colussi, Alessandro Trovarelli. 

 

 

3.1 Introduction 

Pd based catalysts are known as the most active catalysts for the oxidation of 

methane39,41, which is an important reaction occurring in natural gas vehicles (NGVs) 

aftertreatment for the reduction of hydrocarbon emissions. Many studies on this topic 

were performed in dry conditions to find out mechanisms, kinetics and active sites, even 

if the real application is a process taking place in wet atmosphere, water being present in 

5 to 10 vol% in the exhaust gases of NGV engines36. Indeed, at the operating 

temperatures reached by the aftertreatment modules water affects notably the 

conversion of methane on Pd-based catalysts54,36,129. Different mechanisms have been 
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proposed in the literature for this deactivation, including the formation of Pd(OH)2 

inhibiting the interaction between CH4 and the active sites130,131 and the suppression of 

the fundamental oxygen exchange between palladium species and the support58,132. 

These two phenomena are supposed to take place at medium to low temperature (< 773 

K) and are usually reversible, whereas sintering, which is found to be enhanced by 

water, takes place at higher temperature and is irreversible 54,132. One of the possible 

strategies to improve the resistance of Pd-based catalysts in wet atmosphere is the 

addition of Pt133, 65, 134, 135, 136, 137. 

The significant amount of research on PtPd bimetallic systems has clearly established 

the beneficial role of Pt introduction on the stability of Pd-based catalysts during time-

on-stream operation and against poisoning 65,137–141, whereas the effect on the transient 

activity during light-off experiments is still debated, with some authors observing an 

improvement for specific Pt:Pd ratios142–146 and others concluding that the presence of 

Pt is generally detrimental for transient operation 65, 71,138,. The discrepancies often arise 

from different experimental conditions and/or catalyst pretreatment before testing. The 

effect of support is seldom considered, high attention being paid preferentially to the 

mutual interplay between palladium and platinum that seems the key to tune the 

catalytic performances of PdPt bimetallic catalysts65,72,74,137,147,148. 

Our group recently developed a novel strategy to prepare Pd/CeO2 catalysts by a one-

step dry milling procedure.126  An outstanding activity for methane oxidation was 

observed and attributed to the strong palladium-ceria interaction obtained at nanoscale 

during milling of Pd and CeO2 powders149. The synthesis allows to obtain better 

catalytic performances than in the case of traditional impregnated catalysts due to a 

particular arrangement between metal and support at the nanoscale. This solvent-free 

preparation method, in fact, determines the type and distribution of palladium active 

species on the surface, which are substantially different from those obtained by incipient 

wetness impregnation.149 The idea was then to exploit the potential of the 

mechanochemical route to prepare bimetallic PdPt catalysts with enhanced metal-metal 

interaction which could improve the stability of milled Pd/CeO2 in presence of water.  

Pt black nanopowder was mechanically supported on ceria together with palladium with 

different Pt:Pd ratios. The obtained catalysts were tested for lean methane oxidation in 

transient and in time-on-stream experiments, both in dry and wet (10 vol% H2O) 

atmosphere, and characterized by x-ray diffraction (XRD) analysis, temperature 

programmed reduction (TPR) and oxidation (TPO) and high resolution transmission 
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electron microscopy (HRTEM). The results show unambiguously that a deep 

restructuring takes place between Pd and Pt during operation, and at the same time 

prove the effectiveness of the mechanical milling to prepare highly stable bimetallic 

PtPd/CeO2 catalysts. 

 

3.2 Material and methods 

Pure cerium oxide (CeO2, Treibacher Industrie, AG) previously calcined at 1173 K for 3 

hours was used as support for the catalysts. Metallic palladium (Pd black, Sigma 

Aldrich, surface area 40-60 m2/g) and metallic platinum (Pt black, Sigma Aldrich, 

≤20μm) nanopowders were mechanically mixed with CeO2 in a Mini-mill Pulverisette 

23 (Fritsch). All the samples were prepared in two separate steps, starting by milling 

palladium with cerium oxide, followed by the insertion of platinum. Each step lasted 10 

minutes and the oscillation frequency was set to 15Hz. The samples were named (1-

X)PtXPdCe M, where X is the wt% of Pd. The name of the samples highlights the 

addition of platinum to an “XPdCe M” sample. Different mass ratios mPd/mPt were 

considered while keeping the total PGM amount constant at 1 wt%. For comparison 

purposes, further two bimetallic samples with mPd/mPt = 1 were prepared to evaluate the 

effect of the milling procedure. The first one was prepared by inverting the order of the 

metals in the mechanical synthesis, firstly preparing a 0.5% Pt Ce M and then 

introducing 0.5wt% of Pd (0.5Pd0.5PtCe M). The second one was prepared by 

conventional incipient wetness impregnation (0.5Pt0.5PdCe IWI): cerium oxide was 

impregnated with a Palladium nitrate solution (4.8% of Pd, Sigma Aldrich), dried 

overnight at 393K, then subsequently impregnated with a solution of tetramine platinum 

nitrate. The resulting catalyst was dried overnight and calcined in air for 3 hours at 

1173K. All samples, with relative name and composition, are summarized in Table 3-1. 

Characterization and catalytic tests were carried out according to what previously 

described in Chapter 2. 
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Table 3-1: Composition, mass and molar ratios, and names of samples considered in this work. 

Sample NAME 
Nominal 

Pt wt% 

Nominal 

Pd wt% 
mPd/mPt 

Pd/Pt 

molar ratio 

0.8Pt0.2PdCe M 0.8 0.2 0.25 0.46 

0.65Pt0.35PdCe M 0.65 0.35 0.53 0.99 

0.5Pt0.5 PdCe M 0.46 0.47 1 1.83 

0.2Pt0.8PdCe M 0.2 0.8 4 7.33 

1PdCe M / 1 / / 

1PtCe M 1 / / / 

0.5Pd0.5PtCe M 0.5 0.5 1 1.83 

0.5Pt0.5PdCe IWI 0.5 0.5 1 1.83 

 

3.3 Results and discussion 

3.3.1 Catalysts characterization  

Specific surface area of each sample is reported in Table 3-2. CeO2 support has a low 

surface area (3.0 m2/g) due to the high temperature of calcination (1173 K). This value 

is only slightly affected by the addition of the metals and the mechanical mixing 

process, both in the case of monometallic and bimetallic samples. For all samples 

surface area is comprised from 3.0 to 4.0 m2/g. The choice of a support with low surface 

area was carried out on the basis of our previous studies on Pd/CeO2 monometallic 

catalysts, from which it resulted that the best catalytic performance was achieved on low 

surface area ceria when using Pd metal as precursor149. 

Table 3-2: BET surface area of all samples 

Sample  
BET  

[m2/g] 

Ce 3 

0.8Pt0.2PdCe M 3.6 

0.65Pt0.35PdCe M 3.6 

0.5Pt0.5PdCe M 4 

0.2Pt0.8PdCe M 3.2 

1PdCe M 3.2 

1PtCe M 3.3 

0.5Pd0.5PtCe M 3.5 

0.5Pt0.5PdCe IWI 3.3 

 

The x-ray diffraction profiles of the fresh samples in the 32°-48° 2 range are reported 

in Figure 3-1. Beside the characteristic peaks of cubic CeO2, features of Pd and/or Pt 
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can be observed which in some cases are barely detectable due to the low metal loading. 

In particular, there is a visible Pt metal peak at 39.8° for the sample 1PtCe M and for 

the sample 0.8Pt-0.2PdCe M, together with a shoulder at 46.3° which again corresponds 

to metallic Pt. On 0.5Pt-0.5PdCe IWI also a feature at 40° is detected, which might be 

attributed to a PtPd alloy, as this sample is the only one subjected to a thermal treatment 

(calcination at 1173 K). The occurrence of metallic Pd (characteristic peak at 40.1°) 

seems less likely since after calcination in air palladium is usually oxidized, as inferred 

from the broad shoulder at 33.9° on the same sample. As a general remark, the lattice 

constant of PtPd is smaller than that of Pt (3.924 Å) and larger than that of Pd (3.891 

Å), so that a shift of the Pt peak to higher degrees of diffraction is expected when the 

alloy is formed150. 

 

Figure 3-1: XRD profiles of fresh catalysts in the 32-48° 2θ range: a) 1PdCe M, b) 0.2Pt-0.8PdCe 
M, c) 0.5Pt-0.5PdCe IWI, d) 0.5Pd-0.5PtCe M, e) 0.5Pt-0.5PdCe M, f) 0.65Pt-0.35PdCe M, g) 

0.8Pt-0.2PdCeM, h) 1PtCe M. 

A hint towards the formation of a PtPd alloy in the impregnated catalyst comes also 

from the analysis of TPR profiles reported in Figure 3-2-A.  
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Figure 3-2: sub-ambient TPR profile of bimetallic milled samples, as prepared (A) and after 
pretreatment in air at 623K for 1h (B). 

These profiles were obtained without any pretreatment and in the case of milled samples 

the hydrogen release (negative peak at about 330 K) attributed to the decomposition of 

Pd -hydrides can be observed, with an increasing intensity at increasing Pd loading. 

This indicates the presence of free palladium on these catalysts, as the formation of 

hydrides occurs according to the following reactions (with x depending on temperature 

and H2 partial pressure) 151: 

PdO + H2 → Pd + H2O       

Pd + x/2 H2 → PdHx               

It is interesting to observe that this peak is not present on 0.5Pt-0.5Pd IWI. On PtPd 

containing catalysts the absence of -hydrides peak has been related to the formation of 

an alloy between the two metals: the alloying of Pd with Pt prevents in fact its reaction 

with hydrogen152. The peaks at lower temperature are due to the reduction of small 

amounts of Pt and Pd oxides, respectively, which could be present as surface layers on 

the metallic powders and/or might be formed during milling. The peak at lower 

temperature should be attributed to the reduction of PtOx, whereas the hydrogen 

consumption between 260 and 270 K is due to the reduction of PdO. The attribution is 

made on the basis of the TPR of monometallic samples, even if in that case the peaks 

are not so defined, especially for Pd, Figure 3-3. 

T
C

D
 s

ig
n

a
l 
[a

.u
.]

450400350300250200

Temperature [K]

0.5Pt0.5PdCe IW

0.65Pt 0.35PdCe M

0.2Pt 0.8PdCe M

0.8Pt 0.2PdCe M

0.5Pt0.5PdCe M

0.5Pd0.5PtCe M

T
C

D
 s

ig
n

a
l 
[a

.u
.]

450400350300250200

Temperature [K]

0.5Pt0.5PdCe IW

0.65Pt 0.35PdCe M

0.2Pt 0.8PdCe M

0.8Pt 0.2PdCe M

0.5Pt0.5PdCe M

0.5Pd0.5PtCe M

A B 



32 

 

 

Figure 3-3: TPR profiles of fresh monometallic samples without pretreatment. 

 

If the catalysts are treated in air at 623 K before TPR analysis (Figure 3-2-B), the β-

hydride peak at 330 K becomes slightly smaller and the hydrogen consumption at lower 

temperature increases for samples containing > 0.2 wt% of Pd, as expected following Pd 

oxidation during the pretreatment. The quantitative analysis of TPR data is not 

straightforward, as it is known that when a metal supported on ceria is reduced it can 

promote the simultaneous reduction of the support at low temperature thanks to the 

spillover effect 153. This, however, does not affect the amount of hydrogen released from 

PdHx, which is reported in Table 3-3 as calculated fraction of Pd involved, indicating 

some PtPd alloying already after the treatment at 623 K (the % of PdHx decomposing 

becomes slightly smaller). As a matter of fact, 0.5Pt-0.5PdCe M shows the highest 

reduction in the fraction of PdHx after the pretreatment, highlighting a higher tendency 

of this sample to form a PtPd alloy.  
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Table 3-3: Calculated fraction of PdHx decomposed during TPR assuming x = 1 for all samples 

Sample  
%PdHx 

no pretreatment 

%PdHx  

pretreatment 

@623K 

0.8Pt-0.2PdCe M 55 41 

0.65Pt-0.35PdCe M 51 42 

0.5Pt-0.5PdCe M 58 36 

0.2Pt-0.8PdCe M 66 56 

0.5Pd-0.5PtCe M 54 56 

 

 

3.3.2 Catalytic tests 

Catalytic methane oxidation tests carried out in dry conditions on bimetallic samples 

show that the addition of platinum negatively affects the low temperature activity of Pd-

based samples. Even if the presence of water can alter the results depending on the 

composition of the catalyst, these tests in dry atmosphere can give a first easy 

evaluation of the catalytic performance and thus allow to filter the worst samples. In 

Table 3-4 the temperatures to achieve 10% and 50% (T10 and T50) methane conversion 

during the heating branch of the second light-off cycle are reported, and the 

corresponding light-off curves (second cycle) are shown in Figure 3-4.  

 
Table 3-4: T10 and T50 measured during the second light-off cycle of methane oxidation in dry 

conditions (0.5% CH4, 2% O2 in He) for the samples considered in this work. 

Sample  T10 (K) T50 (K) 

0.8Pt-0.2PdCe M 670 821 

0.65Pt-0.35PdCe M 644 810 

0.5Pt-0.5PdCe M 609 702 

0.2Pt-0.8PdCe M 576 637 

1PdCe M 563 631 

1PtCe M 746 849 

0.5Pd-0.5PtCe M 625 747 

0.5Pt-0.5PdCe IWI 637 745 

 

 



34 

 

 

Figure 3-4: TPC-dry for bimetallic milled (M) samples compared to monometallic 1Pd M and 
monometallic 1Pt M; (a) heating, (b) cooling; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, He to 

balance.  

 

For a better understanding, the light-off curves are divided between heating and cooling 

ramps. The insertion of Pt, and the simultaneous decrease of Pd to maintain the amount 

of metal at 1 wt%, reduces the conversion in the low temperature range. Nevertheless, 

also for the samples containing the same Pd amount (0.5PdCe M and 0.5Pt0.5PdCe M), 

the addition of Pt is detrimental. The results are in line with previous literature works 

carried out on conventional impregnated catalysts, which in general indicate that during 

light-off experiments the samples containing Pt are less active than monometallic Pd 

ones65, 71, 138,156. Looking more in detail at the light-off curves of Figure 3-4, it can be 

observed that at high temperature, during the heating ramp, Pt has a negative impact on 

the redox cycle of Pd-PdO as inferred from the decrease in methane conversion which is 

typically associated with the decomposition of palladium oxide.53 This happens because 

the presence of Pt anticipates the PdO decomposition to metallic Pd in a range of 

temperature where the homogeneous methane oxidation is not yet self-sustaining 

(below 1100 K). During cooling it is again evident that Pt changes the process of Pd re-
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oxidation, as indicated by the deep loss in methane conversion more pronounced for Pt-

containing samples (with the exception of 0.2Pt-0.8PdCe M). The effect is observable 

also from TPO profiles recorded for 1PdCe M and 0.5Pt-0.5PdCe M, chosen as 

representative ones and reported in Figure 3-5.  

 

Figure 3-5: TPO profiles of three heating/cooling cycles for the samples 1PdCe M, 0.5Pt0.5PdCe 
M, 0.5Pd0.5PtCe M. 

 

The role of Pt is clear: on one side it hinders the cycling of PdO-Pd-PdO (the peaks of 

oxygen release and uptake are barely detectable after cycle 1), on the other it anticipates 

PdO decomposition of about 100 K. This result was already reported in the literature, 

irrespective of the support 139,143,155.  

The effect of platinum on catalytic activity is different when considering time-on-stream 

experiments. In Figure 3-6 and Figure 3-7 the conversion of CH4 in TOS experiments in 

dry and wet conditions is reported, respectively. To highlight better the variations 

during this test also the normalized conversion N[%XCH4(t)] is reported. The sample 

with 0.8%wt of Pt and the monometallic Pt sample are not reported due to their overall 

bad performances in these experimental conditions. 
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Figure 3-6: CH4 conversion on TOS dry at 723K for bimetallic milled (M) samples compared to 
monometallic 1Pd M; normalized conversion in the inset; GHSV ca.200000 h-1, 0.5% CH4, 2% 

O2, He to balance. 
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Figure 3-7: CH4 conversion on TOS wet for bimetallic milled (M) samples compared to 
monometallic 1Pd M; normalized conversion in the inset; GHSV ca.200000 h-1, 0.5% CH4, 2% 

O2, 10 % H2O, He to balance. 

 

  

100 100

80 80

60 60

40 40

20 20

0 0

C
o

n
v
e

rs
io

n
 C

H
4
 [
%

]

242220181614121086420

Time [h]

3 3

2 2

1 1

N
o

rm
a

liz
e

d
 c

o
n

v
e
rs

io
n
 [

-]

20151050 Time [h]

 1PdCeM

 0.2Pt0.8PdCeM

 0.5Pt0.5PdCeM

 0.65Pt0.35PdCeM



38 

 

The bimetallic milled samples with Pt content ≥ 0.5% wt show a higher stability 

compared to monometallic Pd/CeO2 catalyst, especially when the test is carried out in 

wet atmosphere (0.5% CH4, 2% O2, 10% H2O in He). Moreover, for 0.5Pt-0.5PdCe M 

and 0.65Pt-0.35PdCe M the activity increases over time. In the literature this behavior 

has been tentatively ascribed to an enrichment in PdO and/or to a reconstruction of the 

surface during time-on-stream operation65,74,140,154. An activation of bimetallic 

PtPd/Al2O3 catalysts has been reported also during repeated reduction/re-oxidation 

cycles, which suggests a role of the mutual redox interplay between palladium and 

platinum139. This seems confirmed by the observation that after aging in air (1023 K for 

10 h) only 20-30% of PdO is formed on PtPd-based samples, whereas on monometallic 

sample palladium is fully oxidized (100% PdO)72. The restructuring of PtPd 

nanoparticles has been observed also for supported Pd-Pt@CeO2/Si-Al2O3 catalysts, 

with the formation of a Pt-rich core surrounded by a Pt-Pd shell under reducing 

conditions156.  

Among the bimetallic samples, the best performing one during TOS experiments was 

the one containing 0.5Pt and 0.5Pd. It is interesting to observe, Figure 3-8, that the 

activity of the milled sample 0.5Pt-0.5PdCe M is much higher than the corresponding 

impregnated one indicating that the milling procedure, already effective for 

monometallic samples, can be successfully applied to the preparation of bimetallic PtPd 

catalysts. 
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Figure 3-8: methane conversion during TOS wet for bimetallic milled (M) samples with mPd/mPt 

= 1; normalized conversion in the inset; GHSV ca. 200000 h-1, 0.5% CH4, 2% O2, 10 % H2O, He to 
balance. 

 

Moreover, the order of milling is also important because better results are obtained 

when Pd is put directly in contact with ceria, as observed by comparing 0.5Pd-0.5PtCe 

M with 0.5Pt-0.5PdCe M. This result is further corroborated by the comparison of the 

transient light-off experiments in dry conditions reported in Figure 3-9. 
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Figure 3-9: TPC-dry for bimetallic samples with mPd/mPt = 1; (a) heating, (b) cooling; GHSV 
ca.200000 h-1, 0.5% CH4, 2% O2, He to balance. 

 

The sample prepared by milling Pd and Ce in a first step, and secondly adding Pt, is not 

only better than the impregnated one but also of the other milled catalyst. This confirms 

the effectiveness of the milling process for catalyst synthesis, but also indicates how the 

order of milling can sensibly change the final result. To further analyze the effect of the 

prolonged exposure to the wet atmosphere, a dry TPC cycle was carried out on 

0.5Pt0.5PdCe M after the TOS wet. In Figure 3-10 the conversion recorded is compared 

with the conversion of the fresh sample. 
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Figure 3-10: TPC-dry cycle started from 723K after TOS-wet for 0.5Pt0.5Pd M compared with 
TPC-dry for 0.5Pt 0.5Pd M and 0.5 Pd; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, He to balance. 

 

The results show that the improvement in activity is maintained for this catalyst also 

during the cooling ramp, suggesting a permanent modification of the sample. It was 

decided then to characterize 0.5Pt 0.5Pd Ce M more in depth comparing it with the 

homologous samples obtained by impregnation and by changing the order of milling.  

 

3.3.3 HRTEM and characterization of spent samples 

Trying to better understand the reasons for the improved behavior of the milled 
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representative ones. In particular, x-ray diffraction patterns (Figure 3-11) and TPR 

profiles (Figure 3-12) show that on 0.5Pt-0.5PdCe M there is the formation of a PtPd 

alloy after TOS treatment in wet atmosphere. This is evidenced by the feature at 

2=39.9°, which lays in the middle of the peaks belonging to single metals, and by the 

absence, in the TPR profile, of the hydrogen release peak attributed to the 

decomposition of Pd -hydrides.  

Comparing the XRD profiles of milled and impregnated catalysts, it can be observed 

that the TOS wet treatment has a lower impact on 0.5Pt-0.5PdCe IWI, and that on this 

sample the peak is shifted to the right with respect to 0.5Pt-0.5PtCe M indicating an 

alloy richer in Pd, with possibly a hint of Pd segregation.  

 

Figure 3-11: XRD profiles collected on 0.5Pt-0.5PdCe M and 0.5Pt-0.5PdCe IWI samples, as 
prepared (fresh) and after Time-On-Stream test in wet conditions (TOS wet). Peak positions of 

Pd(111) (JCPDS 00-046-1043) and Pt(111) (JCPDS 00-004-0802) are reported as reference. 
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The different effect of TOS wet treatment on the two samples is inferred also from the 

observation of TPR profiles (Figure 3-12), in which a single broad peak is detected for 

the impregnated catalyst, whereas for the milled one a very small peak at about 225 K 

(PtOx species) and a well-defined more pronounced feature at ca. 280 K (PdO) are 

observed.  

 

Figure 3-12: H2-TPR profiles of 0.5Pt-0.5PdCe M and 0.5Pt-0.5PdCe IWI samples, as prepared 
(fresh) and after Time-On-Stream test in wet conditions (TOS wet).  

 

The situation suggests a different interaction not only between Pd and Pt, but also 

between Pd and CeO2 support. Keeping in mind that before the TOS wet treatment a 

TPC dry cycle is performed on the catalysts, we also investigated this aspect by 

characterizing 0.5Pt-0.5PdCe M after a TPC dry by XRD, Figure 3-13,  and TPR 

measurements, Figure 3-14. 
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Figure 3-13: XRD profiles collected on 0.5Pt-0.5PdCe M as prepared (fresh), after dry methane 
oxidation experiment (TPC dry) and after Time-On-Stream test in wet conditions (TOS wet). 

 

 

Figure 3-14: H2-TPR profiles of 0.5Pt-0.5PdCe M as prepared (fresh), after dry methane 
oxidation experiment (TPC dry) and after Time-On-Stream test in wet conditions (TOS wet).  
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XRD patterns show that after a TPC cycle on the milled sample the Pt-Pd feature is 

closer to the peak of metallic Pd, and the TPR profile is similar to that recorded after 

TOS wet but with a broader hydrogen consumption peak related to PdO reduction. 

Overall, the results indicate that the restructuring of the catalyst certainly starts during 

the dry TPC cycle, but further modifications occur during time-on-stream experiment in 

presence of water. On PdPt core-shell cubes and octahedra atomic interdiffusion and 

alloying of the two metals has been observed starting from 773 K157, supporting our 

results for samples after a dry TPC cycle. 

To better evaluate the changes in the morphology that could occur during TOS wet 

tests, also HRTEM analysis was carried out on the fresh and spent samples. HRTEM 

was already applied successfully for the characterization of monometallic Pd/CeO2 

catalysts prepared by dry milling, as reported in Figure 3-15. This image reveals the 

presence of a unique Pd-Ce arrangement in the form of an amorphous shell covering 

ceria nanoparticles, capable of stabilizing highly active Pd0/Pd2+ entities on catalyst 

surface126,127,149 

 
Figure 3-15: HRTEM image of the amorphous shell on a Pd/CeO2 monometallic sample 

prepared by mechanical milling. 

 

HRTEM characterization of as prepared 0.5Pt 0.5Pd Ce M, Figure 3-16, and  0.2Pt 

0.8Pd Ce M, Figure 3-17, shows interestingly that the addition of Pt does not alter the 

presence of the homogeneous, amorphous layer already observed for Pd milled samples, 

indicated by white arrows in Figure 3-16. Moreover, Pt seems to penetrate the layer 

since it is found below it, close to ceria crystallites, in the form of clusters of 10 to 50 

nm. There is no evidence of Pt mixing inside the amorphous layer. 
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Figure 3-16: HRTEM images of sample 0.5Pt0.5PdCe M fresh. 

 

 

Figure 3-17: HRTEM images of sample 0.2Pt0.8PdCe M fresh. 

 

The interaction of Pt with ceria during milling is clearly different from that of Pd, and 

this is inferred and supported also by the images of the milled Pt/CeO2 catalyst, Figure 

3-18, where only Pt nanoparticles on ceria are observed. 

 
Figure 3-18: HRTEM images of milled Pt/CeO2 sample. 



47 

 

This different interaction determines also the different arrangement of the sample when 

the order of milling is inverted (i.e. first Pt with CeO2 followed by the milling of Pd 

with Pt/CeO2). Figure 3-19 reports HAADF-STEM image together with EDX analysis 

for this sample. The absence of the layer for this catalyst clearly indicates the unique 

nature of the Pd-Ce amorphous shell, as well as the need of a physical contact between 

Pd and ceria to generate this particular interaction. It is interesting to observe that the 

occurrence of Pt clusters on ceria surface, which still should leave a fraction of bare 

CeO2, is sufficient to hinder the formation of the layer. A possible explanation, that 

would need further investigation, is that the grinding of platinum with ceria can alter the 

surface properties of the latter, making it unsuitable for further interaction with Pd. 

  

Figure 3-19: HAADF-STEM-EDX analysis of sample 0.5Pd0.5PtCe M fresh.  

 

On the bimetallic impregnated catalyst, shown in Figure 3-20, the layer is not present 

and only small entities at the limit of the resolution of the microscope are visible. The 

absence of the layer is in agreement with what already observed for the impregnated 

monometallic sample126. It is recalled that the only impregnated sample prepared in this 

work is in the “equimassic” composition where Pt is added in a second step as in the 

milling synthesis. 
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Figure 3-20: HRTEM image of sample 0.5Pt0.5PdCeIWI fresh. 

 

The characterization of samples after TOS wet experiments at 723K reveals a 

significant change in the morphology for all bimetallic catalysts, as shown in Figure 

3-21. Interestingly, a particular structure is visible on ceria crystallites, consisting of a 

PdO foot in contact with ceria covered by a Pt head more exposed to the gas phase, 

closely resembling a mushroom. The amorphous layer is still present, apparently not 

altered by the treatment, and covers also these new “mushroom-like” structures. These 

structures, growing on ceria surface, are present on the milled samples irrespective of 

the milling order (Figure 3-21 a-d). A similar arrangement is also observed on 0.5Pt-

0.5PdCe IWI, but with a less developed structure, where thinner, needle-like stems are 

supporting a smaller Pt head (Figure 3-21e-f), and where Pt and PdO are less clearly 

distinguished. 
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Figure 3-21: HRTEM images of samples after TOS wet experiments. (a),(b) 0.5Pt-0.5PdCe M; (c) 

0.2Pt-0.8PdCe M; (d) 0.5Pd-0.5PtCe M; (e),(f) 0.5Pt-0.5PdCe IWI. 

 

Figure 3-21a-b present a general STEM-HAADF and HRTEM images of 0.5Pt-

0.5PdCe M in which the amorphous layer characteristic of the fresh milled sample is 

distinctly visible (indicated by white arrows) around ceria nanoparticles and PdO-Pt 

mushroom-like structures (some of them enclosed in circles in Figure 3-21a). The layer 

is present also on 0.2Pt-0.8PdCe M (Figure 3-21c). Figure 3-21d shows the HRTEM 

image of 0.5Pd-0.5PtCe M sample, in which a mushroom very similar to those observed 

on 0.5Pt-0.5PdCe M is visible but without the amorphous shell, coherently with 

HRTEM images of the correspondent fresh catalyst. In Figure 3-21e a portion of 0.5Pt-

0.5PdCe IWI catalyst is shown, together with EDX analyses that indicate the presence 

of big PtPd particles that seem to evolve into needle-like structures, again with a PdO 

stem supporting a Pt head. In this case the PdO is supported on both the ceria surface 

and on the bimetallic particles. This means that on the samples prepared by mechanical 
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milling the interaction between Pd and Pt has a different evolution compared to 0.5Pt-

0.5PdCe IWI, where less ordered, agglomerated structures are encountered. In contrast, 

the formation of very homogeneous and very well distributed PdO-Pt mushroom 

structures identified in the bimetallic catalysts prepared by mechanochemical synthesis 

is unique. It seems that between Pt head and PdO body, either mushroom-like or needle-

like structures, there is a mixing of the two metals that inidcates again an intermediate 

alloying step. In Figure 3-22 it is reported one of the mushroom-like structures 

evidenced in sample 0.5Pt0.5PdCeM: an EDX line-profile has been measured along the 

white line and the intensity of Ce, Pd, and Pt are plotted as well as the STEM-HAADF 

overall intensity line. The STEM-HAADF intensity profile shows a bright zone in the 

first 0-10 nm, which corresponds to the ceria crystal support, as evidenced also by the 

Ce signal. Between 10 and 30 nm, approximately, the intensity of the STEM-HAADF 

signal decreases sharply, and, at the same time, the Pd signal increases. This 

corresponds to the foot of the mushroom-type structure. Finally, from ca. 30 to 40 nm 

the brightness increases again, and the Pt signal appears. This corresponds to the head 

of the mushroom. It should be noticed, however, that the Pd signal does not vanish 

completely in the head of the mushroom, which indicating that some Pd-Pt alloy exists 

at the interface between the Pd foot and the Pt head.  

 

  

Figure 3-22: EDX line profile of a mushroom-like structure. 



51 

 

These structures cannot be related straightforwardly to the improvement in activity 

observed during TOS wet treatment, because very similar ones form also on samples 

which do not show any improvement (i.e. 0.2Pt-0.8PdCe M, Figure 3.6). Moreover, 

similar arrangements are detected also on 0.5Pt-0.5PdCe M after the dry methane 

oxidation cycle carried out up to 1173 K before TOS experiments (Figure 3-23).  

 

Figure 3-23: HRTEM images of 0.5Pt-0.5PdCe M after one methane oxidation cycle in 

dry atmosphere up to 1173 K (0.5% CH4, 2% O2 in He). 

 

In this case, Figure 3-23A, Pt head shows a well-faceted morphology and overall these 

structures are much bigger in size then after TOS wet treatment. The coexistence of 

PtPd bimetallic regions is clearly observed by EDX analysis, Figure 3-23B, supporting 

the hypothesis of the derivation of the mushroom-like structure arrangements from PtPd 

alloyed clusters. This can indicate a general tendency of Pd-Pt clusters to evolve in 

these nanostructures where the reaction atmosphere is not a secondary parameter. 

Indeed, if calcined in air at the same temperature the sample 0.5Pt0.5PdCe M does not 

show any particular arrangement, Figure 3-24, but dispersed Pd particles similarly to 

what observed for the as prepared impregnated sample. 

 

A B 
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Figure 3-24:  HRTEM images of 0.5Pt-0.5PdCe M after calcination at 1173K in air. 

 

The overall picture emerging from the characterization of the spent catalysts indicates 

unambiguously that all samples, irrespective of the synthesis method, undergo a 

complex restructuring which appears to begin during the dry TPC cycle preceding the 

TOS wet experiment. This modification involves the formation of a PtPd alloy, as 

inferred from XRD and TPR profiles, and on milled catalysts further evolves in the 

development of mushroom-like structures detected by HRTEM in which PdO and Pt 

nanoparticles can be observed, being, respectively, the foot and the head of the 

mushrooms. This evolution seems slower on the conventional impregnated catalyst, for 

which big PtPd clusters are still observed after TOS wet treatment with needle-like 

PdO-Pt arrangements growing on them. A scheme of the proposed mechanism for the 

formation of the Pt-PdO arrangements is shown in Figure 3-25. 

 

 

Figure 3-25: schematic mechanism of mushroom-like structures formation. 

 

The evolution of the mushrooms could be linked to the effect of ceria support, which 

can favor Pd oxidation as the PdO “feet” are located on ceria surface at least for milled 

samples, and/or to the presence of water in the reaction atmosphere. It should be noted 

in fact that also during TPC dry up to 1% H2O is formed as reaction product. The effect 

of water though seems less likely, since PtPd/Al2O3 catalysts treated at 1073 K in wet 

air do not show particular arrangements in TEM images147. Moreover, in some 

papers145,147,148 the formation of PdO on the surface or as a layer on the outer shell of 
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bimetallic nanoparticles is supposed to occur, differently from what happens for the 

mushroom-like structures, which points again to a key role of ceria in keeping PdO 

anchored to its surface. Indeed, in other studies separate PdO and PtPd bimetallic 

phases were observed72,74, more similarly to the impregnated catalyst, even if the 

occurrence of an intermetallic phase is detected also on milled samples. However, as 

outlined above this restructuring alone cannot explain the improvement in activity 

which takes place predominantly on milled samples with Pt content comprised between 

0.2 and 0.65 wt%. The evidence collected in this work indicates that also the strong Pd-

ceria interaction induced by the milling process, achieved only when Pd and ceria are 

milled first, is pivotal for both activity and stability of bimetallic PtPd-based catalysts. 

 

3.4 Conclusions 

The insertion of Pt in dry milled Pd-Ce catalysts was studied. Different compositions 

were considered and tested in transient and time-on-stream experiments. It was found 

that the addition of Pt decreased the activity of the catalyst and influenced the Pd-PdO 

cycling at high temperatures. However, it increased the stability of the catalyst with 

even an improvement in the activity during time-on-stream operation for Pd:Pt molar 

ratios between 1:1 and 8:1.  

A key role of Pd-ceria interaction is then envisaged for bimetallic catalysts, similarly to 

what was reported for monometallic Pd/CeO2 with the formation of an amorphous Pd-

Ce-O layer uniformly surrounding ceria nanoparticles. The same layer is detected by 

HRTEM on 0.5Pt-0.5PdCe M and 0.2Pt-0.8PdCe M, covering also Pt clusters even if 

added in a second milling step. However, when the sample is prepared inverting the 

order of milling (first Pt and ceria, then Pd), as in the case of 0.5Pd-0.5PtCe M, no 

layers are detected. A strong rearrangement occurs during the catalytic tests for all the 

bimetallic samples. XRD and TPR analysis pointed out the presence of an alloy for all 

the bimetallic samples treated at 1173K. HRTEM showed that the alloy in the bimetallic 

catalysts prepared by milling evolve in mushroom-like structures with a Pt head and a 

PdO body. With a similar mechanism, the sample prepared by incipient wetness 

impregnation is found rearranged in a needle-like structure with a PdO stem and a Pt 

head arising from big PtPd clusters not strictly interacting with ceria surface.  
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The catalyst obtained by milling first Pd and ceria then adding Pt (0.5Pt-0.5PdCe M) 

shows better performances with respect to its impregnated counterpart, and also with 

respect to the milled sample prepared inverting the order of milling.  

The unique Pd-Ce interaction obtained by ball milling and the presence of the 

amorphous layer, unaltered after the insertion of Pt and after the TOS tests, is 

fundamental not only for the higher activity, but also for the development of a more 

defined PtPd rearrangement with high catalytic stability.  



55 

 

 

  



56 

 

4. In situ XANES characterization of 

PtPd/CeO2 catalysts prepared by 

mechanochemical synthesis 

 

Abstract 

 

Mechanically synthesized bimetallic PtPd/CeO2 catalysts show an increasing activity 

recorded in time-on-stream experiments in presence of water, and the formation of a 

mushroom-like structure was observed by HRTEM on spent samples. The oxidation 

state of bimetallic samples is here determined during in-situ XANES analysis 

intended to mimic the time-on-stream experiment and follow the development of 

mushroom-like structures. A high amount of oxidized palladium is detected, which 

increases during the analysis, in line with the increasing catalytic performances.  

 

 

4.1 Introduction 

The behavior of catalysts under operating conditions is nowadays receiving more and 

more attention thanks to the development of in situ characterization techniques, which 

allow to unveil the chemical state of active phases following the evolution of their 

interaction with the support and the gas phase in conditions relevant to real applications. 

Looking at the interesting results obtained with PtPd/CeO2 milled catalysts during wet 

time-on-stream experiments reported in the previous Chapter, it seemed then intriguing 

to investigate the modification of Pd and Pt during reaction, trying to shed some light on 

the possible link between the activity and the final morphology observed by HRTEM 

characterization. 

Indeed, the chemical state of Pd is a variable which is always considered when studying 

Pd-based materials for lean methane oxidation158. For example, the support oxide is 

pivotal in promoting the stability of Pd or PdO, and the results achieved with some 

supports could not be reproduced with others.159–162 The atmosphere of reaction is also 

an important variable having great influence on palladium163–165, and even excluding too 
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wide compositions, the simple O2/CH4 ratio can change the metal oxidation state.166 The 

presence or absence of water is another relevant factor affecting the state and response 

of Pd78,77, as well as support morphology which modifies metal-support interaction at 

the nanoscale.160,167  Our group has recently observed how, in dry milled catalysts, also 

the precursor has an impact on the valence of Pd.149 It is then not surprising that the 

addition of a second metal can influence the chemical state of Pd, and different results 

are reported in the literature159,148,79,137.  

A sensitive technique for small amounts of Pd oxide is X-ray absorption spectroscopy 

(XAS), because it can detect dispersed oxides as well as crystallites. The x-ray 

absorption process is the result of the excitation of a core electron of an atom to a higher 

energy level by an incident photon. Different core electrons have distinct binding 

energies and if one plots the X-ray absorbance of a specific element as a function of 

incident energy, the resulting spectrum will appear similar to Figure 4-1.  

As the energy of X-ray radiation is scanned through the binding energy regime of a core 

shell, a sudden increase of absorption appears, and such phenomenon corresponds to 

absorption of the X-ray photon by a specific type of core electrons. This gives rise to a 

so-called absorption edge in the XAS spectrum. Absorption edges are named according 

to the principal quantum number of the excited electrons. For example, when a 1s level 

electron is excited, the lowest-lying empty p-states will be occupied and the process is 

called K-edge-absorption. Similarly, when an electron of the 2p orbital is excited to 

unfilled d orbitals the absorption peak is called L-edge. 

 

 

Figure 4-1: absorption edges corresponding to the excited core electrons as function of incident 
photon energy. 
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Each element has a characteristic energy level structure and therefore it can be studied 

separately. In a compound the empty energy levels above the Fermi level are sensitive 

to the nature of the chemical bond and valence. This provides a basis for valence 

determination through careful measurements of the position of the absorption edge, 

which can be useful to determine Pd oxides. 

The K-edge absorption divides the spectrum into two regions, the X-ray absorption near 

edge structure (XANES) region, which provides electronic structure and local geometric 

information, and the extended X-ray absorption fine structure (EXAFS) region, which is 

used to obtain detailed structural information, such as bond lengths in different 

coordination shells, coordination numbers, and nearest neighbor atomic type. 

XAS is here useful to determine the oxidation state trend of Pd by fingerprinting the 

spectra recorded with the standards of PdO and metallic Pd. Moreover, the linear 

combination analysis can return the percentage of the two species, useful to follow the 

complementary trend of Pd and PdO in the catalysts.   

Even if it provides information that is averaged over the entire sample, it can be 

complemented with the results obtained by HRTEM to have a complete overview of the 

materials.  Starting from these observations, it was decided to investigate by in situ x-

ray absorption near edge structure spectroscopy (XANES) the activity of PtPd 

bimetallic milled catalysts in presence of water to check if and how the addition of Pt 

could alter the oxidation state of Pd, and if this was the reason for the activity 

improvement observed during time-on-stream experiments shown in Chapter 3, as 

suggested by some authors65,74,148.  

The experiments were carried out at ALBA synchrotron facility in Barcelona, in 

collaboration with the Institute of Energy Technologies and Department of Chemical 

Engineering of Universitat Politècnica de Catalunya. 

 

4.2 Materials and methods 

Samples for in-situ characterization were prepared by dry milling Pd, Pt, and ceria 

powders following the procedure described in Chapter 3.2. Three samples were 

prepared for the in-situ measurements: one bimetallic with palladium and platinum and 

two monometallic, one with palladium and one with platinum, as references. In this 

case, the amount of PGM loaded was 1.5 wt% for each metal, considered to be the 

minimum amount to obtain a good signal at the synchrotron beamline. A fourth sample 
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containing 1.5% Pd and 1.5% Pt was prepared as a reference by incipient wetness 

impregnation, similarly to what was reported in Chapter 3.2.  

For sake of clarity, the scheme of the TOS experiment carried out in Udine is reported 

in Figure 4-2. (see Chapter 2 for experimental details). Three points at room 

temperature are highlighted which correspond to the points at which the different 

samples were collected for ex-situ XANES measurements.  

The beamline cell at ALBA could not allow temperatures higher than 923K, thus it was 

not possible to reproduce the pretreatment in the in-situ experiment. It was decided to 

replicate thus only the isothermal part (blue line in Figure 4-2). All samples were then 

pretreated in lean methane oxidation (TPC) in a dry atmosphere up to 1173K (ramp rate 

10 K/min) in the setup in Udine and named as “-TPCdry” as also reported in Figure 4-2 

(red line). The bimetallic milled sample was also treated during the entire TOS 

experiment, with both pretreatment and isothermal parts, and named as “-TOSwet”. 

This was done to compare the reproducibility of the results of the two setups, the one in 

Udine and the one in Barcelona. The as-prepared samples were named “-fresh” (i.e. 

without any treatment), thus having a reference of the materials before the experiments 

(see Figure 4-2, green dot). 

 

 

Figure 4-2: scheme of TOS wet treatment with collection points for XANES analysis. The dry 
pretreatment up to 1173K is reported in red, it is specified the injection of water at 443K and, in 

blue, the 24h isothermal step at 723K.  
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Table 4-1 summarizes all these samples (-fresh, -TPCdry, -TOSwet) with the nominal 

PGM loading and the corresponding treatment.   

 

Table 4-1: sample list with corresponding Pd loading and treatment 

Sample NAME 
Nominal Pt 

loading wt% 

Nominal Pd 

loading wt% 
Treatment 

PdCe-fresh 0 1.5 None 

PtCe-fresh 1.5 0 None 

PtPdCe-fresh 1.5 1.5 None 

PtPdCeIW fresh 1.5 1.5 Calcined @1173K 

PdCe-TPCdry 0 1.5 TPC dry up to 1173K 

PtCe-TPCdry 1.5 0 TPC dry up to 1173K 

PtPdCe-TPCdry 1.5 1.5 TPC dry up to 1173K 

PtPdCeIW -TPCdry 1.5 1.5 TPC dry up to 1173K 

PtPdCe-TOSwet 1.5 1.5 TOS wet @723K 

 

4.2.1 In-situ measurements 

The in-situ analysis was intended to simulate the TOS wet test, where the mushroom-

like structures seem to form (see Chapter 3) and was carried out on samples after the 

TPC dry treatment. The analysis was carried out recording the Pd K-edge signals for the 

Pd-containing samples providing information about Pd oxidation state. The Pt L3-edge 

was also monitored for the Pt-containing samples. All these data were matched trying to 

get some insights on the mutual evolution of Pd and Pt species. This work focused on 

XANES data, analyzed and normalized using Athena XAS data processing software.  

Before in-situ measurements, an ex-situ analysis at room temperature (RT) was carried 

out on foils and oxides (Pd, PdO, Pt) as references and on all samples object of this 

study.  

The process involved is known as semiquantitative fingerprinting. The signal of the 

samples are compared with the references signal and thus the species are deduced. It is 

possible then to quantify indirectly the amount of the species by a linear combination of 

the signal in respect to the references.  

The Pd K-edge was measured in transmission mode and the Pt L3-edge in fluorescence 

mode. To measure the Pt L3-edge, 23-28 mg of sample diluted with 90-96 mg of boron 
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nitride (BN) were used. For the Pd K-edge, 164-179 mg of catalyst diluted with 40-46 

mg of BN were used. For both edges, 13 mm pellets were prepared. 

The composition of the feed was kept equal to that of powder tests carried out in Udine 

(0.5% CH4, 2% O2 in He for dry conditions and the addition of 10% H2O for wet 

conditions), and the flowrate was reduced based on catalyst weight to maintain the 

GHSV of ca. 200000 h-1. The general scheme of the in-situ time-on-stream experiments, 

named TOS*, is reported in Figure 4-3. TOS* indicates the treatment carried out in in-

situ conditions at the synchrotron beamline, to distinguish it from the TOS treatment 

carried out in the powder setup for sample preparation. 

 

 

Figure 4-3: Scheme of TOS* in-situ analysis. 

 

As shown in Figure 4-3, the samples were heated from room temperature (RT) to 723K 

in dry conditions and then cooled down to 443K. At this point, water was introduced 

and the temperature raised again at 723K for the wet isotherm. Due to lack of time at the 

beamline, the 24 hours of the original catalytic test could not be maintained and only 

three consecutive measurements were carried out (lasting about 2 hours). The sample 

was then cooled down to RT in He. XANES were acquired for each reported step. 

During both heating ramps, two intermediate acquisition steps were added, at 443K and 

573K.  
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4.3 Results and discussion 

As a preliminary step, HRTEM analysis was performed on PtPdCe-TOSwet to assess if 

the mushroom-like structures were formed also on the sample containing a total 3 wt% 

of PGM adapted for the in-situ XANES experiments. Figure 4-4 shows that indeed also 

in this case structures similar to those described in Chapter 3 are observed. 

 

Figure 4-4: HRTEM images of sample PtPdCe-TOSwet. 

 

4.3.1 In-situ measurements: Pt-L3 edge 

No changes were almost detected on Pt-L3 edge signal during in-situ TOS* 

experiments. Here, in Figure 4-5, Figure 4-6, and Figure 4-7 the samples PtCe-TPCdry, 

PtPdCe-TPCdry, and PtPdCeIW-TPCdry are reported respectively, with only the signals 

recorded at RT and 723K, for an easier view (RT_after indicates the measurement at 

room temperature at the end of the in situ experiment). 

 

Figure 4-5: PtCe-TPCdry in-situ TOS*. 
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Figure 4-6: PtPdCe-TPCdry in-situ TOS*. 

 

 

Figure 4-7: PtPdCeIW-TPCdry in-situ TOS*. 

 

From XANES measurements it appears that no significant changes affect the Pt 

chemical state of the catalysts, which remain mostly metallic during in-situ TOS* 

experiments, similarly to what observed in other reports.70 
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4.3.2 In-situ measurements: Pd-K edge 

Figure 4-8 shows the comparison between the palladium reference materials and the 

fresh samples (as prepared) recorded ex-situ. Differently from what was observed for Pt, 

substantial differences can be noticed for Pd K-edge.  

 

Figure 4-8: ex-situ XANES at room temperature for fresh samples, Pd foil and PdO references 
(dashed lines). 

 

The sample PtPdCeIW-fresh is the most oxidized of the series, in line with what 

expected after the calcination treatment at 1173K. The milled samples appear to be 

closer to the metallic reference, and this is also in agreement with the metallic Pd 

precursor employed in the mechanical synthesis. In the edge position, PtPdCeIW-fresh 

overlays the Pd foil signal, while the milled samples are shifted to lower energies 

suggesting an interaction between ceria and palladium enhanced by the dry milling 

process (electronegativity: Ce (1.12) < Pd (2.20) < Pt (2.8)). 

In Figure 4-9 the same comparison is shown for the samples after the dry TPC.  
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Figure 4-9: ex-situ XANES at room temperature for samples treated during TPC dry 
pretreatment (dashed lines: Pd foil and PdO references). 

 

 

In this case, the results show a different trend, with bimetallic samples being more 

reduced (PtPdCeIW-TPCdry the most reduced one) and the monometallic Pd sample 

resembling the PdO reference. The oxidation of PdCe-TPCdry is not surprising, as the 

reaction takes place with an excess of oxygen that oxidizes the metallic Pd used for the 

preparation. In this respect, the addition of platinum inhibits Pd oxidation possibly via 

the formation of a PdPt alloy leading to the XANES spectra observed in Figure 4-8 

which are half way between Pd foil and PdO reference. The effect of Pt on the redox 

cycling of Pd during the TPC dry was already discussed in Chapter 3 and it is in line 

with this trend. 

Figure 4-10 displays the XANES spectrum of the bimetallic sample after the in-situ 

analysis, named PtPdCe-TOS*. It is compared with the spectrum recorded ex-situ on the 

catalyst after the TOS wet experiment carried out in the powder reactor, PtPdCe-

TOSwet.  
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Figure 4-10: ex-situ XANES at room temperature for the sample treated during TOS wet and 

sample after the TOS* wet in-situ analysis.  

 

The XANES spectrum of PtPdCe-TOSwet is superimposable to that of PtPdCe-TPCdry 

treated during TOS* wet in-situ (PtPdCe-TOS*). This confirms the consistency between 

experimental conditions applied in Udine and in Barcelona and allowed further in-situ 
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 Figure 4-11: in-situ XANES for PtPdCe-TPCdry (left) and PtPdCeIW-TPCdry (right) recorded 
during in-situ experiments. The first spectrum recorded, at RT, and the three spectra recorded 

during the wet isotherm are shown. 
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PdO signal, i.e. it oxidizes during time-on-stream. The bimetallic impregnated sample 
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related to the temperature increase than to the wet atmosphere (from the introduction of 

water onwards for the whole isotherm the oxidation state does not change).  

 

 

Figure 4-12: PdO content (%) obtained from linear fitting of in-situ spectra at some 
characteristic temperatures for PdCe-TPCdry, PtPdCe-TPCdry, and PtPdCeIW-TPCdry 
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higher PdO fraction) is deactivated in presence of water. The simultaneous presence of 

Pd in different oxidation states has been indicated recently as responsible for higher 

catalytic activity,149 and this also might account for the improved stability of this 

sample. It is likely that the coexistence of Pd in reduced and oxidized states is optimized 

by the introduction of Pt in the milling process. Moreover, the stabilization of PdO in 

PtPdCe-dry might be also physically related to the protective Pt “head” observed in the 

mushroom-like structures evidenced by HRTEM analysis. This, in combination with the 

intrinsically higher activity of milled samples and the enrichment in PdO of PtPdCe-

TPCdry, can explain the good performances observed for this sample in wet 

atmosphere. 

 

4.4 Conclusions 

An in-situ XANES analysis was carried out at ALBA synchrotron facility in Barcelona 

on the bimetallic samples prepared by both mechanochemical synthesis and incipient 

wetness impregnation. The experiments were designed to study the oxidation state of 

the samples during time-on-stream tests in wet atmosphere, trying to find a correlation 

with the morphological changes observed by HRTEM analysis and reported in Chapter 

3. The overall results obtained also for the monometallic PdCe milled catalyst show that 

the insertion of Pt sensibly changes the amount of PdO present, irrespective of the 

synthesis method. For the bimetallic milled sample, the extent of Pd oxidation increases 

significantly over time, particularly in presence of water. These evidences, coupled with 

the previously observed catalytic results, allow to correlate the increase in catalytic 

activity during TOS wet reported in Chapter 3 with the increase in the fraction of 

oxidized Pd for PtPd/CeO2 sample prepared by dry milling. It should be recalled that the 

results reported in this chapter indicate that to achieve good catalyst stability in wet 

atmosphere, an optimum PdO/Pd ratio seems necessary. 
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5. Effect of Sn and In as co-metals for 

Pd/CeO2 catalysts prepared by dry milling 

for methane oxidation  

 

Abstract 

In this Chapter a preliminary study of tin and indium as partial substituents in 

Pd/CeO2 catalysts prepared by mechanical synthesis for the lean oxidation of methane 

is reported. Both light-off and time-on-stream catalytic tests were performed to 

evaluate the performances of the catalysts. The addition of Sn and In was found to 

have no effect on the activity of Pd/CeO2 in transient dry experiments. The activity 

decreases when water is present for all samples, with a more evident trend in presence 

of indium and, to a lesser extent, of tin. No contribution of tin was observed in time-

on-stream tests. To explain the negligible impact of the second metal on catalytic 

activity further studies are needed, however the effectiveness of mechanochemical 

synthesis is once again confirmed by comparison with a tin-based catalyst made by 

impregnation. 

 

 

5.1 Introduction 

The promotion of the stability of Pd-based catalysts by the introduction of Pt as a co-

metal is well-known54 and it has been investigated and confirmed also in this thesis for 

the dry milled catalysts in the previous chapters (Chapter 3 and Chapter 4).  

As mentioned in the introduction, and experienced directly during the secondment 

period at Umicore, the price issue is at the top of the list in designing commercial 

catalysts. Pt will probably have an impact in these terms, given the direct role of the 

market prospected to change rapidly in the next years. Pt substitution, however, could 

be not enough to compensate for the Pd price increase. Several different co-metals for 

bimetallic Pd-based catalysts have been proposed and studied in literature83–85. From a 

chemical point of view, all these solutions give interesting insights for both the 
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formulation of new materials and for a deeper understanding of Pd based catalysts. 

From an engineering point of view, however, the syntheses are often complexes and a 

high amount of solvent is generally involved, with a strong impact on the price of 

production, both in economic and environmental terms. Among all the metals screened, 

to the best of our knowledge Pd with Co or Sn seems the easier substitution possible, 

requiring a simple incipient wetness impregnation method to obtain a performant 

catalyst87,168. They are found in fact to increase Pd dispersion and overall oxygen 

mobility, thus improving methane catalytic activity, also in the presence of water86,88,169. 

Thinking about the engineering point of view, however, Co is hardly manageable due to 

its high toxicity170 and it was excluded even if interesting. Sn is largely studied as a 

support oxide and co-metal for Pd-based catalysts and it is specifically reported to 

improve stability in presence of water.88,171,172,173 Moreover, complete methane 

oxidation can be achieved by doping Sn with In, in the so-called ITO (Indium-Tin-

Oxide) material174. These two compounds are widely involved in electronic applications 

for CH4 sensors175,176 and chemical conversion of CH4 to other products.177,178  

Keeping in mind the above mentioned issues, we chose then to study the effect of the 

addition of Sn into Pd/CeO2 catalysts by mechanochemical synthesis. At the same time, 

it was considered also the addition of In for the similar electronic and mechanical 

characteristics, even if the price is not as accessible. Indium oxide is an n-type 

semiconductor with wide bandwidth, which makes it of interest in catalytic applications, 

also for methane abatement.179 The choice of these two co-metals has been made also 

on the basis of their mechanical properties, motivated by our previous experience with 

Pd-CeO2 catalysts. 

The high catalytic activity of Pd/CeO2 prepared by ball milling was attributed to the 

intimate contact realized between Pd and CeO2 during the milling process, and visible 

through the formation of an amorphous layer of Pd-Ce around CeO2 crystallites. One of 

the parameters that could play a role in the formation of the layer was believed to be the 

reciprocal hardness of the compounds involved in the mechanical mixing. This was 

based on the previous observation of the formation of a carbon layer, the soft part, 

around CZ crystallites, the hard part, obtained by ball milling.180 Also, in this thesis it 

was observed that Pt, harder than Pd181, could not form a layer on the CeO2 support. 

However, it was also observed that Pd did not form the same structure when milled with 

Zr126, which is much harder than CeO2
182,183. The reciprocal hardness thus might explain 

only partially the formation of the layer. However, it is worth noting that tin has the 
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lowest hardness of all the compounds mentioned here, with 0.22 GPa assessed in 

nanoindentation tests184. This value is not available for indium, nevertheless it is 

referred to have similar hardness assessed by different procedures.185 Sn and In then 

seemed promising also from this point of view, and in this Chapter are compared with a 

monometallic Pd sample and other Sn-containing catalysts prepared with a slightly 

modified procedure. A fast screening of different co-metals and formulations has been 

possible thanks to the versatile mechanochemical preparation, which allows very fast 

and cheap trials compared to other synthesis methods.  

 

5.2 Material and methods 

Pure cerium oxide (CeO2, Treibacher Industrie, AG) previously calcined at 1173 K for 3 

hours was used as support for the catalysts. Metallic palladium (Pd black, Sigma 

Aldrich, surface area 40-60 m2/g), tin acetate (Tin(II)Acetate, Sigma Aldrich), or 

indium nitrate (Indium III nitrate hydrate, Sigma Aldrich, 99.999%) nanopowders were 

mechanically mixed with CeO2 in a Mini-mill Pulverisette 23 (Fritsch) to obtain the 

samples defined as milled (M). A further series was obtained by calcining first tin 

acetate at 1173K for 1h alone in static air, obtaining SnO2 which then was used as Sn 

precursor for the mechanochemical synthesis.  

All samples were prepared in two separate steps, starting by milling one metal precursor 

with cerium dioxide, followed by the insertion of the second metal precursor. Each step 

lasted 10 minutes and the oscillation frequency was set to 15Hz. It was decided to fix 

the amount of Pd at 0.5wt% and to add an equal amount (in weight) of the second metal. 

The samples were named as 2°M1°M CeM, where 1°M is the first metal mixed with 

CeO2 (Pd; Sn), 2°M is the second one introduced (Pd; Sn; SnO2; In). 

A monometallic 0.5 wt% Pd/CeO2 catalyst was prepared by mechanical synthesis for 

comparison. Conventional incipient wetness impregnated SnPd sample (SnPd CeIW) 

was also prepared as reference: cerium dioxide was impregnated with a palladium 

nitrate solution (4.8% of Pd, Sigma Aldrich), dried overnight at 393K, then 

subsequently impregnated with a solution of tin acetate in ethanol (Fluka, ≥99.8%). The 

resulting catalyst was dried overnight and calcined in air for 3 hours at 1173K.  
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All samples, with relative names and composition, are summarized in Table 5-1. 

 

Table 5-1: Composition, mass and molar ratios, and names of samples considered in this work. 

Sample NAME 
Nominal 

Sn wt% 

Nominal 

In wt% 

Nominal 

Pd wt% 

Pd/M 

molar ratio 

PdCe M / / 0.5 / 

SnPd CeM 0.5 / 0.5 1.11 

InPd CeM / 0.5 0.5 1.07 

PdSn CeM 0.5 / 0.5 1.11 

SnO2Pd CeM 0.5 / 0.5 1.11 

SnPd CeIW 0.5 / 0.5 1.11 

 

The physicochemical properties of the samples were investigated by BET surface area 

measurements and X-ray diffraction analysis (XRD). Redox properties were also 

studied by temperature-programmed tests in reducing atmosphere (Temperature 

Programmed Reduction, TPR).  

 

5.3 Results and discussion 

The BET surface areas of the as-prepared samples are reported in Table 5-2.  

Table 5-2: BET surface area of catalysts and support oxide used in this study. 

Sample 
BET 

[m2/g] 

CeO2 3.0 

Pd CeM 3.1 

SnPd CeM 3.6 

InPd CeM 3.2 

PdSn CeM 3.3 

SnO2 Pd CeM 3.2 

SnPd CeIW 3.3 

 

The values are close to that of the oxide support, around 3 m2/g, and as already 

observed for bimetallic PtPd samples they do not change significantly after milling. 

In Figure 5-1 the XRD patterns are reported. For sample SnPd CeM the effect of 

calcination was also studied (3h at 1173K in air), and it is reported as “SnPdCeM 

calcined”. Beside the two characteristic peaks of cubic CeO2, only three other peaks can 
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be observed. One is the Pd peak at 40.1° on sample PdCeM. The 33.7° peak of PdO 

phase is detected on SnPd CeM calcined and on SnPd CeIW, likely due to the treatment 

at 1173K which oxidizes palladium. The last one, very small, is the peak attributable to 

In2O3 at 35.6° on sample InPd CeM. No other peaks are detected, likely because of the 

low metal loading and/or a high dispersion of the metals on ceria surface. 

 

Figure 5-1: XRD spectra of fresh catalysts in the 32-48° 2θ range. 
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In Figure 5-2 the conversion of methane in dry lean oxidation for samples SnPdCeM, 

InPdCeM and PdCeM is reported. 

 

Figure 5-2: TPC-dry for bimetallic SnPdCe M and InPd CeM compared to monometallic Pd CeM; 
heating ramp above, cooling ramp below; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, He to balance. 
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the monometallic palladium catalyst. This suggests that the Pd-Ce interaction taking 

place in the amorphous layer is not altered by the insertion of Sn and In, since the 

performances are the same. There is a slight difference in the cooling ramp with the 

100

80

60

40

20

0

C
o
n

v
e

rs
io

n
 C

H
4
 [

%
]

12001000800600400

Temperature [K]

100

80

60

40

20

0

C
o
n

v
e

rs
io

n
 C

H
4
 [

%
]

 SnPdCe M

 InPd Ce M

 PdCe M

heating ramps

cooling ramps



77 

 

overall conversion following the order Pd>PdSn>PdIn. It should be observed, though, 

that the addition of Sn has a beneficial effect on the loss in conversion at high 

temperature due to the PdO-Pd-PdO transformation, indicating some interaction 

between Sn and Pd that helps the stabilization of palladium oxide, which is the active 

phase in this temperature range. 

When water is added in the feed, the insertion of the second metal clearly worsens the 

activity of Pd/CeO2 with a higher deactivation observed for Indium, as reported in 

Figure 5-3. Here the values of T10 and T50, the temperature at which 10% and 50% 

methane conversion is achieved, for the I and II cycles of wet methane oxidation (TPC 

wet) are reported. 

 

 

Figure 5-3: T10 and T50 for the I and II cycles of TPC wet. 

 

Interestingly, the addition of both Sn and In has a negative effect on catalytic 

performances in wet atmosphere, dry TPC curves being almost superimposable to the 

monometallic catalyst. Indeed, it was expected to observe an improvement possibly 

related to higher oxygen surface exchange, at least for Sn for which a stabilization effect 

in wet atmosphere is reported in literature88. Trying to better understand the effect of Sn 

addition, that in the two bimetallic samples gave the best performances, further 

investigation was carried out. 

SnPdCeM is compared, in Figure 5-4, with two homologous samples during methane 

oxidation in dry conditions. One is prepared by incipient wetness impregnation, 

SnPdCeIW, whereas the other is prepared by milling first Sn with Ce and adding Pd in a 
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second step, PdSnCeM. Both the two samples perform worse than SnPdCeM. As seen 

for the bimetallic system PtPd on CeO2, it is then confirmed the importance of the 

intimate contact between Pd and CeO2 to get good catalytic activity. Moreover, also the 

effectiveness of the mechanochemical synthesis is assessed by observing that the milled 

SnPd sample has a remarkably higher conversion with respect to its impregnated 

counterpart.  

In the literature it is reported that Sn can cover Pd particles reducing their exposure to 

the gas phase if the sample is not properly calcined, and this could be the reason why 

we do not observe an improvement upon Sn addition169.  

 
Figure 5-4: TPC-dry for bimetallic SnPdCe M compared to SnPdCeIW and PdSnCeM; heating 
ramps above, cooling ramps below; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, He to balance. 
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An attempt was then tried by calcining the milled sample, to check the effect of 

calcination, and also by using SnO2 powder as tin precursor. In Figure 5-5 the 

conversion in TPC dry is reported for the two new samples, compared to SnPdCeM. As 

it can be observed, the oxidation of tin results in a serious worsening of catalytic 

performances. These samples where then discarded from further studies. 

 

Figure 5-5: TPC-dry for bimetallic SnPdCe M compared to SnPdCeM calcined and SnO2PdCeM; 
heating ramps above, cooling ramps below; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, He to 

balance. 
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The effect of tin addition was evaluated also during wet TOS experiments. In Figure 5-6 

the conversion of methane of the sample SnPdCeM is reported, compared to PdCeM. 

The conversion at 723K is in line with the conversion recorded at the same temperature 

during wet-TPC, thus the overall activity of SnPd is lower. In terms of normalized 

conversion (see insert of  Figure 5-6) the two samples show the same trend. Again, no 

effect of Sn on catalytic activity is observed. 

 

Figure 5-6: TOS-wet for bimetallic SnPdCe M compared to monometallic Pd CeM; insight: 
normalized CH4 conversion; GHSV ca.200000 h-1, 0.5% CH4, 2% O2, 10% H2O, He to balance. 

 

Overall, it seems that apparently tin does not affect the performance of Pd/CeO2 milled 

sample, and this might be linked to the interaction between Sn and CeO2, a strong 

interplay being reported in literature between Sn and Ce.186 It is demonstrated that the 

deposition of Sn on CeO2 led to the formation of a bulk Ce-Sn-O with the reduction of 

Ce4+ to Ce3+.187 This might inhibit the positive interaction between Pd and Ce and/or 

cancel the effect of tin on methane oxidation in the case of milled catalysts. Moreover, 

if Pd is deposited onto such a mixed oxide structure, it is found to interact weakly with 

Ce but strongly with Sn reducing simultaneously the extent of Ce3+.188  
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To check the occurrence of these interactions, TPR experiments have been carried out 

and Figure 5-7 shows the TPR profiles of samples SnPdCeM and PdCeM. 

For both samples, there are two H2 uptake below 300K, ascribed to the reduction of 

PdO and part of CeO2 due to spillover effect,189 and a hydrogen release due to the 

decomposition of Pd-hydride (PdHx) at about 320K. The sample SnPdCeM is reduced at 

lower temperatures and to a slightly higher extent, while the PdHx peak is smaller. This 

might indicate that some alloying occurs between the two metals, but the difference is 

not so significant to draw definitive conclusions. 

 

Figure 5-7: TPR-H2 of the samples PdCeM and SnPdCeM. 

 

The two profiles are much different starting from ca. 400 K. For the system Sn/CeO2 

three peaks have been observed in the range of 450-770K and referred to the reduction 

of dissociatively adsorbed oxygen on SnO2
88. Three not well defined and broad peaks 

are indeed visible in the sample SnPdCeM, making the identification of the contribution 

by SnO2 somehow complicated. The fact that they are broad and merged might indicate 

that there is an effect of CeO2 in the H2 uptake in this range, and this could confirm a 
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strong interaction between Sn and ceria that could prevent tin from an active 

participation in methane oxidation reaction. 

 

5.4 Conclusions 

 

A preliminary analysis of the insertion of Sn and In in Pd/CeO2 catalysts by dry ball 

milling was carried out. The results obtained in dry and wet methane oxidation, also 

during time-on-stream operation, show that the effect of the addition of the co-metals is 

negligible (dry conditions) or even negative (wet atmosphere), with indium being worse 

than tin. In the case of tin, based also on literature studies, it is hypothesized that a 

strong interaction with ceria support could inhibit its catalytic action, but further studies 

are needed to clarify this point. Nevertheless, by comparison with an impregnated 

SnPd/CeO2 sample and with a milled sample obtained by changing the order of milling 

(PdSn CeM) it is once again confirmed the effectiveness of the mechanical synthesis to 

obtain active Pd-based catalysts and the importance of the direct contact between Pd 

and CeO2. 
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6. Structured catalysts for stoichiometric 

oxidation of methane 

 

Abstract 

In this part of the work, carried out in collaboration with Umicore Automotive 

Catalysts R&D Department, the mechanochemical synthesis was applied to prepare 

structured catalysts and to study the stoichiometric oxidation of methane in close-to-

real conditions. A bimetallic Pt/Pd sample and a monometallic Pd sample were 

mechanically prepared by a solvent-free milling procedure and used in a coating 

process developed by Umicore. Light-off tests up to 873K and isothermal lambda 

sweep tests at 723K and 773K were carried out to gain a better comprehension of 

the main reactions occurring in the variable conditions of stoichiometric oxidation 

and to assess the performances of the catalysts. The relevance of steam reforming 

and the inhibiting effect of CO on the conversion of methane are part of the outcome 

in the working conditions considered and track the possible future developments. 

The stability of the catalysts was evaluated through two different aging treatments, 

and the results show that the structured bimetallic sample improves its activity after 

a wet treatment as in the reported case of lean methane oxidation when used in 

powder form. Moreover, both monometallic and bimetallic catalysts show a superior 

stability for NO reduction and CO oxidation compared to the standard reference 

provided by Umicore. 

 

 

 

6.1 Introduction 

 

This work has been carried out in collaboration with the Gasoline Research & 

Development Department of Umicore Automotive Catalysts in Hanau, Germany, during 

a six months secondment. Umicore is specialized in technologies related to applications 

of precious metals with a particular attitude for environmental sustainability, using a 

high level of innovation on materials engineering to sell sustainable technology and 
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propose a cleaner industry190. For these reasons it looked promising for us to collaborate 

on the improvement and testing of the powder catalysts obtained by dry mechanical 

milling and described in the previous chapters. In this context, the collaboration allowed 

to test the materials under more realistic conditions to better understand their behavior 

and suitability for real application. 

Stoichiometric and lean burn oxidation systems are commonly used in natural gas 

vehicles  (NGV)37,191. The lean burn technology exploits an excess of oxygen to 

guarantee an efficient fuel use, but it requires complex aftertreatment systems. Instead, 

the aftertreatment systems of exhausts from stoichiometric engines are simpler, relying 

on three-way catalysts (TWCs) technology adapted from gasoline applications to 

oxidize the very stable unburned CH4, the main component of natural gas36,192. 

TWC system consists of a single catalyst coupled with an electronic control of the 

emissions realized through the precise injection of fuel and air in the engine, to ensure a 

composition of the exhaust around stoichiometry193,194. In these conditions both the 

oxidation of C-containing compounds and the reduction of NOx are optimized195,196. 

Noble metals are employed in TWCs as active components: usually a monolith is coated 

with a Pd/Pt layer overlapped by a Rh layer, both dispersed in an alumina matrix. Ce-Zr 

solid solutions are also used in light of their oxygen storage capacity, helping the 

catalyst to operate in the stoichiometric range197, 198. The solution is extremely simple 

and fits with NGV application, but it needs a higher amount of noble metals due to the 

higher stability of unburned CH4, that turns into a higher price for the catalyst. In this 

respect, the mechanochemical synthesized catalysts prepared in our group for the 

oxidation of CH4 can play a role, as better performances result in a lower use of material 

and a cheaper technology which is essential in the three-way catalysts for NGVs. 

Although many papers have been focused on TWCs systems for gasoline 

applications193, only few studies have been devoted to TWC for NGV and most of them 

are based on commercial catalysts without taking into account the preparation 

methods55,199,200. There are several differences in the mechanism of oxidation of 

methane compared to gasoline due to its stability, to the temperatures involved and to 

the interaction with the complex exhaust composition of the TWC31 that influences also 

the conversion of NO and CO. For example, the so called CO-NO crossover point, the 

condition around which all the pollutants are efficiently converted, does not exactly 

correspond to stoichiometric conditions, but it is slightly shifted to the richer side201. 

Moreover, the high conversion window around this point is considerably narrower than 
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in the gasoline case. CH4 appears to be converted more efficiently in rich conditions 

through steam reforming with water56,200, while the temperatures seem too low for the 

dry reforming with CO2 in this application202,55. Under lean conditions, O2 is consumed 

mainly to oxidize CO resulting in an inhibiting effect on CH4 oxidation, which is 

reported to be then preferentially oxidized by NO203. There is no evidence of NO 

reacting with CO, as it happens in the case of gasoline TWC. Another point to be 

considered carefully when dealing with TWC technology for the aftertreatment of 

NGVs exhausts is the large amount of water produced by the oxidation of CH4, which 

deactivates the Pd active sites on the catalyst leading to a lower conversion of methane. 

It is well known from the literature that the oxidation state of palladium plays a major 

role on CH4 oxidation activity of Pd based catalysts, and many studies were carried out 

investigating methane oxidation in lean static conditions. In the case of stoichiometric 

conditions, the oscillations experienced by the feed may influence the oxidation state of 

Pd 46,204,205. A deeper understanding of the phenomena taking place in TWC for 

stoichiometric methane oxidation is then necessary to improve the efficiency and the 

economy of all the components of NGVs aftertreatment in order to improve their 

performances. 

This work is thus aimed at (i) verifying the feasibility of the application of powder 

milled catalysts as precursors for structured TWC for natural gas fueled vehicles under 

close-to-real conditions and (ii) exploiting their higher stability and activity showed for 

methane oxidation in lean conditions126 for the application under stoichiometric 

oxidation. In collaboration with Umicore Gasoline Research & Development 

Department a method for the implementation of mechanochemically prepared catalysts 

in the production of structured catalyst was developed. These materials were then tested 

in close to real conditions with a full composition gas feed and using monolith 

configuration. Due to the complexity of this approach, different kind of tests were 

carried out starting from the light off and lambda sweep model tests which belong to the 

protocol usually carried out at Umicore. Two series of catalysts were prepared, a 

bimetallic Pt-Pd series and a monometallic Pd series, to evaluate not only the 

performances of the dry milled catalysts, but also the insertion of Pt in the Pd-based 

catalyst in line with the previous studies of this thesis work.  
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6.2 Material and methods 

 

6.2.1 Structured catalysts preparation 

 

Structured catalysts were prepared in order to be tested in a bench scale setup simulating 

real NGV operation. The preparation by dry mechanical milling of PtPd catalysts 

studied in the first part of this thesis was adapted and optimized for the preparation of 

samples to be tested in structured form. A reference structured catalyst was prepared 

following a procedure provided by Umicore to prepare coated monoliths; in this method 

all catalyst components (support, binder, active phase) were combined simultaneously 

in water. Figure 6-1 reports a flowsheet showing the general steps of the method. 

 

  

Figure 6-1: flowsheet of the structured catalysts preparation procedure. 

 

A second procedure was developed to coat onto cordierite monoliths the powders 

prepared by dry milling. In this case, the active phase containing the noble metals was 

prepared separately in a dry milling step. The only difference consists in how the metals 

of the platinum group (PGM) are introduced during the preparation of the slurry.  
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Figure 6-2: detail of the Umicore procedure for the preparation of the reference slurry and of 

the one containing the two mechanochemically prepared catalysts (monometallic with 8.4%wt 
of Pd and bimetallic with 4.2% of Pd and 4.2% of Pt). 

 

In the Umicore method, cordierite cores were coated with a water-based slurry 

containing 30%-40% of solid powders. The solid fraction weight composition was: 

42.5% Alumina Puralox SCFa140 L3 (97% Al2O3, 3% La2O3), 16.12% Alumina 

Puralox SCFa 140, 9.67% barium oxide ex barium hydroxide (Ba(OH)2·8H2O Umicore, 

47.387%), 29.03% ceria zirconia solid solution (Umicore, CZ50: 50% ceria-50% 

zirconia; 62m2/g) and 2.66% palladium (Umicore, Pd nitrate solution, 21.4%).  

The preparation of the slurry proceeded as follows. Deionized water was put in a beaker 

with a stirrer and all the dry powders were poured in sequence, starting from barium 

hydroxide, then the two aluminas followed by CZ50, creating a homogeneous slurry 

with pH=13. A flow of 4g/min of Pd nitrate was then injected with a pump inside the 

slurry and the pH was decreased to 7 with the addition of nitric acid. The slurry so 

obtained was put in a linear mill DYNO-MILL KDL (600ml) with a flow rate of 25 

l/min and recirculated until the particle size reached the desired value (3.5-4.5µm for the 

D50 value, <10µm for the D90 value). The particle size was measured on a CILAS 1064 

laser particle size analyzer. As a last step, the slurry was passed linearly through the 

mill, without recirculation. The milling steps were carried out to obtain a selected 

particle size, functional to optimize the coating process. 

Before the coating, the slurry was checked for weight loss by thermogravimetric 

analysis and its viscosity was measured indirectly on a Bostwick consistometer. A 7.8% 

of weight loss between 623K and 1273K was measured. For consistency measurement, 
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100 ml of slurry were let instantaneously falling on the inclined plane of the 

consistometer and the slurry was considered suitable for the coating if it stopped in the 

range between 10 and 20 cm. Otherwise, a change in the pH or more simply in the water 

content could be used to adjust this parameter.  

The physical parameters of the reference slurry are summarized in Table 6-1. 

 
Table 6-1: physical parameters of the reference slurry. 

 D50 

[µm] 

D90 

[µm] 

Consistency 

[cm] 

Starting solid 

material [%] 

TGA loss  

623K-1000K 

[%] 

Reference 

slurry 
3.56 10.02 14 30.4 7.8 

 

 

Cylindric cores with a diameter of 25mm and a length of 75mm were obtained by 

drilling cordierite supports (NGK, 600cpsi/4mil), thus having monoliths with a volume 

of 0.039L. The washcoat load was fixed at 155g/L, so that each monolith had to be 

coated with 6.84 g of powder, considering also the TGA loss. At the beginning of the 

coating session, 10mg of slurry were evaporated at 393K, assessing the water content 

and thus the solid percentage. From these values also the wet loading was established, 

i.e. the amount of slurry for each core. These parameters are summarized in Table 6-2. 

 

Table 6-2: loading parameters for cores coating. 

Core 

volume 

[l] 

Load 

[g/l] 

Load per core 

[g] 

Starting wet load 

[g] 

0.039 155 6.84 22.495 

 

 

The coating process was carried out by dipping: the cordierite core was dipped for 2/3 

of the length in a beaker filled with the slurry, then turned upside down to let the slurry 

flow down. In this way all the channels were filled by the slurry. Compressed air was 

then blown in the same direction till all the channels were open. The monolith was now 

weighted, and the actual wet loading was checked. If the amount was higher than the 

one expected, further air was blown. Otherwise the entire process was repeated. Once 

reached the right loading, the monolith was dried in an oven with flowing air at 393K.  

It was possible to weight again the core to know the water evaporated and so to update 

the value of the slurry solid content, since water could evaporate while the cores were 

coated (the entire coating process took several days). Eventually, the wet loading was 
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adjusted for the following coatings. Otherwise the core was let in the oven and the 

temperature raised till the monolith reached the temperature of 623K. It was weighted 

again and the final load was checked. If it differed more than ±5% of the desired load, 

the core was discarded. Since with this procedure a decreasing layer is formed along the 

channels, to compensate this gradient the coating process was divided in two steps: 60% 

of the slurry was coated following one direction of the core and then calcined, then 40% 

was coated in a second step inverting the direction. 

To coat the monoliths with the powders prepared by dry milling, two different catalysts 

supported on ceria-zirconia provided by Umicore (CZ50) were prepared, one containing 

Pd only (reference, to be compared with the Umicore one) and one containing both Pd 

and Pt. First, the same amount of metal was adopted: 8.4% counting the only weight of 

the metal and the ceria-zirconia support on Umicore procedure (see Figure 6-2). This 

amount was divided exactly in a 4.2% of Pd and 4.2% of Pt for the bimetallic sample. 

The standard procedure used for Pt-Pd samples (Chapter 3) had to be adapted in order to 

obtain a suitable amount of material for the preparation of the slurry. In fact, 

Pulverisette 23 (Fritsch) allows to prepare no more than 2 grams per synthesis, while for 

the preparation of the slurry almost 50 gr were needed. To avoid multiple preparation 

steps, a scale up was carried out in a Pulverisette 6 planetary mill (Fritsch) equipped 

with a zirconia jar of 250 ml. Trying to reproduce the conditions of the smaller mill, a 

single zirconia ball with a diameter of 40mm or two smaller zirconia balls with a 

diameter of 20 mm were used. The dynamics of the planetary mill is totally different 

from that of the Pulverisette 23 (planetary vs vibratory), but since modeling the 

mechanics of the milling process was out of the scope of this thesis work a trial and 

error approach was used.  

Firstly, two reference catalysts (8.4 Pd(ac) CZ50 m and 4.2Pt4.2Pd CZ50 m) were 

prepared with Pulverisette 23 following the procedure reported in Chapter 3 for Pt-Pd 

samples, and tested on lean methane oxidation with the standard conditions (120mg of 

sample, two heating/cooling cycles from Troom to 1173K at 10K/min, 0.5% CH4, 2% O2 

in He, see also Chapter 2.3.2). The same test was performed on the scaled up catalysts 

prepared in the Pulverisette 6, so that the comparison of the light-off curves was used as 

the method to ascertain the reproducibility of the preparation. The catalysts prepared in 

the Pulverisette 6 were named 8.4 Pd(ac) CZ50 M_i and 4.2Pt4.2Pd CZ50 M_i, with i 

being the number of the trial. For each synthesis 10 grams of sample were produced.  
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The samples prepared together with the milling parameters used are reported in Table 

6-3. 

Table 6-3: dry milling parameters for each trial. 

 Steps # Time per step 

[min] 

Milling 

speed 

Balls # 

8.4 Pd(ac) CZ50 m 1 20 15 Hz 1 

8.4 Pd(ac) CZ50 M_1 1 10 100 rpm 2 

4.2Pt4.2Pd CZ50 m 2 10 15 Hz 1 

4.2Pt4.2Pd CZ50 M_1 2 5 100 rpm 2 

4.2Pt4.2Pd CZ50 M_2 2 10 100 rpm 2 

4.2Pt4.2Pd CZ50 M_3 2 15 150 rpm 1 

 

Regarding the monometallic sample, the first attempt in the bigger mill, 8.4Pd(ac) CZ50 

M_1, gave a result comparable to that of the catalyst prepared in the smaller one, as it 

can be inferred from the comparison of the light-off curves reported in Figure 6-3. 
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Figure 6-3: second light-off cycle on the samples prepared by dry milling in the standard 

(8.4Pd(ac) CZ50 m) and scaled up (8.4Pd(ac) CZ50 M_1) procedure. 

 

Differently from the monometallic case, three attempts were needed for the bimetallic 

sample to reach acceptable results as it can be observed by looking at Figure 6-4. 
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Figure 6-4: second light-off cycle on the bimetallic samples prepared by dry milling in the 
standard (4.2 Pt 4.2 Pd CZ50 m) and scaled up (4.2 Pt 4.2 Pd CZ50 M_1, 4.2 Pt 4.2 Pd CZ50 

M_2, 4.2 Pt 4.2 Pd CZ50 M_3) procedure. 

 

Once the catalysts were available in a suitable amount, a slurry, named pre-milled slurry 

(see Figure 6-2), was prepared with all the components and same composition used in 

the method provided by Umicore for the reference, except for the active phase (metal 

precursors + CZ50). The pre-milled slurry and the powders prepared by dry milling 

were mixed together in a second step, to avoid an excess of milling for the PGM 

containing phase as it is known from our previous experience that a prolonged milling 

deteriorates the catalytic performances 127. 

100

80

60

40

20

0

C
o

n
v
e

rs
io

n
 C

H
4
 [

%
]

12001000800600400
Temperature [K]

100

80

60

40

20

0

C
o

n
v
e

rs
io

n
 C

H
4
 [

%
]

 m

 M1

 M2

 M3

heating

cooling

4.2 Pt 4.2 Pd CZ50 M



94 

 

The pre-milled slurry was prepared similarly to the Umicore reference. Briefly, 

deionized water was put in a beaker with a stirrer and barium hydroxide was poured in it 

and the two aluminas were added. The measured pH was 13.4 at this point and nitric 

acid was added to bring it to 7. This slurry was milled in the same conditions of flow 

and particle size restrictions of the reference. The physical parameters of the premilled 

slurry are summarized in table Table 6-4. 

 

Table 6-4: physical parameters of the premilled slurry. 

Slurry 
D50 

[µm] 

D90 

[µm] 

Consistency 

[cm] 

Solid 

content 

[%] 

TGA loss  

623K-1000K 

[%] 

Pre-milled 

slurry 
3.77 8.86 13 30.0 4.68 

 

 

To avoid any detrimental interaction of the palladium acetate precursor of the 

monometallic catalyst with the water slurry, 8.4Pd(ac) CZ50 M catalyst powder was 

calcined at 623K for 30 minutes in air (8.4Pd(ac) CZ50 M) or in nitrogen atmosphere 

(8.4Pd(ac) CZ50 M-N2). Overall, three different coating materials were prepared by 

mixing the precise amount of dry milled catalyst with the pre-milled slurry giving the 

final composition of the Umicore reference (PGM loading of 2.66%). They were named 

as the dry milled powders introduced: 8.4Pd(ac) CZ50 M, 8.4Pd(ac) CZ50 M-N2, 

4.2Pt4.2Pd CZ50 M. 

To check if the milling of the slurry could affect the catalyst, it was also chosen to 

prepare a homologous set of slurries with linear milling (8.4Pd(ac) CZ50 M-LM, 

8.4Pd(ac) CZ50 M-N2-LM, 4.2Pt4.2Pd CZ50 M-LM), i.e. passing the slurries linearly 

through the DYNO-MILL, without recirculation. The six materials and the respective 

physical parameters are reported in Table 6-5. 
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Table 6-5: slurries from milled powder and physical parameters 

 

The coating process was the same used for the reference, using the same cordierite cores 

with 0.039l volume and the same load of 155 g/l. After the measurement of the TGA 

loss for each slurry it was possible to know the loading parameters, reported in Table 

6-6. 

 

Table 6-6: loading parameters for cores coating. 

Slurry name 
Load per core 

[g] 

Starting wet load 

[g] 

8.4Pd(ac) CZ50 M 6.403 17.166 

8.4Pd(ac) CZ50 M N2 6.529 17.645 

4.2Pt4.2Pd CZ50 M 6.521 16.282 

8.4Pd(ac) CZ50 M-LM 6.403 17.473 

8.4Pd(ac) CZ50 M N2 -LM 6.529 16.529 

4.2Pt4.2Pd CZ50 M-LM 6.521 18.525 

 

At the end of the entire coating procedure several cores were produced for each catalyst 

material, in order to have enough samples to perform different kind of catalytic tests. 

 

6.2.2 Catalytic activity tests 

The catalytic tests of the prepared materials were carried out in a gas bench specifically 

set up for testing monoliths. The set up can be divided into three main parts: 

1. Dosing section  

2. Reactor section 

3. Analyzing section 

The dosing section scheme is shown in Figure 6-5. 

Slurry name 
D50 

[µm] 

D90 

[µm] 

Consistency 

[cm] 

Starting solid 

content [%] 

TGA loss  

623K-1000K 

[%] 

8.4Pd(ac) CZ50 M 3.15 8.13 15 37.30 2.74 

8.4Pd(ac) CZ50 M N2 3.11 8.02 15 37 2.92 

4.2Pt4.2Pd CZ50 M 3.32 8.28 14.5 40.05 2.79 

8.4Pd(ac) CZ50 M-

LM 

3.04 7.87 14 36 2.74 

8.4Pd(ac) CZ50 M N2 

-LM 

3.06 7.90 13.5 39.5 2.92 

4.2Pt4.2Pd CZ50 M-

LM 

3.16 8.14 14 35.2 2.79 
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Figure 6-5: dosing section scheme. 

 

In the setup it was possible to dose N2 (99.999%, Praxair), CO2 (99.995%, Praxair), NO 

(10%±2% in N2 bal., Praxair), O2 (99.995%, Praxair), CO (99.97%, Praxair), H2 

(99.999%, Praxair) and CH4 (10%±2% in N2 bal., Praxair). All the gas flow rates were 

controlled by Bronkhorst EL-flow mass flow controllers. Deionized water was fed by a 

Bronkhorst Liqui-flow mass flow controller and passed through an evaporation unit 

CEM Bronkhorst High-Tec that saturated a flow of N2 used as carrier. 

The dosing section was divided in a primary (CO2, NO and CH4 in N2) and a secondary 

line (H2, CO and O2 in N2). The primary line, with fixed flowrates, was fed to the 

reactor through a pre-heater. The secondary line was used to switch between rich and 

lean atmosphere, and for this purpose it was equipped also with a by-pass line and two 

mass flow controllers for each gas. Two flows were set and, with an external control 

unit (Sara Electronic), it was possible to pass from one to the other with the desired 

frequency that could vary between 0.5Hz and 1Hz. This line was directly fed to the 

reactor together with water, without passing through the pre-heater to avoid anticipated 

reactions. 

 

The reacting section scheme is represented in Figure 6-6. An isolated stainless-steel 

cylinder working as an air-to-air heat exchanger formed the reactor section. Room air 

was heated and blown into the cylinder allowing to vary the system temperature from 



97 

 

313K up to 973K. The primary line entered from the bottom of the cylinder into a coil, 

whereas the actual reactor was positioned in the upper part of the cylinder. The 

monoliths were wrapped into a quartz wool mate and positioned in the reactor. The 

primary and secondary line were mixed together just before entering into the reactor. 

The temperature was measured by two K-type thermocouples placed before and after 

the reactor. Similarly, one jump probe lambda sensor was placed before the reactor and 

one broadband lambda sensor was placed after the reactor in order to check the value of 

lambda.  

 

 
Figure 6-6: reaction section scheme. 

 

Two separate lines, Gas A and Gas B, departed from the reactor and reached the 

analytical section. The Gas A line passed through a condenser and was then directed to 

a mass spectrometer (H sense, MS4) for the analysis of hydrogen. The other line, Gas B, 

was analyzed by an FTIR module (TERMO FISCHER SCIENTIFIC, Antaris ICGs Gas 

Analyzer to analyze CH4, NOx, N2O, NH3, CO and H2O), a CLD detector (CLD 700RE 

ht, Eco Phisics for the specific evaluation of NOx) and an FID (NGA TFID, Emerson 

for the specific evaluation of CH4). The line eventually passed through a condenser, 

then through an NDIR (NGA 2000 MLT 4, NDIR, Emerson) for the quantification of 

CO2 and a paramagnetic detector for the oxygen content (NGA 2000 MLT4 PO2, 

Emerson).  

The analytical section scheme is represented in Figure 6-7.  
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Figure 6-7:  analytical section scheme. 

 

In the lab scale bench setup two kind of tests were carried out: 

• light off tests 

• lambda sweep tests 

The light off tests consisted in heating ramps from 473K to 873K with a space velocity 

of 100000 h-1 at 20K/min. Seven light off tests differing in gas composition were 

performed and named LOi, with i = 1,…,7. The compositions of each test are 

summarized in Table 6-7, together with the values of λ calculated according the 

equation (1)201:  

𝜆 =  
𝑋𝑂2

+ 𝑋𝐶𝑂 +  𝑋𝑁𝑂 +  2𝑋𝐶𝑂2
+  𝑋𝐻2𝑂

𝑋𝐶𝐻4
+  2𝑋𝐶𝑂 +  𝑋𝐻2 +  2𝑋𝐶𝑂2

+  𝑋𝐻2𝑂
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Table 6-7: light-off compositions.  

 

Primary line Secondary line   

CH4 

[ppm] 

NO 

[ppm] 

CO2 

[%vol] 

H2O 

[%vol] 

O2 

[ppm] 

H2 

[ppm] 

CO 

[ppm] 

λaverage 

[-] 

λ 

 [-] 

LO1 1000 \ \ 10 \ \ \ 0.9615  

LO2 1000 \ \ 10 6300 3767 11300 0.95  

LO3 1000 \ \ 10 [6300-8400] 3767 11300 0.9665 [0.9504-0.9826] 

LO4 1000 1000 13 10 4850 6833 20500 0.95  

LO5 1000 1000 13 10 5800 2333 7000 0.9981  

LO6 1000 1000 13 10 [5800-11900] [2333-5400] [7000- 16200] 0.998 [0.9504-0.9826] 

LO7 1000 1000 13 10 [5800-18500] [2333-8700] [7000-26100] 0.9981 [0.9383-1.0649] 

 

 

As mentioned, the primary line had a static flow while the secondary line could operate 

in a dynamic mode and was used to vary the lambda value by changing O2, CO and H2 

concentration (LO3, LO6 and LO7). LO1 had only 1000 ppm of CH4 and 10%vol of 

H2O. The flow was static and λ was 0.9615. All the other six light offs had the same 

amount of CH4 and H2O as LO1. In Figure 6-8 it is briefly summarized which gases are 

present for each light-off test. 

 

 

Figure 6-8: distribution of the gases into the different light-off tests.  

 

Differently from the light-off tests where the temperature was ramped, the lambda 

sweep tests were carried out at constant temperature (723K or 773K) and consisted in a 

variation of the average λ value around the stoichiometry, from the rich value of 0.975 

to the lean one of 1.025 and vice versa as represented in Figure 6-9.  
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Figure 6-9: λ trend over time during the two isotherms 723K (grey) and 773 (red). 

 

Three lambda sweep tests were carried out and named LSi, with i = 1,…,3. In the first 

one O2 was constantly increased from 1420 ppm to 10930 ppm and back to 1420 ppm. 

In the second and third lambda sweep test the average value of O2, and consequently of 

lambda, was the same as for the LS1. However, the lambda value oscillated to have a 

variation of ±0.034 and ±0.068 for LS2 and LS3, respectively, around the average value 

with a frequency of 1Hz in both LS2 and LS3 (see Figure 6-10). 

 

 

Figure 6-10: lambda sweep dynamic scheme of LS1, LS2 and LS3; the oxygen amount was 
modulated so that lambda follows the black line in LS1 and it switched from the blue to the red 

lines in LS2 and LS3 (determined by amplitudes ±0.034 and ±0.068 respectively) with a 
frequency of 1Hz. 
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All these tests were carried out on as prepared monoliths to evaluate the performances 

of the catalysts and the effect of the different compositions on the stoichiometric 

oxidation of methane. An ageing effect was also considered to assess the stability of the 

systems. Two ageing processes were considered. The first one was an ageing treatment 

in water and so referred as wet ageing: the monoliths were left in a static flow with 

10%vol of water and 21% O2 in N2 balance for 8 hours at 1173K. The second one was a 

dynamic treatment and referred as pulsed-ageing: monoliths were left for 16 hours in a 

flow which was switched between 10% CO and 10% O2 in N2 with a frequency of 1Hz 

at 1173K. The aged monoliths were again tested with the most representative light-off 

experiment (LO6). 

 

6.3 Results and discussion 

 

At Umicore, the light off test LO6 and the lambda sweep test LS2 at 773K are the main 

references to assess the catalysts performances. Both the tests have a fully formulated 

feed and the lambda value is oscillated by ±0.034 around an average point at 1Hz 

frequency. This is to reproduce the real exhaust working conditions. All the other tests 

mentioned in the previous paragraph were carried out to gain a deeper understanding of 

the reactions that occur during the stoichiometric oxidation on mechanochemically 

prepared catalysts.  

In this paragraph, firstly the results of the investigation of the best way to implement the 

milled catalysts in the coating process considered will be reported. The best performing 

material for each composition will be then chosen to examine the conversions of the 

main species for each light off test and lambda sweep test. The best bimetallic sample 

will be compared with the best monometallic one. Finally, the dry milled catalysts will 

be compared with the reference provided by Umicore, both in the fresh version and after 

the two ageing processes. 

 

 

6.3.1 Implementation of the dry milled catalysts in the Umicore coating process 

 

Methane conversion was chosen to compare the performance during the light-off LO6 

test. The main aspect considered was the effect of linear milling on the slurries; for the 

monometallic sample also the effect of the calcination atmosphere, air rather than N2, 
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was evaluated. In Figure 6-11 the methane conversion for all the cores prepared starting 

from the monometallic dry milled catalysts is reported.  

 

 

Figure 6-11:  methane conversion in light-off LO6 for the monometallic samples. 

 

All samples display similar conversions at low temperatures, while at high temperature 

the linearly milled samples show a slightly better conversion. Moreover, the 

monometallic catalyst calcined in air is better than the one calcined in N2. This can be 

explained by looking at the x-ray diffractograms reported in Figure 6-12, which shows a 

comparison between the X-rays diffraction (XRD) patterns recorded on the two dried 

slurries of the respective samples.  
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Figure 6-12: XRD diffractograms of 8.4Pd(ac) CZ50 M-LM dried slurry (above) and 8.4Pd(ac) 
CZ50 M N2-LM (below). 

 

Beside the features of CZ50 and alumina, a sharp peak at 40°, which corresponds to 

metallic Pd, is visible for both the samples. This peak has two shoulders, which can be 

referred again to alumina, but most important it is higher and sharper for the sample 

calcined in air. It is reported that the decomposition in air of the acetate precursor favors 

the formation of the metallic Pd phase due to a complex series of exothermic oxidation 

reactions206,207. Likely, this pathway is not followed in N2 atmosphere resulting in a less 

developed crystalline metallic Pd phase. This in turn could be the cause of the different 

catalytic activity. So, from here onwards the sample 8.4Pd(ac) CZ50 M-LM will be 

considered as a reference for comparison. 
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In Figure 6-13 the methane conversion for the dry milled bimetallic catalysts is 

represented.  

 

 
Figure 6-13: methane conversion in light-off LO6 for the bimetallic samples  

 

In this case, the difference between the bimetallic samples with and without linear 

milling is more relevant than for the monometallic catalyst, with 4.2Pt4.2Pd CZ50M-

LM giving the best results. This is probably due to the fact that the bimetallic sample 

prepared with the dry milling method in the bigger setup was not optimized and 

required longer milling times or higher milling intensity to improve its performances.  

To check this hypothesis, the sample used as reference in the optimization process of 

the bimetallic catalyst (4.2Pt4.2PdCZ50m) was further milled for 5 minutes at 15Hz in 

the minimill Pulverisette 23 and tested on lean methane oxidation as explained in the 

previous paragraph. The results are reported in Figure 6-14.  
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Figure 6-14: lean methane oxidation, second light off cycle; comparison between the sample 
taken as reference for the optimization of the bimetallic catalyst “4.2Pt 4.2 Pd CZ50 m”  and 

the same sample further milled for 5 minutes at 15Hz “4.2Pt 4.2 Pd CZ50 m +5min”. 

 

The better conversion achieved by further milling the sample 4.2Pt4.2Pd CZ50 m is a 

clear evidence that the method was not properly optimized. Unfortunately, this check 

was performed only after all the tests were carried out at Umicore, after the secondment 

period and further testing in the facilities has not been possible in the timeframe of this 

thesis work. However, the sample 4.2Pt4.2Pd CZ50 m presented anyway better 

performances than the homologous prepared by incipient wetness impregnation as 
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shown in Figure 6-15, so it can still be considered representative to understand the role 

of the mechanochemical synthesis under more realistic testing conditions. 

 

Figure 6-15: lean methane oxidation, second light off cycle; comparison between the sample 
taken as reference for the optimization of the bimetallic catalyst “4.2Pt 4.2 Pd CZ50 m”  and 

the homologous prepared by incipient wetness impregnation “4.2Pt 4.2 Pd CZ50 IWI”. 
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6.3.2 Light Off Tests 

6.3.2.1 Dry milled catalysts 
 

In the first light-off (LO1) the feed consisted of only water and methane. Steam 

reforming reaction (SR) between CH4 and water (1), is an important pathway for the 

reduction of methane in the TWC technology under net reducing conditions56.  

  𝐶𝐻4  +  𝐻2𝑂 →  𝐶𝑂 +  3𝐻2                                                   (1) 

The main products are H2 and CO. CO can be converted to CO2 through water gas shift 

(WGS) reaction and additional H2 is produced (2).  

𝐶𝑂 +  𝐻2𝑂 →  𝐶𝑂2  +  𝐻2                                                   (2) 

The concentrations of the reactants and products from the LO1 tests for 8.4 Pd(ac) 

CZ50 M-LM and 4.2Pt4.2Pd CZ50 M-LM are reported in Figure 6-16.  

 

 

Figure 6-16: concentration of reactants and products during the heating ramp of LO1 
(λaverage=0.9615). 

 

The monometallic sample starts to convert methane at about 550K and it seems that 

WGS follows rapidly the SR reaction as it can be seen by the absence of CO and the 

simultaneous increase of H2 and CO2. The concentrations detected agree with reactions 
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(1) and (2). Methane is fully converted at 800K. On the contrary, the bimetallic sample 

is less active and methane is not entirely converted at the end of the test. The behavior is 

the same as for the monometallic sample, with no detection of CO.  

The subsequent light-off experiments, LO2 and LO3, had the same amount of water and 

methane, but also hydrogen, carbon monoxide and oxygen were introduced. LO2 was 

carried out in static mode, while during LO3 oxygen pulses were introduced (see Figure 

6-8). 

In light off LO2 the conditions are net reducing, the λ value being 0.95. The outlet 

concentration of gases from the reactor is reported in Figure 6-17 for the monometallic 

and bimetallic samples.  

 

Figure 6-17: concentration of the reactants and products during the heating ramp of LO2 
(λaverage=0.95). 

 

O2 is completely consumed below 450K in the monometallic case and 550K in the 

bimetallic case, to fully oxidize hydrogen and partially CO, which is present in higher 

amount. In the case of the monometallic sample, the rest of CO is oxidized by water 

through WGS reaction above 450K as it can be seen by the simultaneous increase of the 

H2 amount followed by CO2 with the same trend. The conversion of CO is slower 

through this pathway, as indicated by the different slope of the CO concentration. 

Above 550K CO is fully oxidized and methane starts to convert. The WGS reaction 

proceeds (H2 and CO2 keep increasing) up to ca. 700K when also methane is totally 

oxidized. Again, the oxygen deficiency pushes the conversion of methane through SR 

reaction consuming water, so that also CO starts to increase again after it reached its 
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minimum. By observing this trend, it seems that there is competition between the 

conversion of CO and CH4. It is already reported that CO can inhibit the CH4 

conversion in TWC system202,204 when the conditions are not oxidizing. While PdO is 

generally considered as the most active site for CH4 conversion, the role of metallic Pd 

in CH4 conversion can be important especially under net reducing conditions46. It is as 

well reported that CO seems preferentially oxidized by reduced metals, in this case 

metallic Pd208. Furthermore, in rich atmosphere, reduction of PdO by H2, CO and CH4 

can take place, according to the following reactions 200: 

𝑃𝑑𝑂 +  𝐻2   →   𝑃𝑑 +  𝐻2𝑂                                                  (3) 

𝑃𝑑𝑂 +  𝐶𝑂  →   𝑃𝑑 +  𝐶𝑂2                                                   (4) 

4𝑃𝑑𝑂 + 𝐶𝐻4   →   4𝑃𝑑 + 𝐶𝑂2  +  𝐻2𝑂                                 (5) 

 

In LO2 the atmosphere is net reducing and, according to the above reactions, even in the 

presence of an oxygen storage material like ceria-zirconia, the majority of palladium is 

likely in the metallic form. CO can be adsorbed on the metal more efficiently than CH4, 

which may have to wait the complete removal of CO to access the Pd-based active sites.  

The bimetallic catalyst acts in a similar way. However, all the reactions are shifted to 

higher temperatures and the decrease in CO concentration proceeds with a similar rate 

(no change in the slope as observed for 8.4Pd(ac)CZ50 M-LM) indicating a similar 

kinetics between oxidation and WGS.  
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Light off LO3 is carried out similarly to LO2, but with O2 pulses. The reactants and 

products composition at the reactor outlet is represented in Figure 6-18.  

 

 

Figure 6-18: concentration of reactants and products during the heating ramp of LO3 
(λaverage=0.9665);  8.4Pd(ac) CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right. 

 

The results are very similar to LO2, because even if the O2 pulses increase periodically 

the λ value, the conditions remain predominantly reducing. The main effect is that the 

minimum of CO concentration is reached at lower temperatures and the contribution of 

WGS reaction at higher temperatures seems less important, as it can be inferred by the 

lower amount of hydrogen produced. Again, methane conversion starts when CO 

concentration reaches almost zero. This is clearer in Figure 6-19, where the conversions 

of CO and CH4 for LO2 and LO3 are reported and compared for the two catalysts, 

showing that in presence of oxygen pulses both components are converted more 

efficiently. 
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Figure 6-19: CH4-CO conversion for LO2 (λaverage=0.95) and LO3 (λaverage=0.9665); 8.4Pd(ac) 
CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right. 

 

Light off LO4 is carried out with the fully formulated feed. The λ value is kept constant 

at 0.95 in static conditions like in LO2, but in this experiment NO and CO2 are also 

present making it possible to assess their effect. The results are reported in Figure 6-20. 

The components are divided due to their high number and their different concentration 

to better observe the respective trends. For CO2 and H2O, due to the higher amount in 

the feed, it was chosen to display the difference between inlet and outlet concentration 

and not their evolution. 
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Figure 6-20: reactants and products during the heating ramp of LO4 (λaverage=0.95);  8.4Pd(ac) 
CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right. 

 

In LO4 the amount of CO and H2 is increased to compensate the addition of NO, with a 

consequent lack of oxygen for the oxidation of the two species at low temperatures. 

However, O2 consumption is shifted to higher temperatures compared to the previous 

light off tests, likely because in these conditions H2 reacts first with NO to produce NH3 

and N2O for both monometallic and bimetallic catalysts. Alternatively, it can be reduced 

to N2. 

The reactions that may occur are200:  

𝑁𝑂 + 
5

2
𝐻2  →  𝑁𝐻3  +  𝐻2𝑂                                                      (6) 

2𝑁𝑂 +  𝐻2 →  𝑁2𝑂  +  𝐻2𝑂                                                     (7) 

𝑁𝑂 + 𝐻2 →  
1

2
𝑁2  +  𝐻2𝑂                                                       (8) 

According to the stoichiometry of reaction (6) and to the composition of the feed, 1000 

ppm of NO should produce 1000 ppm of NH3 while consuming 2500 ppm of H2. The 

residual H2 (4333 ppm) should consume 2166 ppm of O2, while the remaining oxygen 

(2684 ppm) can oxidize about 5368 ppm of CO. These amounts are coherent with what 

is reported in Figure 6-20, at temperatures below 550K for the monometallic sample, 

below 600K for the bimetallic one. Based on these observations, the interaction between 

CO and NO is excluded. 

Hydrogen starts again to increase above these temperatures proportionally to the 

decrease of CO, presumably due to WGS reaction. For both samples, this reaction 
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seems not effective at high temperature (above 700K) where CO starts to increase again. 

At this point methane conversion is initiated. Again, a competition for the active sites 

between CO and methane can be observed. The variations in the concentration of water 

and CO2 reflect the trend of hydrogen and CO, respectively, and confirm that at high 

temperature CH4 is converted more efficiently by steam reforming. There is no evidence 

of dry reforming between CO2 and CH4.  

In light-off LO5 the feed is still complete and static, but the amount of oxygen, 

hydrogen and carbon monoxide is changed to have a λ value of 0.99. The results are 

reported in Figure 6-21. 

 

 

Figure 6-21: reactants and products during the heating ramp of LO5 (λaverage=0.9981);  8.4Pd(ac) 
CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right; in the upper part it is reported the 

difference between the amount of H2O and CO2. 
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It should be observed that in the case of monometallic catalyst NO starts to decrease 

again above 800K, along with a slight change in the concentration of CH4. The effect is 

present also for the bimetallic catalyst, but much less evident and at higher temperature. 

This leads to a further speculation that a reaction between CH4 and NO may happen at 

higher temperatures:55  

4 𝑁𝑂 +  𝐶𝐻4     →     2 𝑁2  +  𝐶𝑂2  +  2 𝐻2𝑂                                 (9) 

However, there are no visible changes in CO2 concentration, but neither in the other 

gases analyzed due to low conversion.  

Light off LO6 is the first of the series that has a fully formulated feed and a dynamic 

mode. λ is kept averagely around 0.99, oscillating with a fixed amplitude of about 

±0.034 going from net oxidizing conditions to net reducing ones. The flow composition 

at reactor outlet is reported in Figure 6-22. 

 

Figure 6-22: reactants and products during the heating ramp of LO6 (λaverage=0.998);  8.4Pd(ac) 
CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right; in the upper part it is reported the 

difference between the amount of H2O and CO2. 
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In all the previous experiments, the difference between monometallic and bimetallic 

catalyst was essentially due to a shift of the overall reactant conversion to higher 

temperature in the bimetallic case. For LO6 instead, we can observe an important 

increase in ammonia production for the bimetallic catalyst, which can be due to a 

different response towards the higher amount of H2. What is valid for both samples is 

that even if the average λ is the same as in LO5, the conversion of methane is shifted 

very efficiently to lower temperature by the oscillating dynamic. As seen for the first 

light-off tests it is likely that the incursion on the rich side emphasizes the conversion as 

it might also be inferred from the low conversion of O2 and the occurrence of steam 

reforming. Indeed, steam reforming seems still the preferential path for methane 

conversion at high temperature, as it can be observed by the slight increase in H2 

concentration at 600K. The composition of the outlet gases can be related to the 

temperature, highlighting three intervals in the monometallic sample and two on the 

bimetallic sample as the vertical lines in Figure 6-22 are expected to do. It is evident a 

relation between the species in each interval, whit only a not better defined behavior of 

NO, that between 500K and 600K shows a plateau.  In the end, the interaction between 

CH4 and the other two main pollutants, NO and CO, is again confirmed also in the 

oscillating mode. 
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Light off LO7, reported in Figure 6-23, is very similar to LO6 having changed only the 

amplitude of the oscillations. 

 

 

Figure 6-23: reactants and products concentration during the heating ramp of LO7 
(λaverage=0.9981);  8.4Pd(ac) CZ50M-LM on the left; 4.2Pt 4.2Pd CZ50 M-LM on the right; in the 

upper part it is reported the difference between the amount of H2O and CO2. 
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seems to affect less the bimetallic sample. This might be related to the stabilization of 

Pd species when interacting with Pt forming an alloy, as reported in Chapter 3, which 

can be then less prone to take part in redox cycles under oscillating atmosphere. 
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6.3.2.2 Comparison with Umicore reference sample (fresh) 
 

Figure 6-24, Figure 6-25 and Figure 6-26 display the conversions of CH4, CO and NO 

respectively, for the samples 8.4Pd(ac) CZ50 M-LM, 4.2Pt 4.2Pd CZ50 M-LM and 

Umicore REF on the LO6 test. This test is the one taken as model for the TWC real 

conditions.  

 

 
Figure 6-24: comparison of CH4 conversion in LO6 for 8.4Pd(ac) CZ50 M-LM, 4.2Pt 4.2Pd CZ50 

M-LM and Umicore REF. 
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Figure 6-25: comparison of CO conversion in LO6 for 8.4Pd(ac) CZ50 M-LM, 4.2Pt 4.2Pd CZ50 
M-LM and Umicore REF. 

 
Figure 6-26: comparison of NO conversion in LO6 for 8.4Pd(ac) CZ50 M-LM, 4.2Pt 4.2Pd CZ50 

M-LM and Umicore REF. 
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The Umicore REF shows generally the best performances. For C-containing pollutants 

this can be ascribed to the better activity towards CO oxidation, which is reflected then 

to CH4 conversion for all the samples. In the case of NO, the conversion is comparable 

for all the samples and the highest activity for the Umicore REF at low temperature 

should be referred to the higher production of N2O which has to be considered a 

pollutant as well (see Figure 6-27).  

 

Figure 6-27: NH3 and N2O composition  for the Umicore REF catalyst in LO6. 
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6.3.3 Lambda Sweep Tests 

 

6.3.3.1 Dry milled catalysts 
 

In Figure 6-28 and Figure 6-29 it is reported the conversion of CH4, CO and NO for the 

samples 8.4Pd(ac) CZ50M-LM and 4.2Pt 4.2Pd CZ50M-LM respectively, on the 

lambda sweep test LS1 at 773K. The arrows indicate the direction of lambda sweep 

(from 0.975 to 1.025 or vice versa). 

 

 

Figure 6-28: lambda sweep test LS1 for the sample 8.4Pd(ac) CZ50M-LM. 
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Figure 6-29: lambda sweep test LS1 for the sample 4.2Pt4.2Pd CZ50M-LM. 
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should be attributed instead to a less effective steam reforming, and the trend of NO that 

follows CH4 reflects the missing H2 from that reaction. Interestingly, in the 

monometallic case the conversion of methane increases again in lean conditions after 

the crossover point independently from NO, likely because the system switches to CH4 

oxidation path. 

In Figure 6-30 the set of LS2 and LS3 lambda sweep tests carried out at 773K on the 

monometallic catalyst are reported. The LS2 test at 773K is the reference test for the 

stoichiometric oxidation of methane, and it is recalled that LS2 and LS3 are carried out 

with oscillating lambda at different amplitude (see Figure 6-10). 

 

Figure 6-30: lambda sweep test LS2 and LS3 for the sample 8.4Pd(ac) CZ50M-LM. 
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even at the leanest values. Again, this is referred to the incursions on rich conditions and 

the presence of H2 from steam reforming.  

In Figure 6-31 the set of LS2 and LS3 lambda sweep tests carried out at 773K for the 

bimetallic catalyst is reported. 

 

 

Figure 6-31: lambda sweep test LS2 and LS3 for the sample 4.2Pt4.2Pd CZ50M-LM. 
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6.3.3.2 Lambda Sweep Results - Comparison with Umicore reference (fresh samples) 
 

In Figure 6-32 it is reported the lambda sweep test LS2 for the Umicore reference 

catalyst. The results are similar to the ones of the monometallic catalyst. It shows 

however very high methane conversion in reducing conditions that does not decrease 

significantly going to richer values of lambda as the one observed with the milled 

catalyst. The conversion on lean conditions is comparable with the one of the 

monometallic milled catalyst, confirming the potential of application of mechanically 

prepared catalysts for NGV aftertreatment. 

 

Figure 6-32: lambda sweep test LS2 for Umicore Reference. 
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6.3.4 Aged Samples 

Figure 6-33 displays the conversion of methane and the conversion of carbon monoxide 

in light off test LO6 for the fresh sample 8.4Pd(ac) CZ50 M-LM, compared to the same 

sample after the wet-ageing, 8h in 10% water and air, or after the pulsed-ageing, 16h in 

oscillating 10%CO-10%O2.  

 
Figure 6-33: comparison between CO conversion (above) and CH4 conversion (below) on LO6 for 

8.4Pd(ac) CZ50 M-LM, fresh and after 8 hours of wet ageing (8h-wet) or 16 hours of pulsed 
ageing (16h-pulsed). 

 

The catalytic activity for CH4 is reduced in both cases, with a deeper effect for the 

longest ageing even if in absence of water.  
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Similar trend is observed for the activity towards CO, i.e. the longer the ageing the 

higher the deactivation. Comparing the two set of conversions it can be observed again 

that there is a connection between the temperature at which CO oxidation is almost 

completed and CH4 conversion starts. 

Figure 6-34 reports the CH4 conversions and the CO conversions for fresh and aged 

samples in the case of 4.2Pt 4.2Pd CZ50 M-LM. 

 
Figure 6-34: comparison between CH4 conversion on LO6 for 4.2 Pt 4.2 Pd CZ50 M-LM, fresh 

and after 8 hours of wet ageing (8h-wet) or 16 hours of pulsed ageing (16h-pulsed). 
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Water is known to deactivate Pd-based catalysts also by the sintering of Pd 

nanoparticles54. Pt is known to have a protective effect on this kind of systems66. 

However, when Pt and Pd are mechanically mixed with the OSC material, the catalyst 

shows a considerable improvement in conversion after being treated in water as already 

explained in Chapter 3. The comparison between the two treatments clearly shows that 

water is fundamental for this improvement since the same result is not achieved in the 

pulsed treatment.  

 
Figure 6-35: comparison between CH4 conversion and CO conversion on LO6 for Umicore REF, 

fresh and after 8 hours of wet ageing (8h-wet) or 16 hours of pulsed ageing (16h-pulsed) 
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Figure 6-36: ΔT50 for the samples Umicore REF, 8.4 Pd(ac) CZ50 M-LM and 4.2 Pt 4.2 Pd CZ50 
M-LM after the two ageing treatments. 
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the 16h pulsed ageing has to be ascribed to the presence of Pt in the formulation. It is 

noticeable, anyway, that also the monometallic milled sample shows some stability 

improvement compared to the Umicore reference. This is much more evident when the 
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ageing is carried out in presence of water (8h wet ageing). In this case there is a benefit 

for 4.2 Pd(ac) CZ50 M-LM, which becomes significantly more evident in the bimetallic 

formulation, especially for methane and CO (the negative ΔT50 indicates an 

improvement in conversion after ageing). This once more indicates the beneficial effect 

of mechanochemical preparation especially on stabilizing the catalytic active sites in 

presence of water for the conversion of typical C-containing compounds on TWC 

systems, as already observed in the powder bench tests, and also for NO and CO. 
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6.4 Conclusions 

 

Despite the need of further optimization of the catalysts in light of the coating process, 

the results obtained in a series of lab-scale industrial tests clearly show the potential of 

these materials for real applications, as inferred from the comparison with the industrial 

reference. In particular, the monometallic sample had comparable performances with 

the reference provided by Umicore in the fresh state, while the bimetallic one suffered 

presumably from the lower amount of palladium.  

On the other side, the addition of platinum stabilized the catalyst after ageing carried out 

in the presence of water, confirming the results already obtained in powder tests.  

For both milled samples, a lower degree of deactivation after ageing was observed in 

wet atmosphere. 

It must be noticed in the end that there was a non-negligible distance to cover between 

the milling procedure developed in Udine for powder catalysts and the one developed at 

the Umicore laboratories for structured catalysts. As already mentioned, the structured 

configuration adopted here forced some decisions on the materials prepared, which were 

still not perfectly optimized.  

A crucial point in the preparation of the bimetallic catalyst is the choice of the PGM 

precursors and their compositions. As reported, not all the precursors can be used 

efficiently to provide the high amount needed in the real application of the coated 

catalysts207. For this reason, a screening of possible PGM precursors is desirable to 

make a more solid choice. This is true in particular for the bimetallic case, where no 

combination other than with metallic Pd and Pt powders was investigated before this 

study. Moreover, it would be interesting to compare a second bimetallic composition 

with different Pt and Pd loadings to assess more in depth the effect of the platinum 

addition in the structured configuration, as already done for the powder catalysts (see 

Chapter 3).  

Another important issue to address for material optimization is the support used for the 

mechanochemical synthesis. This preparation method seems to lead to higher 

performances thanks to a core-shell structure, exclusively formed when palladium is 

mechanically mixed with a cerium oxide with low surface area126. In this study the 

standard ceria-zirconia provided by Umicore was used, and the surface area was one 

order of magnitude higher than the one of the ceria investigated in our previous 

research. It is possible that the interaction of Pd with this ceria-zirconia support during 
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the mechanical mixing is not optimal and this might explain why the catalysts prepared 

were not better than the reference. This suggests that also a screening on different ceria-

zirconia supports can help to improve the material.  

The complexity of the feed adopted in this study was very different from the net lean 

conditions of the static gas mixture used in powder tests (see Chapter 2), that 

represented our term of comparison. It is evident in fact from this study that the steam 

reforming is the preferred methane conversion path both in rich and oscillating 

conditions, and this is strongly limited by the presence of CO. This should be taken into 

account when evaluating a proper catalyst formulation for a natural gas vehicle TWC 

system. For example, the static test LO5, even if not specifically close to real conditions 

(for which oscillating lambda is needed), gave the same results of the more realistic 

LO6 for the comparison among the catalyst. This test is reproducible in a simple set up 

and can give important and faster feedbacks in the trial-and-error approach of 

mechanical synthesis and can be used to substitute the simple lean methane oxidation.  

A final observation after all the catalytic tests carried out at Umicore involves the need 

to integrate them with a proper material characterization, in particular to understand the 

mechanisms involving Pd in the conversion of CO and CH4 and their mutual connection 

shown in this work. 

At the end, this study confirmed the validity and the potential of the mechanical milling 

as a cheaper and ecofriendly method suitable also for industrial scale, and it tracked 

some indications to efficiently improve this procedure for the real application. 
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7. Investigation of CO oxidation over dry 

milled catalysts 

 

Abstract 

The dry mechanochemical synthesis developed and explained in the previous chapters 

was used to prepare ceria-based catalysts for the oxidation of CO. Results show that 

the dry milling is not as effective as in the case of CH4 oxidation, and in this reaction 

the milled catalysts do not outperform the homologous samples prepared by the 

traditional impregnation method. Among the tested catalysts, the bimetallic Pt-Pd 

formulation leads to the highest activity, tentatively assigned to the presence of an 

alloy between the two metals. 

 

 

7.1 Introduction 

In natural gas fueled vehicles aftertreatment, the role of palladium and platinum 

catalysts is not only to reduce methane content in the exhaust, but also carbon 

monoxide209. The supported metal should promote the simultaneous oxidation of the 

two C-containing species below the exhaust gas temperature. However, the catalyst can 

have a different role in the two reactions, due to different mechanisms, structure 

sensitivity210,211 or to the nature of active sites43. 

CO oxidation is a well-studied reaction, often used as a model to test novel materials 

including monometallic Pd and Pt catalysts as well as various bimetallic PtPd 

compositions.212,213 CO is more reactive than CH4 and its total oxidation occurs at much 

lower temperatures. The following mechanism is generally proposed (Mars van-

Krevelen model): CO reacts directly with surface oxygen forming CO2, leaving surface 

vacancies that are subsequently filled by gas-phase oxygen214,215. The mechanism is 

similar to that for CH4 in the sense that a clear contribution is given by adsorption and 

activation of oxygen for both reactions. One might speculate that there should be a good 

correlation between the oxidation reactions of the two C-containing compounds. 

However, in the case of methane, the rate limiting step is the breakage of C-H bond (i.e. 
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the activation of the methane molecule), and this fundamental step prevents a systematic 

design of a catalyst highly active for both reactions.  

An important role for CO and CH4 oxidation is played by the metal-support interaction. 

In this respect, ceria is a well-known promoter for CO oxidation, even without noble 

metals.216 Moreover, thanks to its high reducibility it can create strong interaction with 

the metals supported on the surface, which depends also on CeO2 crystallites shapes and 

intrinsic surface exposure.217,218 For example, an active site for CO oxidation is found to 

be the interfacial Pt-O-Ce.219 CO adsorbs on Pt and CeO2 actively supplies oxygen, with 

dynamics depending on the metal particle size220,221 and on oxidative or reductive 

treatments222–224. A similar situation has been proposed also for Pd-based 

catalysts225,226,. Nonetheless, there is uncertainty regarding the active phase of Pd on 

CeO2 in CO oxidation. Pd can be found either in metallic phase Pd0, PdO phase or in 

solid solution with Ce and these phases are often present simultaneously, making 

difficult to determine the real active phase. For example, Pd0 was reported as the active 

phase for CO oxidation,227 but some recent studies affirm that single atoms in Pd2+ 

valence show the highest activity.228,229 Moreover, the size and dispersion of Pd play a 

major role in this reaction.167 Oxidizing treatments at high temperature, such as atom 

trapping, followed by CO or H2 reducing treatments in2crease the dispersion of both Pt 

and Pd catalysts on CeO2, being effective for CO low-temperature oxidation. However, 

it appears easier to tune Pt dispersion with respect to Pd exploiting the PtO2 volatility, 

due to the different stability of the oxidized phases.229 In the case of Pd-based catalysts 

instead, hydrogen pretreatment can result in an increase of the metallic Pd phase,230 and 

also in the formation of oxygen vacancies in the solid solution Ce-Pd-O.231 Finally, it 

should be recalled that CO itself may have a non-negligible impact on the degree of 

oxidation of the metal phase, changing in-situ the catalytic activity for the abatement of 

other pollutants.164 A competitive dynamic may occur when other pollutants are present 

in the feed, with a great inhibiting effect by CO.232 

The variables increase further when a bimetallic PdPt formulation is chosen. Many 

studies deal with bimetallic PdPt catalysts for CO oxidation, which are the state-of-the-

art for diesel oxidation catalysts163. The activity has been reported to improve for high 

Pd content, but optimal formulations are usually close to 1:1 molar ratio, considering 

also durability233. The alloying of Pd with platinum can improve the oxidation activity, 

but at the same time the control of dispersion becomes more difficult.234  
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There is a large number of studies on CO oxidation trying to elucidate all the parameters 

dependencies and mechanisms involved in the reaction, and strong simplifications are 

assumed with a rich panel of conditions. Thus it is difficult to systematically compare 

results in this massive database, especially when trying to mimic close-to-real 

conditions. This appeared evidently also in this work, when comparing CH4-CO-NO 

conversion in full exhaust feed (Chapter 6). However, it is evident from the results 

reported in Chapter 6 that CH4 activation is delayed by the presence of CO. Trying to 

elucidate this aspect, it was thendecided to carry out a qualitative study for three catalyst 

formulations (Pd monometallic, Pt monometallic, PtPd bimetallic) prepared by ball 

milling and by incipient wetness impregnation. The investigation was carried out in a 

simple setup for lean CO oxidation with the aim of studying the effect of the 

mechanochemical synthesis on this model reaction. The effect of reducing pretreatment 

and of wet aging was also investigated. 

 

7.2 Materials and methods 

Pure cerium oxide (CeO2, Umicore) previously calcined at 1473 K for 3 hours was used 

as support for the catalysts. Metallic palladium (Pd black, Sigma Aldrich, surface area 

40-60 m2/g) and metallic platinum (Pt black, Sigma Aldrich, ≤20μm) nanopowders 

were mechanically mixed with CeO2 in a Mini-mill Pulverisette 23 (Fritsch) to obtain 

the samples defined as milled (M), according to the procedure already reported in 

Chapter 2. 

The total PGM amount was fixed again at 1%, with the bimetallic catalyst containing 

0.5wt% Pd and 0.5wt% Pt and prepared by milling first Pd with ceria, then adding Pt. 

The samples were named (1-x)PtxPdCe-M, where x is the wt% of Pd. Three 

homologous samples were prepared by incipient wetness impregnation with the same 

procedure and precursors reported in Chapter 3.2. The catalytic activity for CO 

oxidation was investigated according to the procedure reported in Chapter 2.3.3. 

All samples, with relative names and composition, are summarized in Table 7-1. 
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Table 7-1: Composition, mass and molar ratios, and names of samples considered in this work. 

Sample NAME 
Nominal 

Pt wt% 

Nominal 

Pd wt% 
mPd/mPt 

Pd/Pt 

molar ratio 

1PdCe M / 1 / / 

1PtCe M 1 / / / 

0.5Pt0.5PdCe M 0.5 0.5 1 1.83 

1PdCe IW / 1 / / 

1PtCe IW 1 / / / 

0.5Pt0.5PdCe IW 0.5 0.5 1 1.83 

 

 

7.3 Results and discussion 

In Table 7-2 the surface area values of the samples studied, together with that of the 

support oxide, are reported. All values are comparable with that of the support. 

Table 7-2: BET surface area of catalysts and support oxide used in this study. 

Sample  BET surface area (m2/g) 

CeO2(1473K) 4.2 

1PdCe M 4.3 

1PtCe M 4.3 

0.5Pt0.5 PdCe M 4.3 

1PdCe IW 4.6 

1PtCe IW 4.5 

0.5Pt0.5 PdCe IW 4.5 

 

Figure 7-1 shows the XRD spectra of the samples in the 38-42° 2 range. The 

characteristic peaks of cubic CeO2 are located at 33.1° and 47.3° and present on all 

samples (not shown). A peak at 39.8° corresponding to metallic Pt is observed on 

both1PtCeM and 1PtCeIW, whereas on 1PdCeM a peak at 40.1° belonging to metallic 

Pd is detected. On 1PdCeIW Pd and PdO are not observed. On this sample the presence 

of PdO would be expected due to calcination, but it is likely that high dispersion and/or 

low loading prevent its appearance in the x-ray diffraction analysis. The bimetallic 

samples show a peak centered in between metallic Pd and Pt features, which is broader 

on the milled catalyst and attributed to the formation of a PdPt alloy.  
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Figure 7-1: XRD spectra of fresh catalysts in the 38-42° 2θ range. 

 

Catalytic activity for CO oxidation is shown in Figure 7-2 for the monometallic samples 

1PtCeM and 1PtCeIW, with and without reducing pretreatments (for experimental 

details see Chapter 2.3.3). 
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Figure 7-2: LO tests for samples 1PtCeM (below) and 1PtCeIW (above). Sample not pretreated 
(red); pretreated in CO (black); pretreated in H2 (blue). 

 

In the absence of any pretreatment (red line), there is a slight difference between the Pt-

based impregnated and milled sample, the T10 and T50 (temperatures at which 10% and 

50% CO conversion are achieved) being 396K and 411K for the former and 409K and 

432K for the latter, respectively. The situation changes drastically after the reducing 

pretreatments. Table 7-3 lists the ΔT10 and ΔT50, defined as the differences of T10 and 

T50 of the pretreated samples with respect to the non-treated ones. The negative values 

indicate the improvement, which is clearly observable also by the light-off curves in 

Figure 7-3. The more negative they are, the higher the improvement obtained after the 

pretreatment. In the case of the impregnated sample, both pretreatments have a strong 

impact on the activation temperature. It is not the case for the milled sample, where the 

improvement is negligible and only slightly better with CO. 

Table 7-3: ΔT10(K) and ΔT50(K) for the samples 1PtCeM and 1PtCeIW. 

Sample  ΔT10(K) ΔT50(K) 

1PtCe M – CO -10 -2 

1PtCe M – H2 -7 +1 

1PtCe IW – CO -61 -52 

1PtCe IW – H2 -60 -57 
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Different results are obtained for palladium-based samples, as it can be observed from  

Figure 7-3. First of all, the effect of the pretreatment is negligible for both catalysts (see 

also Figure 7-4). Moreover, in the case of CO oxidation the impregnated sample is the 

best performing one and it has even better performances than the homologous platinum 

sample. This is opposite to what observed for methane oxidation: Figure 7-3 (right) 

shows also the conversion of CH4 during transient lean oxidation on the same samples, 

where the milled catalyst is better than the impregnated one.  

 

Figure 7-3: left: CO conversion for samples 1PdCeM (below) and 1PdCeIW (above). Sample non 
pretreated (red); pretreated in CO (black); pretreated in H2 (blue). Right: CH4 conversion for the 

samples 1PdCeM and 1PdCeIW (0.5%CH4; 2%O2). 

 

It should be observed, though, that this difference is not so marked as it was observed in 

our previous works126, and this might be ascribed to some morphological differences in 

the ceria support which we could not investigate in depth due to lack of time. 
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Table 7-4: ΔT10(K) and ΔT50(K) for the samples 1PdCeM and 1PdCeIW 

Sample  ΔT10(K) ΔT50(K) 

1PdCe M – CO -3 -7 

1PdCe M – H2 -4 0 

1PdCe IW – CO -5 -11 

1PdCe IW – H2 -6 -16 

 

The behavior of the monometallic catalysts can be discussed in light of literature 

reports. For Pt/CeO2 it is not surprising that the reducing pretreatment has such a strong 

effect on the impregnated sample. As it is known, thermal treatments can promote Pt 

redispersion, eventually to atomic level, on the surface of the support.223,235,236 The 

impregnated sample, differently from the milled ones, is calcined for 3h in air at 1173K 

and thus a good dispersion might be expected after this process. Usually, after reducing 

treatments the formation of well-sized particles with much higher activity is 

observed.222 This is likely to happen also for 1PtCe IW. In the case of milled sample, Pt 

is expected to be mainly in the metallic form since the precursor is metallic platinum. 

Thus, the effect of the pretreatment is reasonably negligible, also considering the low 

temperature of the reducing treatment.  

The behavior of Pd/CeO2 samples is more difficult to discuss. As for Pt it is reported 

that a high dispersion can be achieved after oxidation treatments.229, 237 This is 

associated with an improvement in the catalytic activity, which can further increase by 

treating furtherly the samples in a reducing environment which allows to modify the 

size of the particles.238–240 Recently it was reported that Pd, existing initially as 

relatively large PdO clusters on the surface, can penetrate into CeO2 lattice during 

oxidation treatments forming Pd-Ce-O structures reaching a certain level of Pd 

substitution. If the treatment is continued, the process is inverted and Pd starts to 

migrate from ceria lattice to the surface, now forming very small particles of PdO with 

adsorbed oxygen. Thus, depending on how long the treatment lasts, the sample can have 

different amount of Pd-Ce-O phase rather than surface PdO in the form of big or small 

particles.241 Different catalytic activity is obtained by the different morphologies, and 

the best performances are achieved by the sample with small PdO particles. In the 

mentioned study the authors also consider the effect of a further pretreatment in H2, 

highlighting the advantage of increasing the Pd0 phase. All the samples are indeed 

improved, but not the already active one with small PdO particles. The authors conclude 

that the small nanoparticles can be reduced already during CO oxidation, so that the 

reducing treatment has almost the same effect. At the same time CO is not able to 
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modify the morphology of the other samples with bigger particles, where instead a H2 

treatment appears effective. 

The impregnated catalyst tested here should be formed by similar small PdO 

nanoparticles, in agreement with HRTEM analysis carried out on analogous samples 126. 

Thus, during CO oxidation it is efficiently reduced obtaining the same result as with a 

reducing pretreatment. In the case of 1PdCe M, palladium is present already in metallic 

form and something similar to what was proposed for 1PtCe M can be supposed, 

observing its lower activity compared to the impregnated sample and no benefits from 

the reducing pretreatments. 

After considering the monometallic catalysts, also the bimetallic ones have been tested 

for CO oxidation. In this case, due to the improvement observed for PtPdCe M after wet 

TOS treatment for methane oxidation, it was tested also the milled sample after wet 

time on stream at 623K (wet TOS, see Chapter 2). In Figure 7-4 it is reported the 

normalized conversion of CH4 during wet TOS experiment, which resembles the result 

already obtained for the bimetallic sample prepared on a different ceria support (Chapter 

3). 

 

Figure 7-4: normalized CH4 conversion for the sample 0.5Pt0.5PdCe M during the 24h 
isothermal treatment at 723K (0.5% CH4; 2% O2). 

 

Figure 7-5 shows the XRD spectra of the bimetallic sample after the wet TOS, together 

with the untreated sample as reference. The peak visible at 40° is now sharper and it is 
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thus excluded the possibility of a superimposition of Pd and Pt single peaks, as 

supposed for the untreated sample. A new peak at 33.9° appears and it can be referred to 

PdO.  

 

Figure 7-5: XRD spectra for the sample 0.5Pt0.5PdCe M after wetTOS in lean CH4 oxidation 
(above) compared to 0.5Pt0.5PdCe M (below). 

 

Figure 7-6 shows the comparison between PtPdCe IW and PtPdCe M for CO oxidation, 

with or without pretreatments. The results are similar to the behavior of monometallic 

PdCe samples. As for the monometallic palladium catalyst, also the comparison for dry 

lean CH4 oxidation is reported. For CO oxidation PtPdCe IW still shows better 

performances than the milled counterpart, the opposite happening for CH4 oxidation.  
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Figure 7-6: CO conversion for the samples 0.5Pt0.5PdCeM (below) and 0.5Pt0.5PdCeIW 
(above). Sample non-pretreated (red); pretreated in CO (black); pretreated in H2 (blue). For the 
milled sample a further treatment was analyzed: pretreated in wet lean CH4 oxidation (green). 

 

In absence of pretreatments, the T10 and T50 were 420K and 438K for PtPdCe M, 346K 

and 387K for PtPdCe IW. These are the lowest values recorded in this study for as 

prepared samples. The effect of the pretreatment also resembles that observed for 

monometallic Pd catalyst, but with a higher influence for the milled sample after being 

treated in H2 and especially after the wet TOS. This is also visible by the differences in 

T10 and T50 after the pretreatment, reported in Table 7-5.  

Table 7-5: ΔT10(K) and ΔT50(K) for the samples 1PdCeM and 1PdCeIW, pretreated in CO or H2 or 
in a 24 hours in wet lean CH2 oxidation at 623K. 

Sample  ΔT10(K) ΔT50(K) 

0.5Pt0.5PdCe M – CO -4 -4 

0.5Pt0.5Pd Ce M – H2 -35 -12 

0.5Pt0.5Pd Ce IW – CO -6 -11 

0.5Pt0.5Pd Ce IW – H2 -7 -12 

0.5Pt0.5Pd Ce M – H2O -37 -18 
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The effect of the pretreatment discussed for the two monometallic impregnated samples 

is no more valid, as now also the reciprocal interaction between the two metals should 

be taken into account. The high mobility of Pt due to the formation of volatile PtO2 

species is in fact limited by a trapping effect of PdO particles and by the formation of an 

alloy on the surface of the support.242 Moreover, the alloying of Pt and Pd occurs 

already during calcination (as observed in Chapter 3 on the analogous sample) likely 

preventing Pt oxidation, thus explaining the similar performances of the fresh and 

pretreated bimetallic impregnated catalysts and their difference with 1PtCe IW.  

As for the milled samples, it is worth noting that 1PtPdCe M after wet TOS treatment is 

the best performing among all milled samples for CO oxidation. Similarly to what was 

hypothesized for CH4, it is likely that the formation of a PtPd alloy is the reason of the 

improvement observed after wet TOS pretreatment. It is reported in fact that PtPd alloy 

has high activity for CO oxidation.234  
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7.4 Conclusions 

A systematic comparison was carried out between Pt, Pd and bimetallic PtPd catalysts 

prepared by mechanochemical synthesis and incipient wetness impregnation for CO 

oxidation. The results obtained show that IW samples achieve better performances, 

differently from what observed for methane oxidation. The behavior of PtCe IW is 

further improved by reducing treatments, which reduce the oxide phase likely formed 

during calcination. These treatments seem to not affect Pd-based samples, which 

however show conversions higher than Pt catalysts. This point needs further 

investigation, as also in the literature there are some discrepancies on Pd active phases 

for CO oxidation. For the bimetallic sample, the formation of the alloy seems to have a 

key role for the catalytic activity, in line with literature findings. The alloy has been 

detected for the as-prepared PtPdCe IW, as well as for PtPdCe M after wet-TOS 

treatment, which are indeed the best performing samples with higher CO conversion.  

The opposite results obtained in the two reactions, CO and CH4 oxidation, for milled 

and impregnated Pd-based catalysts deserve further investigation, as in light of the 

evidences presented in this chapter it is not possible to draw definitive conclusions. One 

hypothesis, also based on previous literature findings, is that different Pd phases are 

active for the two reactions, and clearly the strong Pd-Ce interaction found beneficial 

for methane oxidation has not the same effect on the oxidation of CO. This would imply 

that the results observed in Chapter 6 for a fully formulated feed cannot be explained 

straightforwardly by the competition of the two species for a similar active site. 

However, it is worth noting once more that treating the bimetallic sample during wet 

TOS methane oxidation improves its catalytic activity, irrespective of the reaction 

considered. This result might provide an effective strategy for the preparation of an 

economical and efficient catalyst in the optic of close-to-real full gas composition.  
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8. Future perspectives 

 

The positive results obtained by ball milling for the preparation of monometallic Pd/Ce 

catalysts were extended to bimetallic formulations. The aim was to obtain more stable 

methane oxidation catalysts, as well as to cover as much as possible the compositions 

most applied in NGVs aftertreatment, which involve not only palladium but also 

platinum. From an economical point of view this is itself a convenient alternative in 

view of the future trends of platinum and palladium prices that may force to shift to the 

combination of the two metals or to the choice of other bimetallic systems. The 

effectiveness of mechanochemical synthesis rely on the realization of a strong 

interaction between Pd and CeO2, which has been found unaltered when Pt is added and 

has a strong and beneficial impact on the rearrangement of Pt and Pd during catalytic 

tests.  

A large characterization effort was spent in the identification of the morphology and 

oxidation states of these bimetallic catalysts and this allowed a preliminary scale-up of 

the synthesis. It was then possible to extend the application of the milled catalysts to the 

preparation of an industrial coating with which structured catalysts were prepared and 

tested in close-to-real conditions, thanks to the collaboration with the automotive 

catalyst industry Umicore. The passage from the lab scale to the pilot scale was well 

managed thanks to the versatility of the mechanical milling, that allowed to prepare 

many different samples in a relatively short time by varying in a fast and smooth way 

the synthesis parameters. This partially compensated the initial uncertainty around 

optimal formulations and created the base for solid future developments. A step in this 

direction was already added through specific preliminary studies of different bimetallic 

compositions and of CO oxidation. These attempts demonstrate that it is possible to use 

the mechanochemical synthesis to prepare various catalyst for different applications, 

allowing a fast and effective material screening without too much effort, and that the 

same synthesis might be scaled up relatively easily for an extension to industrial level.  
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