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Abstract

Clean air would hardly be possible without catalytic conversion. Since the advent of large-
scale combustion, air quality has always been a concern for society because of the adverse
health effects of pollutants from combustion processes. Since the 1970s, regulations have
been in place to minimise the emission of harmful combustion products, mainly from internal
combustion processes. The catalytic converter is one of the most essential devices in meeting
these regulations. The converter's activity is mainly based on noble metal nanoparticles, in
many cases Pt and Pd. These precious metals are rare and, therefore, expensive. A reduction
in the use of precious metals promises not only economic advantages but also improvements
in catalytic activity but may also be a way to improve catalytic activity. The only drawback
to this solution is the limited research into alloy nanoparticle catalysts. This is possibly due
to the fact that the synthesis of alloyed nanoparticles often requires bespoke synthesis
protocols for each alloy. This effort can be circumvented by laser-based nanoparticle
synthesis, which can be used to produce a wide variety of alloys in the same way. This work
aims to fill this gap by preparing 13 alloy systems with 45 different compositions to industry
standards using laser-based particle synthesis and testing them in industrially relevant
exhaust gas environments. In detail, the work focusses on diesel oxidation catalysis (DOC)
and ammonia slip catalysis (ASC). The results show which alloys are best suited in terms
of activity and durability and provide design criteria that can be used in the future to design

alloys for emission control systems.
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Zusammenfassung

Saubere Luft ware ohne den Einsatz von Katalysatoren kaum moglich. Seitdem in groflem
Umfang Brennstoffe zur Energiegewinnung verfeuert werden, haben Gesellschaften das
Problem von schlechter Luftqualitdat und daraus resultierenden Gesundheitsproblemen
erkannt. Deshalb gibt es seit den 1970er Jahren Vorschriften, die die Emission von
Schadstoffen aus Verbrennungsprozessen regulieren. Katalysatoren leisten dabei einen
wichtigen Beitrag, durch ihre F&ahigkeit die entstehenden Schadgase in unschédliche
Produkte umzuwandeln. Die Aktivitdt der Katalysatoren beruht dabei hauptséchlich auf
Nanopartikeln aus Edelmetall, hiufig Platin oder Palladium. Durch ihre Seltenheit sind
diese Edelmetalle aber teuer. Eine Verringerung des Edelmetalleinsatzes verspricht dabei
neben wirtschaftlichen Vorteilen auch Verbesserungen der katalytischen Aktivitdt. Der
einzige Nachteil dieser Losung ist die begrenzte Forschung zum Thema der legierten
Nanopartikel. Dies liegt moglicherweise daran, dass die Synthese legierter Nanopartikel
héaufig maBgeschneiderte Syntheseprotokolle fiir jede Legierung bendtigt. Dieser Aufwand
kann durch die laserbasierte Nanopartikelsynthese umgangen werden, mit Hilfe derer
verschiedenste Legierungen auf die gleiche Art und Weise herstellbar sind. Diese Arbeit soll
dazu beitragen, diese Liicke zu schlieflen, indem 13 Legierungssysteme mit 45 verschiedenen
Zusammensetzungen nach Industriestandards mithilfe der laserbasierten Partikelsynthese
hergestellt und in industriell relevanten Abgasumgebungen getestet werden. Im Detail
fokussiert sich die Arbeit dabei auf die Dieseloxidationskatalyse (DOC) und die
Ammoniakschlupfkatalyse (ASC). Die Ergebnisse zeigen, welche Legierungen in Bezug auf
Aktivitdat und Durabilitdt am besten geeignet sind, und liefern Design-Kriterien, die in
Zukunft fiir die Entwicklung von Legierungen fiir Abgasnachbehandlungssysteme verwendet

werden konnen.
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1 Introduction

The ability to move goods and people is the foundation of our modern society. For many
years, the main means of doing this has been the internal combustion engine. The popularity
of this approach has led to problems related to the emissions it produces. This has made it
necessary to regulate and limit emissions. Since their introduction, these regulations have
become increasingly stringent [1-3], sometimes even leading to the introduction of restricted
driving zones [4]. This places greater demands on the emission control systems used by car
manufacturers. One of the most important is the catalytic converter [5]. These catalysts
must be durable and active, performing from engine cold start to full load conditions [6-9].
In addition, the catalysts are needed to be robust, to withstand the constantly changing
temperatures and changes in feed gas composition resulting from engine load changes [10].
Selecting catalysts for these environments is a challenging task, as engine emissions are
much more complex than laboratory simulations, which are usually performed with simple
mixtures (e.g. CO + 0O,) used to elucidate mechanisms. Consequently, studies that
additionally mimic engine conditions as closely as possible are needed, since interpolation
can introduce significant uncertainties. The work in this thesis has therefore been as close
to industrial practice as possible, with catalyst preparation and ageing carried out to
industry standards and using gas mixtures used in industrial test environments. In addition,
efforts will be made to improve upon the state of the art by expanding the compositional

knowledge base for diesel exhaust catalysts.

This is done for two reasons - activity improvement and economic optimisation. Firstly, the
state of the art in terms of active materials for diesel oxidation catalysts (DOC) are Pt, Pd
and combinations of these two elements [10,11]. In ammonia slip catalysts (ASC) these noble
metals also play an important role, but their activity is augmented by base metal oxides [12].
Yet, the activity of these catalysts may be improved by considering the Sabatier principle.
Montemore et al. have published the activities of several metals in CO oxidation [13],

showing that the peak activity divides the active materials into two groups, Pt and Pd, and



Au, Ag and Cu. From this, it may be concluded that combinations of Pt or Pd with Ag,
Au or Cu could potentially improve the overall activity. This already illustrates the
economic optimizations possible. If an alloy, e.g., Pt-Cu, could give a similar or even better
activity than Pt-Pd, the result is a direct and significant reduction in cost. This is
particularly interesting given the ever-increasing price of Platinum Group Elements (PGEs).
Catalyst optimisation by alloying is not a new approach. Research in this field has been
carried out, for example, on electrocatalysts [14-20] and interesting work has been done on
high-entropy alloys for application in three-way-catalysts [21,22], where a high activity and
durability have been demonstrated. Selective oxidation catalysts based on alloys have also
been developed [23]. Unfortunately, many studies on exhaust gas abatement only
concentrate on a limited number of alloys [24-28]. This may be attributed to the
complexities involved in synthesizing a diverse set of solid solution nanoparticles while
maintaining consistent particle size distribution and catalyst loading using conventional
techniques. Therefore, a study focusing on a wider composition space of the PGM alloys in
diesel emission control and systematically testing a range of alloys in an industrial test
regime seems useful. Laser ablation, a technique capable of producing solid solution particles
with appropriate size distributions for waste gas abatement, emerges as a suitable
method [24]. Furthermore, the particle synthesis process is separate from the deposition
process when creating catalysts based on laser-synthesized particles [29]. This implies that,
size distribution and loading can be tuned separately, ideally leading to comparable size
distributions and loadings over the whole test field. Consequently, this work aims to address
this research gap by preparing 45 binary alloys using laser ablation synthesis, mainly
consisting of Pt + X. X being a second element either from the platinum group and coin
metals or from the group of base metals. These catalysts will then be prepared according to
industry standards and tested in three different ageing states (fresh, aged at 650°C and aged
at 800°C) in industrially relevant feed gas mixtures. One of which will be a Diesel
Oxidation Catalysis (DOC) environment with a feed of CO, CsHg O., H.O, CO, and
NO in N; balance and two mixtures being an Ammonia Slip Catalysis (ASC) environment
with a feed consisting of NH;, O, and H>O in N, balance with one mixture additionally
containing NO. The alloys used in this study are selected based on this application, with
Pt chosen as the common denominator, as this element is ubiquitous in waste gas
abatement and it is used either in its pure form or in alloys [9,30,31]. Pt-Pd is chosen as
reference for its high activity and durability, the latter of which has been shown to be due
to Pd mitigating the particle growth resulting from the volatility of PtO, species [32].
This shows that durability enhancement is an effect arising directly from two
metals being present. Therefore, in addition to activity, durability will be an

important readout and focus and this thesis.



Building upon an extensive literature review to gain comprehensive insights into the
applications of various metals and, where available, Pt-based alloys of these metals, the
following alloys have been considered for inclusion in this study. Pt-Rh alloys, despite Rh's
more common use in three-way catalysis [9], are included due to their similar activation
energy for CO oxidation to that of Pt [33], and the potential for improved durability owing
to Rh's high melting point. Pt-Au and Pt-Ag alloys have been selected based on evidence
from multiple authors indicating that Ag and Au maintain their activity in the presence of
a wet gas stream [34-37], and water is a notable part of the gas mixtures used. Alloys of
Pt-Cu, Pt-Mn, and Pt-Fe offer the prospect of reducing catalyst costs while retaining
activity, particularly in ammonia slip catalysts. This potential arises from the known
activity of Cu, Mn, and Fe oxides in ammonia oxidation [38]. In addition to ammonia
oxidation, Cu is also expected to be a valuable alloying component for DOC due to Sabatier
principle considerations [13]. In addition to a good activity, Fe is also hypothesised to have
a high selectivity for N, because its high activation energy for No-dissociation [39] may
prevent the formation of reactive nitrogen species. Ruthenium has been extensively studied
for CO-Oxidation and No-formation [39]. It hasn’t found its way into applications because
its activity comes from a thin oxide layer that grows too thick under atmospheric conditions,
reducing its activity, and because water adsorption also inhibits the activity [40,41]. While
the oxide layer grows on pure Ru, an alloy of Pt-Ru may inhibit this by ennobling with Pt,
and the Pt-Ru alloy may also be very durable due to the high melting point of Ru. The
high melting point of Nb and Mo is also a major reason for testing Pt-Nb and Pt-Mo alloys.
In addition to these Pt based alloys, Pt-Cu and Au-Rh as well as Au-Ir alloys will be tested.
Pd-Cu is expected to be active due to similar Sabatier principle considerations as Pt-Cu
[37], while the high activity of Rh and Ir is expected to be moderated by the addition of
Au, which may improve the selectivity of these active materials by O-Spillover to gold
[13,42].

The composition of each alloy is based on the underlying bulk phase diagram and the test
field is divided into two categories. Pt-Pd, Pt-Ru, Pt-Cu, Pt-Au, Pt-Ag, Pt-Rh and Pd-Cu,
Au-Rh as well as Au-Ir are expected to show a high activity in CO-oxidation and therefore
the mixing interval is chosen to be wide (10-99 at% Pt). Deviations from this interval are
only made for exceptionally high-priced combinations such as Pt-Rh, Au-Ir and Au-Rh,
where the maximum Rh and Ir contents were kept below 50 at%. Pt-Nb, Pt-Mn, Pt-Mo
and Pt-Fe were chosen mainly because of the hypothesised ennoblement of the second
element by platinum. Therefore, the Pt content was kept above 50 at%.

Screening this wide range of materials and compositions - 13 alloy systems with a total of

45 different alloys - is only possible with a robust synthesis protocol based on laser synthesis



in liquids. This avoids the need to find a chemical synthesis route for each alloy by using
high power ultrashort pulsed laser ablation. The ability of this synthesis method to produce
colloids and alloys has been widely demonstrated in the literature [14,24,43-53]. The ability
to produce high quantities of nanoparticles (~g/h) has also been demonstrated and is also

necessary to meet the requirements of industrial testing [24,54,55].



2 State of the Art

The purpose of this chapter is to provide the reader with an insight into the current state
of the art of exhaust gas after-treatment using catalytic converters in the context of diesel
engine applications. It provides an insight into the formation of pollutants and shows how
to avoid the harmful exhaust gases that are typically produced. In particular, it explains
how catalytic converters help to clean the exhaust gases. The reader is also given an insight
into the state of the art in catalyst synthesis, both chemically and via laser-based synthesis,

with a particular focus on the production and importance of alloy metal catalysts.

2.1 Origin of Pollutants in a Diesel Engine

Before fuel is burnt in the engine, it must be fed to the engine in a suitable manner. The
aim is to create an ignitable mixture in the combustion chamber. In the diesel engine, this
is achieved by injecting fuel into the cylinder shortly before the piston reaches top dead
centre (TDC — when the piston is at the highest point of its stroke). There, high
temperatures and pressures prevail in the combustion chamber due to the adiabatically
compressed air. Mixture formation, therefore only takes place in the combustion chamber
milliseconds before ignition conditions for auto-ignition are reached. [56] The time remaining
before ignition is insufficient to produce a homogeneous air/fuel mixture. The
inhomogeneous mixture eventually causes combustion to take place in a diffusion-controlled
regime. Therefore, diesel engines must be operated with a significant excess of air to ensure
sufficient combustion. The main emission problems arise from the combination of

inhomogeneous mixture and excess oxygen. [6,56]

To be able to explain the origin of the pollutants it is sensible to look at the combustion
process in detail. At the start of combustion, only some of the fuel droplets have evaporated
and participate in combustion. This creates localised areas of low oxygen content. The
mixture there is rich. The local lack of oxygen, together with the already high temperatures,

leads to decomposition and incomplete combustion of the fuel. CO, hydrocarbons and soot



are formed. Especially when the engine is cold, e.g., shortly after starting, the cylinder wall
causes the mixture close to it to cool down. Here, despite a higher oxygen content,
incomplete combustion can occur as well. At the same time, there are areas in the cylinder
with a comparatively high oxygen content. Here the heterogeneous mixture is particularly
lean. This leads to the formation of nitrogen oxides early in the combustion phase at high

temperatures. [56,57]

As combustion progresses, the mixture homogenises and the air/fuel ratio approaches
oxygen rich conditions throughout. Incompletely burnt fuel continues to oxidise until the
mixture falls below the lower ignition limit and combustion stops. Any incomplete
combustion products are then emitted as exhaust gases. The more fuel is burnt in the final
phase, the lower the emissions of hydrocarbons, CO and soot. However, as combustion takes
place under lean conditions, the flame temperatures are high. As with lean areas in the early
stages of combustion, this leads to increased formation of nitrogen oxides. [56-58] The
formation of nitrogen oxides can be described in a simplified way with the
Zeldovich-mechanism extended by Lavoie and Heywood [59]:
O+N, = NO+N

N+0,=NO+0 (2.1)
N+OH = NO+H

Although the reactions are comparatively slow and do not reach thermodynamic equilibrium
during the combustion process, they nevertheless produce appreciable nitrogen oxide
emissions that would be harmful when released untreated to the environment [56,59]. In
addition, nitrogen dioxide is formed in the flame front according to the following reaction

scheme [57]:
NO + HO, = NO, + OH (2.2)
A reduction to NO also occurs, but is significantly slower [57]:

NO, +O= NO+O0, (2.3)

In addition to these main pollutants, also N»,O is formed in the engine by reaction of

nitrogen species with oxygen.

Due to the everyday use of combustion engines in high numbers, non-negligible amounts of
pollutants are produced. Because these have proven to be harmful to humans and the
environment, mandatory compliance with limit values was established with the introduction
of exhaust emission standards in 1992. Since then, the limit emission values of carbon

monoxide, hydrocarbons, nitrogen oxides, and soot have been continuously regulated by the



EU and other government bodies to limit air pollution particularly in larger cities. (cf.
Figure 1). In the coming Euro 7 norm for light duty vehicles N,O will also be regulated

because of its high greenhouse potential [60].
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Figure 1 Pollutant limits according to Euro-Norm for diesel-powered vehicles and date of introduction. [1]

In order to comply with these limits, manufacturers have various options. First, the
obligations are met by optimising the engine. This involves adjustments to the spatial and
temporal injection process, the combustion chamber geometry, exhaust gas recirculation and
charge air cooling [6,56]. However, the increasingly stringent emission limits require exhaust

gas aftertreatment in addition to the technically complex internal engine measures.

These measures, known as out-of-engine measures, are mainly concerned with the catalytic
treatment of exhaust gases. Only this can ensure future compliance with exhaust gas limits.
The following chapter deals with the state of the art and the possibilities for innovation in

catalytic exhaust gas purification.

2.2 Waste Gas Abatement with Catalysts

As illustrated in the prior chapter, combustion in a diesel engine inevitably leads to pollutant
emissions (soot, hydrocarbons, carbon monoxide and nitrogen oxides). The largest

proportion of nitrogen oxides is NO. [6,12]
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Figure 2 Exemplary catalytic waste gas abatement system. Diesel oxidation catalyst (DOC) removes CO

and HC, diesel particulate filter (DPF) removes soot, selective catalytic reduction catalyst (SCR) removes

nitrogen oxides and ammonia slip catalyst (ASC) removes excess ammonia.
A wide variety of strategies are used for exhaust gas purification, which differ primarily in
the addition of additives and the geometric arrangement of the individual catalytic
converters and filters [56]. Basically, exhaust gas purification can be divided into four
elementary steps as illustrated in Figure 2 [61]. One of the first treatment steps is the
removal of CO and incompletely burnt hydrocarbons. This diesel oxidation catalyst also
serves as a catalytic burner that raises the exhaust gas temperature for the downstream soot
particle filter [6]. The filter is sometimes also catalytically coated to improve oxidative
regeneration. A positive side effect of the oxidation catalyst is that it helps setting the
thermodynamic equilibrium between NO and NO,. The former is particularly useful and
important in the following SCR, step where nitrogen oxides are catalytically reduced to
nitrogen using ammonia. Hereby, the following reactions can take place within the

SCR catalyst:

4NO +4NH,+0O, = 4N, +6H,0 (2.4)
NO+2NH, + NO, = 2N, +3H,0 (2.5)
8NH,+6NO, = TN, +12H,0 (2.6)

Here, reaction (2.4) describes the “standard-SCR” reaction, generally taking place above
250°C. Reaction (2.5) is also called “fast-SCR”, as this reaction has an early onset at 170°C
and a fast kinetic. When NO, dominates, reaction (2.6) is favoured chemically, albeit this
reaction is not favoured for the waste gas abatement due to its slow kinetic and high demand
on ammonia [9,62]. As can be seen from the SCR reactions, abatement of NOy requires the
dosing of NH;. In order to ensure the removal of NOy typically a slight excess of NHj is
dosed in practice [62]. This allows for the possibility of an ammonia slip and is the reason,
why, in a last step, an oxidation catalyst is used again. This fulfils the task of burning excess

dosed ammonia to stop the emission of this dangerous gas. It is important that the catalyst



oxidises as selectively as possible to molecular nitrogen. Otherwise, nitrogen oxides may be
formed again at this point, which would then be released directly into the environment. [61]
In addition to these reactions, there are also side reactions in the DOC and ASC resulting
in the formation of N,O [63-67].

As the main focus of this study is on the oxidation catalysts DOC and ASC, the following

chapters will illustrate the reactions in these catalysts in more detail.

2.2.1 Diesel-Oxidation Catalysis

Today's strict exhaust emission limits require the use of catalytic converters in modern
diesel vehicles. An essential catalyst component is the diesel oxidation catalyst (DOC). This
catalyst is used to oxidise incompletely burnt substances. Substances that are harmful to
health and therefore controlled are, for example, CO, NO and various hydrocarbons as well
as soot particles. The main task of the oxidation catalyst is the combustion of these
substances to CO,, H,O and the establishing of a thermodynamic equilibrium between NO

and NOs [6]. Simplified, the main reactions for DOC can be summarised as follows:

c0+%o2 —co, (2.7)

Y N Y
C.H, +(x+z)02 = xCO, —|—5H20 (2.8)
N0+%Oz — NO, (2.9)

Apart from these main reactions, nitrous oxide (N2O) is also formed at the catalyst [67] via

the following pathway [66]:
HC+NO, = N,0+H,0+CO, (2.10)

Since future exhaust gas legislation will also co-regulate this potent climate gas [60,68],
emphasis is placed on a low formation rate of this gas. With regard to exhaust gas legislation,
reaction (2.9) initially appears counterproductive. Both NO and NO, are regulated
pollutants whose formation must be avoided. A direct reduction of NO to N, and O, would
be desirable. However, this reduction reaction is not favoured at the oxidation catalyst under
lean combustion conditions. Catalytic converters that enable the reduction of nitrogen
oxides with the aid of ammonia are more suitable under these ambient conditions [61]. Since
this reaction, as illustrated in chapter 2.2, best proceeds according to the fast SCR
mechanism, a high proportion of NO; in the exhaust gas stream is favoured. The supply of
high proportions of NO, is hence one of the main tasks of the diesel oxidation catalyst (aside

from oxidizing remaining unburnt fuels and CO to CO; and doing so while producing as



little nitrous oxide from reaction (2.10)). Additionally, it has to perform this task over a

wide temperature range under highly variable ambient conditions.

Diesel engine exhaust temperatures range from 80°C (cold start) to 600°C (full load), with
typical operation between 200°C and 500°C [6-9]. Within this temperature interval, the
diesel oxidation catalyst must achieve reliable post-combustion of the pollutants. While the
thermodynamic equilibrium of reactions (2.7) and (2.8) is on the side of the products
throughout the relevant temperature range (strongly negative A/G(T)) [69], the temperature
dependence of the equilibrium in the NO oxidation (2.9) leads to a relevant shift towards
the educts starting from 350°C [9,70]. Since the catalyst can only accelerate a
thermodynamically favoured reaction, higher NO fractions than desired must be expected
above this temperature. The most important performance criteria for the exhaust catalyst
can be derived from this. It must achieve a complete conversion of CO and hydrocarbons
at the lowest possible temperatures and enable a high conversion of NO to NO; in the

thermodynamically favoured temperature range.
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Figure 3 Exemplary results of Pt-Pd for illustrating the standard metric for evaluating catalyst performance.
Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. Hengst, F. Dornhaus, B. Wittek,
S. Barcikowski, ChemCatChem 2023, DOI: 10.1002/cctc.202300563. Copyright © 2023 Wiley-VCH GmbH.

Industry standard metrics are typically used to assess whether a catalyst is meeting
expectations (cf. Figure 3). The conversion of CO and hydrocarbons is determined using the
light-up temperature (LUsy). This is defined as the temperature at which 50 % conversion
is achieved. The lower the LUsy, the lower also the required temperature to achieve full
conversion will be or in simple terms, the better the catalyst. When evaluating the NO
oxidation performance in an application-oriented context, the formation of NO, is typically
evaluated at 250°C. This temperature is still far enough below the threshold where the back-

reaction to NO is thermodynamically favoured and therefore does not significantly affect
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the conversion. The higher the conversion at this temperature, the better the catalyst will
be classified. The method of N>O result evaluation isn’t as clearly defined. Therefore, in this
study, the integral over the whole temperature range is taken and normalized for the
temperature difference, giving an average N>,O concentration. The lower this concentration

the better the catalyst, because it is more selective towards NO, (or Ns).

The active components of the diesel oxidation catalyst are usually precious metal
nanoparticles, deposited by wet impregnation onto an oxidic support.[12] Most commonly
used in diesel applications are platinum and palladium supported high surface area Al,O;
(corundum) [9,12]. This composite material (catalyst) is called washcoat and is applied to a
ceramic carrier (typically cordierite honeycomb structures) for use in the exhaust tract.
Assuming a Pt-only catalyst, cost estimates can be performed. With a platinum price of
33 €/g (as of May 2023) and a typical noble metal amount of 3 g/l in a DOC,[12] the cost
for the precious metal alone ranges in the order of 100 €/1 of catalyst volume. For economic
reasons, this amount needs to be minimized. Traditionally this has been achieved by
downsizing the noble metal particles to maximize the active surface area for a given mass.
In order to facilitate a high durability, the particles also need to be distributed

homogeneously on the carrier material to slow surface area reduction by sintering. [9,12]

Another promising approach, which has been sparsely researched so far, is to reduce the
mass of precious metals by alloying them with less costly metals. One of the main reasons
for this is the great challenge of producing alloyed nanoparticles by wet chemical means.
Nonetheless, notable work has been done with a limited set of alloys [24-28], in
electrochemical applications [14-20] and in the field of three-way catalysts [21,22]. As will
be explained in detail in chapter 2.3.2, laser synthesis offers an opportunity to improve the
catalysts here. Generally, the potential of the alloys is not limited to cost optimisation, but
also promises improvements in catalytic activity and durability, depending on the material

(cf. chapter 2.4 and 3.1).

2.2.2 Ammonia-Slip Catalysis

As modern diesel waste gas abatement systems utilize the selective catalytic reaction based
on ammonia to reduce the emission of nitrous oxides, excessively dosed ammonia can be
released into the environment. Since ammonia is a pungent gas with adverse effects on
health and the environment, its emission has been regulated by the EURO 6 norm,
particularly for heavy duty vehicles [71] and will also be regulated in future emission
regulations for light duty vehicles [68]. With regulations being put into action, car

manufacturers had to limit the ammonia slip. This is achieved by using an ammonia slip
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catalyst (ASC) that’s operating based on selective ammonia oxidation (NH3;-SCO). Ideally

every molecule of excess ammonia is converted via the following pathway [12]:

NH,+0.750, = 0.5N, +1.5H,0 (2.11)

Unfortunately, the ammonia will also form nitrous oxides as by-products in an oxygen rich

atmosphere [72]:

NH,+1.750, = NO, +1.5H,0 (2.12)
NH, +1.250, = NO +1.5H,0 (2.13)
NH, +0, = 0.5N,0+1.5H,0 (2.14)

If there is still NO present in the waste gas, also the NO-SCR can take place[6]:

4NO+4NH, +0, =4N, +6H,0 (2.15)

Meanwhile in the ASC, nitrous oxide may be formed via the decomposition of ammonium

nitrate as shown by Grossale et al. [73]:
2NO, + 2NH, = NH,NO, + N, + H,0 (2.16)
NH,NO, = N,0+2H,0 (2.17)

Also NO and N,O are a byproduct commonly occurring from the imide and i-SCR

mechanism in selective ammonia oxidation [65].

With the ASC being the last waste gas abatement step, it, in principle has to obtain 100%
selectivity for molecular nitrogen while also ensuring 100% conversion. In other words, the
nitrogen yield of the catalytic process should reach 100% at temperatures that are as low as
possible to ensure clean exhaust in cold start conditions. Yet, also at high temperatures
(~700°C; high load operation and regeneration of the DPF) 100% nitrogen yield is still
imperative, while the catalyst must also remain stable [74]. These requirements are very
difficult to be fulfilled by a single catalyst, which is why typically different materials are
combined in an ASC. A class of materials that is generally catalytically very active and
selective at low temperatures (<300°C) for the respective reactions are noble metals (i.e.,
Pt, Pd or Pt-Rh). However, while this is mostly true for reactions of hydrocarbons or CO
these noble metals show a particularly low selectivity for N; (aside their high material costs).
Materials that in turn possess a high N, selectivity are comprised of transition metal or
transition metals and their oxides (i.e., Fe, V, Cu, CuQO). These materials are typically
active at higher temperatures (300 — 600°C) and come with lower material costs.

Consequently, to achieve an early light up and a high selectivity both material classes are
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combined on an oxidic support like Al,O3; or ZSM-5 in commercial applications. [74,75]
This combination can be further augmented by incorporating SCR active catalysts like Cu-
or Fe- containing zeolites or V,Os; which enable the catalyst to form nitrogen via the SCR
routes driven by the formed by-products. Generally the studied metal loadings of Pt, Pd
and Pt-Rh lie within 1 — 4.4 wt% and the metals are supported on oxides like Al,O3, CeOo-
Si0;, Si02-ALOj3, ZrOs, TiO, or ZSM-5. [76-87]. Other studied materials include Ag, Au and
Ru, which show a high selectivity, but lack the high activity of commercially used noble
metals [74]. Also, literature shows that metallic surfaces appear to enhance the
Ny-selectivity, which was demonstrated for Ag-Cu [88]. This is important in the context of
this study as alloying of metals can also lead to an reduction in oxides and enable active
bimetallic catalysts, similar to the combination of the materials as shown for Pt and Cu
[81,83,89-91], Pt and Fe [82,85], Pd and Cu [92] and, Pt and Ag [74].

2.3 Synthesis of Alloy Catalysts

As described earlier, an automotive catalyst generally consists of an active material, which
consists of finely divided catalytically active material, usually in the form of nanoparticles,
and a support that fixes the nanoparticles and facilitates handling and application. This
chapter looks at the methods used to synthesise the active material, both chemically and

by laser, before looking at how the nanoparticles are supported.

Literature describes a wealth of different routes for the synthesizes of alloyed nanoparticles.
Before this chapter illustrates the most important ones, it is useful to illustrate the particle
morphologies that typically occur when mixed element particles are synthesized. In
particular, there are five different classes that are briefly described in Figure 4, and which

are the result of different approaches to their synthesis.

) b)
a -~

c)

Figure 4 Classes of alloy particle morphologies. Core-Shell particles (a), onion-like (b), Segregated / Janus-

Particle (c¢), intermixed, either orderly or randomly (d). Repunted and adapted Wlth permission from
R. Ferrando, J. Jellinek, R. L. Johnston, Chem. Rev. 2008, 108, 845-910, DOI: 10.1021/cr040090g.
Copyright © 2008 American Chemical Society.

Particles can occur in a core-shell configuration, where one element is segregated into the
centre of the particle and another forms a shell. It is also possible for the particles to form
onion-like structures, but this is usually the result of experimental efforts, as will be

illustrated later in this chapter. Another possibility is for the elements to form segregated
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mixtures, where the final particle looks like it has been sintered together from two particles
of opposite elements. Finally, true solid solutions are also possible. Either the alloyed
particles form an ordered mixture or the mixture within the particle follows a random

distribution. [93]

2.3.1 Chemical Synthesis

A widely used route to the synthesis of alloyed particles originates from the synthesis of
monometallic colloids. First published by Faraday in 1857 [94] and later improved by
Turkevich [95] in the 1950s, the synthesis of metallic nanoparticles starts with the reduction
of dissolved metallic salts in a solution. The resulting particles are then prevented from
condensing into microparticles by the presence of ligands that bind to the surface and stop
particle growth. Typically alkyl thiols or thioethers are used as the sulphur binds strongly
to the metallic surface, especially for gold. [93]

Bimetallic colloids can be prepared in a similar fashion, by dissolving appropriate mixtures
of salt and employing reducing agents like NaBH4, N,H, or H, gas [96-100]. Since the
reduction starts with the material of the highest standard potential, this route usually leads
to core-shell particles, which possess a structure akin to their order of reduction potential,
as for example with Pt-Ag [99] or Pd-Pt [101]. Strongly binding ligands can invert this
process, or in case of similar redox-potentials and/or high mixing enthalpy, bimetallic solid
solution (“alloyed”) particles can be obtained [99,102]. A reduction carried out over
sufficiently short timeframes, will assist in the formation of alloyed particles as well [103].
Another approach is the synthesis of oxidic particles and the coating of these with oxides of
different metals. Subsequent reduction then yields metallic core-shell particles as
demonstrated for Mn-Ni and Fe-Sn [96,104,105]. Onion-like particles are synthesised in a
similar way, by precipitating a metal salt by reduction in the presence of metal clusters.
The condensation yields bimetallic clusters and, if alternated, can produce onion-like
structures [98,106-108]. If alloyed particles are desired, the reduction of metal complexes
already containing both elements is a possibility [109,110]. Furthermore, transition-metal
complexes or labile noble metal salts can be adsorbed unto an oxide like silica and be
subjected to thermolysis under vacuum, forming bimetallic nanoparticles [96,98,111-114].
Similarly, colloids are accessible, if ligands are used in the solution based thermal
decomposition [115-118]. Further synthesis routes follow an electro- [96,119-123] or
sonochemical [124,125] approach, both of which favour the formation of core-shell particles.
Finally, a special synthesis method uses radiolysis. In this approach the reduction is

triggered by solvated electrons generated by y-radiation [111,126-130] or e-beam irradiation
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[131,132] of an aqueous solution. While lower radiation doses also yield core-shell particles,

higher doses appear to favour solid solution particles. [93,127]

Outside of the bounds of bi- or trimetallic nanoparticles, there is a wealth of information on
the synthesis of high-entropy alloys (HEA). These materials are typically composed of 5 or
more elements, that form a solid solution because of the strong contribution of the mixing
entropy. In the case of nanoparticles even 3 elements can be enough to be classified as HEA,
as the contribution of the surface entropy can be high enough to stabilize a mixture that
would be instable in the bulk. These alloys — e.g., PARulr - are accessible by wet-chemical
reduction synthesis. [22] The synthesis of high-entropy alloys follows routes similar to the
aforementioned ones, like hydrothermal [133] and co-precipitation [134], but extends the
toolkit to involve some reaction step on a short or ultrashort timescale like sputtering
synthesis [135], ultrasonication [135], and arc discharge [136,137]. Also reduction syntheses
sometimes employ extreme conditions like the severe chemical reduction [138,139] or shock

based synthesis routes [138,140,141], which helps the elemental mixing [142].

In any case, all chemical synthesis methods can be classified into two categories, successive
(condensation onto core material) or simultaneous (precipitation from solution) [143]. If
particles are not generated in a simultaneous manner, the formation of solid solution
bimetallic particles is highly unlikely. Furthermore, synthesis of solid solution particles by
simultaneous methods depends strongly on the chemical properties of the elements. This
means that screening a large variety of bimetallic alloys becomes a demanding process that
often involves fine-tuning bespoke synthesis protocols for each alloy. An elegant way to
escape this is the application of extreme conditions akin to the ones employed in HEA-

synthesis, which is why the synthesis of alloys by lasers is discussed in the following chapter.

2.3.2 Laser Synthesis
Laser based synthesis of colloids is a method first reported by Fojtik and Henglein in 1993

[47]. While laser ablation of metals, in gas [144] or in vacuum [145] was used before to
generated molecules, atoms and clusters, this method, in which the laser beam is focussed
on a metal sheet suspended in a liquid, directly generates stable colloids. With lasers
becoming stronger and more affordable, the research on laser synthesis has gotten increasing
attention in the past decades [46,146,147]. The laser ablation synthesis in solution (LASiS),
sometimes also referred to as pulsed laser ablation in liquids (PLAL) occurs upon irradiation

of a target, suspended in liquid, with a short- or ultrashort pulsed laser.

Depending on the length of the laser pulse, energies between about 100 pJ (500 W, 5 MHz,
5 ps pulse) and 20 mJ (100 W, 5 kHz, 10 ns pulse) are radiated into the target material.
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2 State of the Art

Assuming a focussed laser spot on the material of 100 pm diameter, this equals an energy
density (fluence) of 1 J/cm? and 255 J/cm? respectively. The material’s reaction to this
energy can be described using a two-temperature model [148-150]. Here, the energy
dissipation is modelled via electron- and phonon-temperature. The electrons of the irradiated
material react quickest and reach temperatures of several thousand Kelvin within the first

few fs after the pulse [149]. The
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Figure 5 Development of different phases upon ps irradiation pulsed ablation is sometimes referred
of Fe-Ni-Target with a fluence of 3000 J/m?. Reprinted with
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Copyright © 2023 Springer.
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disintegration. If the pulse length is in the order of ps, some heating occurs, with ns-pulses
transferring significant portions of heat energy into the material [151,152]. With the lattice
becoming energized, the material heats up and starts to melt, vaporize and given enough
fluence even becomes supercritical [153]. This phase change also means a drastic change in
local pressure, expelling material from the target. Initially the material expands, forming a
sponge like structure with some supercritical material expanding outward into the
surrounding liquid layer (cf. Figure 5). The acceleration is slowed by the liquid and after
several hundred ps the lifted material collapses back onto the target, forming a molten bed
for the next few nanoseconds. During this phase, the first nanoparticles are generated, by
condensation from the supercritical state and, depending on the laser fluence, from the
disintegration of the sponge like structure into nanoparticles [153]. These two formation
mechanisms, originally described by Zhigilei et al. [50,153], also explain the origin of bimodal
size distribution of colloids synthesized by fs-, or ps-pulsed laser ablation. After generation,
the particles are expelled from the target into the surrounding liquid and thus rapidly cool,
initially in the order of 10" K/s, with the largest particles still reaching about 10° K/s. For

many particles this means that cooling is too rapid for proper crystallization and the
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formation of defect-rich particles results [153]. Depending on the material, even metallic
glass nanoparticles can be formed [154]. Most importantly, the strong intermixing and rapid
cooling enables the formation of alloy particles, that can even form phases, that are
immiscible in the bulk [155-157]. While current technology limits the simulation of the laser
ablation process to short timescales and thus to at best ps-pulsed laser irradiation, it can be
interpolated to ns-pulsed ablation. In contrast to ps-pulsed irradiation, the energy is
deposited into the material on a much longer timescale, enabling the material to heat even
further. This possibly leads to reduced formation of sponge-like structures and more
supercritically heated material. From the latter phase, the condensation of nanoparticles
should occur, similar to the process simulated for ps-pulsed irradiation, also explaining the
more monomodal size distribution observed for ns-pulse synthesized colloids. With the
nanoparticles being expelled into cold liquid, the cooling rates should be on the same order
as simulated for ps-pulse synthesized particles, generally still enabling the synthesis of novel,
bulk immiscible, phases. In fact, Waag et al. demonstrated that ns-pulsed ablation appears
to be beneficial, if the target is not alloyed prior to ablation, i.e., as a pressed powder
mixture. Here, ns pulses generated more alloyed particles from a mixed powder target, than
ps-pulsed ablation [52]. Waag et al. attributed this observation to stronger intermixing in
the layers that are molten by the laser, illustrating the beneficial thermal influence of the

ns-pulsed irradiation.

With the particles being expelled into the surrounding liquid, their energy gets transferred
into the liquid, which results in the formation of a cavitation bubble [158]. This bubble
expands and collapses several times, before finally releasing the contained nanoparticles.
The extreme conditions within the cavitation bubble, especially at the point of collapse,
result in the liquid partially disintegrating. In fact, Kalus et al. showed that the reaction
products of a decomposing liquid can form persistent microbubbles [159]. Both, the
cavitation bubble and the persistent bubbles, contribute to reduced particle synthesis
efficiency [159], but more importantly the formed molecules and radicals can have significant
influence on the chemistry of the formed nanoparticles. With water generating hydroxyl and
oxygen radicals [160], the nanoparticles are subjected to an oxidative environment. This
means that materials being ablated in water can form oxides, if their standard potential is
sufficiently low. This becomes especially important if the goal is the synthesis of alloys, as
the formation of oxides may hinder the formation of an alloy. Literature offers a wide variety
of alloys that have been attempted to be synthesized by laser ablation in liquids. They can
be classified into two material categories. The first of which is alloys that are synthesized
from noble metal mixtures. Of these, e.g. Ag-Au [161,162], Pt-Pd [163] and Pt-Au [156,164]

have been synthesized successfully in water or aqueous solutions of varying pH. One
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exception to this rule is a trimetallic alloy of Ni-Mn-In, whose constituents are not noble,
but synthesis has been reported to be successful in water [165]. The second material category
is alloys where at least one constituent is not noble. If these mixtures are synthesized in
water, oxidation of at least one constituent or the formation of a bimetallic oxide occurs, as
is shown for Zn-Mg [166], Ni-Ti [167], Sn-Zn [168], Cu-Zn [169], Bi-In-Sn [170] or Cu-Zn
[171]. Generally, these studies show, that especially small particles are oxidizing, with larger
particles often containing a bimetallic core. More success is reported, when organic solvents
are employed in the synthesis, as shown for Ni-Fe [172], Au-Fe [173,174], Ag-Fe [175,176],
Pd-Y [177,178], Sm-Co [172], Cu-In / Cu-Ga / Cu-In-Ga [179], Nd-Fe-B [180] or a high-
entropy alloy like Co-Cr-Fe-Ni-Mn [45]. But even the use of organic solvents does not
guarantee successful alloy formation, as was shown for Au-Fe [181], Au-Ni [182] and
Ni-Fe [183,184]. These observations can be explained when the decomposition products of
organic solvents are considered. When pyrolysis occurs, they tend to form radicals, that
possess reductive potential, favouring elemental ablation [146,159,185]. Additionally, there
were many studies observing a trend in alloy formation depending on molecularly bound
oxygen in the used solvent, like Ni-Mo [14], Fe-Mn [186], Pt-Fe [187]. These studies reported
an improved alloy formation if less oxygen is bound in the solvent molecule. As any solvent
will also dissolve oxygen, this spurred research into the influence of dissolved oxygen. It was
shown, that a reduction in dissolved oxygen also aids alloy formation in the case of
Pt-Fe [188] and Pt-Cu [53]. As a rule of thumb, alloy formation will likely occur in a
degassed organic solvent, containing as little molecularly bound oxygen as possible, though

this will also favour carbon shell or carbide formation [146].

When catalysis is the desired application for the generated nanoparticles, small particle sizes
are generally preferrable, as they maximize the active surface area per unit weight. This
means, that size control is of high importance. On way to tune the particle size distribution
in LASIS is by varying the laser parameters. Using lasers with fs and ps pulses tends to
form bimodal size distributions, while ns-pulsed lasers tend to form monomodal size
distributions [189-191]. Also, the fluence has an impact on the primary particle size.
Considering only the laser ablation, lower fluences seem to favour smaller particles [190—
195]. But since high throughput synthesis demands continuous ablation, employing scanning
the laser at a suitable repetition rate [55], laser fragmentation after particle generation is
inevitable [196]. In this process higher fluences form smaller particles [190,197]. Depending
on the setup, it needs to be evaluated, if lower or higher fluences are desirable, all the while
considering productivity effects [192,198]. Apart from laser-based variables, synthesis
environments can be tuned similar to the chemical synthesis. For example, ions can be used

to stabilize the electrostatic charge of the nanoparticles and thus quench particle growth
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early during synthesis [190]. This effect can be achieved using a large variety of salts with
alkali or alkaline earth metal halides being intensively researched and nitrates as well as
citrates also being considered [146,199-204]. NaCl thereby being very common
[199,201,205,206] as well as tuning the pH by e.g., NaOH [207-211], though the ionic
strength needs to be roughly matched to the colloid’s particle concentration. That is, because
the ions are acting on the nanoparticle surface and a higher mass and number concentration
(i.e., more and or smaller particles) need an equally changed number of ions to stabilize the
charge. In effect, too little ions won’t affect the particle size distribution and too many ions
may even destabilize the colloid. Apart from using ions, surfactants may also be used to
tune the resulting particle size distribution. Many different surface active molecules are
applied here, for example PVA, PVP, PEG [212], starch [213], albumin [214], gelatine [215],
chitosan [216] or other surfactants like SDS [217] or CTAB [218]. Similarly, ablation in
organic solvents allows particle size adjustments, as the solvent polarity [219,220] or
adsorbed solvent molecules have an impact on the resulting particle size distribution
[221,222]. Finally, the adsorption of the synthesized particles onto a support will also hinder
ripening and particle growth, stabilizing the particle size. With an in-situ approach, where
the support is suspended in the carrier liquid, the particles can be directly adsorbed, yielding
small particle sizes [223], while the increased liquid opacity from the suspended support

might reduce productivity.

2.3.3 Supporting Laser generated Colloids

With the application of the laser generated particles in automotive catalysts, adsorption
onto an oxidic support is necessary. Before a discussion of the supporting strategies, it is
imperative to understand the origins of colloid stability because supporting a nanoparticle

is intricately linked to its stability in a liquid environment.

At the border of any material, the bonds from the bulk material are broken. This leads to
surface reconfiguration and termination by molecules from the surrounding environment.
For example, a surface can acquire charge by preferential adsorption of ions or the ionization
of surface groups. [224] These phenomena mean, that a surface charge may form on any
surface. If the material is sufficiently small, the proportion of surface to volume rises until
the properties of the surface start to govern the particle behaviour. In case of colloids, this
means that sufficiently small particles suspended in a liquid can exhibit a surface charge
that can enable colloid stability. This follows from first principal analysis of the repulsive
and attractive forces acting between the particles withing the liquid.

The attraction between two particles can be described using the van-der-waals potential.

This attractive force results from the attraction of temporary dipoles, that any material
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forms due to oscillations of the charges contained within the molecule above absolute zero
temperature. While the attractive force scales with 1/d® if molecules are considered (d being
the distance between molecules), geometrical considerations lead to a scaling close to 1/d
for particle attraction.

The complete equation is derived by Lauth and Kowalczyk as follows [225]:

P, (d)="on| 2RR  2RE, +1n[f1 (d )J (2.18)
6 (A(d) fi(d) " f(d)
With R: and R» describing the radius of nanoparticle and support and f; and f, as follows:
fi(d)=d*+2Rd +2R,d (2.19)
f:(d)=f,(d)+4RR, (2:20)

Asi represents the Hamaker constant of a particle with the Hamaker constant Aj; and
another particle with the Hamaker constant As interacting in a liquid with the Hamaker

constant Ay [224]:

A1 :(\/TBS_\/TH)(\/TM_\/‘TH) (2.21)

The repulsive force between particles can be estimated by considering the electric field
around them. A charged support particle with the charge Q will have an electric field E,

which can be described using the gaussian theorem (& being the permittivity of the medium):
0= gcﬁ EdA (2.22)

In order to describe the electric field on the outside, a closed sphere with the area A =477’
is projected onto the particle. Since the electric field will be symmetrical, the integral

simplifies to

0= 545 E(r)dd= 8(]5 E(r)dA(p,0)= eE(r)ngZI(go, 0) (2.23)
Rearranging and solving the integral using the area A, gives a description of the electric

field E in dependence of the distance from the surface r:

0 Q
E = = 2.24
(r) drer’  Aneer’ (2.24)

Here ¢ is split into the g, the permittivity of the vacuum, and ¢,, the relative permittivity
of the medium. If the charge Q is assumed to be contained on the surface of the particle

with radius R, the surface charge density o can be defined:

9 0
A ArR?

yo, (2.25)
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Combining the field (2.24) and the surface charge (2.25) yields an expression for the electric
field around the support particle:

E(r)— o 4R’ p B R*p
dneer’ Ameer’  ge1’

(2.26)

The electric potential around this particle can be obtained by integrating the electric field:

L Rp . Rppel
(p(r)=—JE(r)d}” =— Wdr =—Z.|-7d}" (227)

With @(r — ) =0 the integration results in:

R2
o(r)= . :r (2.28)

The potential energy of a particle moving through this electric field, can be described by
multiplying the potential by the charge Epm =q@. With q representing for example a

metallic nanoparticle. This nanoparticle has its own surface charge g,, =47R,,’p,, and

thus, after application of some geometric correction, that sets the border of the support
particle to be at r=0, the potential can be described as follows:
2 P R’
Epot (r) =47R,\, Pyp ::?,m (2.29)
Combining the attractive (2.18) and repulsive (2.29) potentials allows the illustration of the
energy barrier that forms and is the reason for a stable colloid, when an aprotic liquid

without dissolved ions is considered (cf. Figure 6 b)).

As soon as the liquid contains some ions, the solution for the repulsive potential becomes
more complex (cf. Figure 6 a)). Generally, it has been shown, that under these circumstances
a rigid layer of counterions adsorbs onto the surface of the charged particle. This layer is
termed Stern layer and comprises of an inner and outer Helmholtz layer, both named after
their respective discoverers. This layer is followed by more loosely bound ions. If the particle
is moved through the surrounding liquid, the shell will be sheared within this layer, which
is why it is termed shear layer. It is at its border, where the zeta-potential can be measured.
Following this layer, there will be a diffuse layer of even more loosely bound ions until finally
the composition of the liquid equates that in the volume of the rest of the liquid. [224-226]
Derivation of the repulsive potential relates closely to the one shown previously, while it
needs to be considered that the electrochemical double layers are approximated

by capacitors.
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Figure 6 Potentials acting on two approaching particles of different size. a) shows the qualitative potential based
on DLVO theory in a liquid with dissolved ions, b) shows how the potential looks like if two charged particles

are suspended in an ion-free liquid.

Further geometrical considerations allow for the conclusion of the equations for two particles
of unequal radius and thin double layers, approaching each other under the assumption of

constant surface charge [224,227]:

d7 =N, {sz(r)—ln [l—exp(—21<r):|} (2.30)
With
N =R RtV (2.31)
1 npits R, + R, :
20 vp¥ s
N,== - (2.32)
Wy TVs

where Ryp and Rs denote the radius of the nanoparticle and support, while yxp/s denotes

the surface potential and

f(r)=In| —— (2.33)
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In these equations, x is used to model the concentration and charge of the ions within the

solution. It is also termed Debye-Hiickel parameter:

(2.34)

Here e denotes the elemental charge, kg the Boltzmann constant, T the temperature in

Kelvin, z the charge of the i-th ion and n; the density of ions within 1 m? of solution. Using

[

the relation between molar ([M]=mol/l) and number concentration 7, =1000—N M,
m

with Na being Avogadro’s constant, the parameter can be modified to allow for more

common concentration numbers in mol/I:

_ |L00ON ¢’ 52

M. 2.35

The inverse of x, k!, can be understood as a characteristic distance from the particle surface;
here the repulsive force has dropped significantly (to 1/e of the original potential).

When comparing the repulsive force generated by the adsorption of the different ionic layers
(Figure 6 a)) to the simple electrostatic force (Figure 6 b)), it can be seen that the simple
electrostatic consideration leads to a maximum further away from the surface and a much
longer ranging interaction potential. Still, depending on the involved surface charge, both
repulsive forces inhibit particle agglomeration. That is, as long as both involved particles
have the same polarity of surface charge, i.e., positive or negative. As soon as the polarity

differs between particles, no repulsive force exists. In fact, the repulsive force will change to
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Figure 7 Qualitative illustration of the potentials around a charged particle in a solution containing ions (a)
and of the dependence of the zeta potential of two materials (oxide and metal) from the pH (b). The particles
show the respective surface charge, if the zeta-potential is positive or negative. (a) Reprinted with permission
from G. J. Lauth, J. Kowalczyk, Springer Spektrum Berlin, Heidelberg, Berlin, Heidelberg, 2016,
DOI: 10.1007/978-3-662-47018-3. Copyright © 2016 Springer-Verlag Berlin Heidelberg.
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an attractive one, allowing barrierless adsorption. One way of flipping the surface charge is
to vary the pH of the solution, which can alter the termination on the surface and thus the
exhibited surface polarity and charge. Although not every material responds in the same
way. For example, metallic nanoparticles tend to have a negative surface charge over a wide
range of pH and will only change the surface charge, when subjected to strongly acidic
conditions [29], as illustrated in Figure 7 b). The point in this graph, where the zeta-
potential crosses zero is termed isoelectric point (IEP), as this is the point where positive
and negative charges cancel out and the particle appears neutral. On the other hand, oxidic
particles like AL,O; or TiO; tend to have their IEP in the slightly caustic region between 7
and 10 [29]. This means that there is a pH area where metallic and oxidic particle have the
same surface charge, i.e., pH>IEPyppot, and where both particles have opposing polarity,
i.e., IEP utice < pH < IEPgupport. This behaviour then can be used to support the metallic
particles. First the colloid is mixed with the support in a caustic region above the IEP of
the support material. Then the mixture is stirred and slowly titrated, so that the pH falls
between the IEPs of both materials. Here, the adsorption of nanoparticles onto support
particles occurs, yielding immobilized nanoparticles, ready for application. This method of
supporting particles was first proposed by Wagener et al. [228] and was later supported by
experimental evidence for Pt [29,229] and Pd [230].

In its core, this method of supporting is driven by the diffusion of both particle species. In
order to adsorb to a surface, the repulsive forces need to be overcome. If the electrostatic
environment is favourable, adsorption readily happens at room temperature. But if a pH
adjustment is impossible, overcoming the repulsive barriers is much more challenging. This
situation arises if the nanoparticles are synthesized in a solvent, as many solvents are aprotic
and thus do not allow for pH-adjustments. In those solvents, a different approach needs to
be used. In order to overcome the adsorption energy barrier, a higher temperature can be
used, as this means that each diffusing particle has a greater kinetic energy, that might
exceed the adsorption barrier. Another option is to increase the particle concentration
drastically. In the limit, where all solvent is evaporated, the distance between particle and
support cannot exceed the tenths of nanometres, where the maximum of the repulsion is
located (cf. in Figure 7 b). Thus, the removal of solvent pushes the particles beyond this
maximum, facilitating the adsorption. This adsorption is also aided by the fact that the
removal of solvent means that the VdW-Potential rises, because of an increase in Hamaker
constant as A approaches zero (cf. Equation (2.21)). Also, an increased concentration
maximizes the collision frequency, increasing the chances of particle/support interaction.
Both methods can also be combined by distilling the mixture of nanoparticles and support,

while stirring, in order to remove the solvent and force the nanoparticles onto the oxidic

24



support. Apart from the described supporting strategies here, Reichenberger et al. also give
an overview over support strategies including electrophoretic deposition, which is only

relevant for conductive support materials [231].

2.4 Alloys as Catalysts

The reason for why alloys are employed as catalysts is tightly connected to the knowledge,
we have about the basic principles of catalyst operation. Sabatier illustrated in his talk in
front of the German chemical society 1911, how the adsorption enthalpy of substance
influences the reaction rate [232]. A substance, or product, that binds too strongly to a
catalyst surface will hinder the reaction by blocking surface sites and a too light binding
will hinder the reaction from occurring in the first place. In 1969 Balandin showed how a
catalyst has to follow geometric and energetic considerations and presented the volcano plot
by plotting the catalytic activity in dependence of the heat of adsorption, visualizing the
Sabatier principle (cf. Figure 8) [233]. Newer concepts take into account the electronic
structure of the catalyst. Termed Brgnsted-Evans-Polanyi (BEP) relation and discussed by
Ngrskov in 2008, the catalyst activity can be correlated to the position and width of the
d-band centre, which is Rh

defined by the catalyst
surface [117,234]. Apart
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Figure 8 Exemplary volcano dependences when plotting the catalytic
Ngrskov [236] for Pt and activity vs. the heat of sublimation. (a) benzene hydrogenation;

the CO adsorption. The hydrogenolysis. Reprinted with permission from A. A. Balandin, in Adv.
heat of chemisorption was Catal., 1969, pp. 1-210, DOI: 10.1016/S0360-0564(08)60029-2. Copyright
© 1969 Academic Press Inc. Published by Elsevier Inc.

(b) cinnamic acid hydrogenation; ¢) oxygen hydrogenation; d) ethylamine
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shown to vary by 1 eV, which has significant effects on the activity of the different surface
facets because any change in adsorption enthalpy exponentially influences the reaction rate.
Although the parameters that have been found to influence catalyst activity are numerous,
an important way of influencing them is through the material that makes up the catalyst
particle itself. Material modification, particularly alloying, allows finer tuning than simply
changing the catalyst material, and thus makes a large number of tuning variables
available [237]. Strasser et al. divided the influence of a second metal into three unique
effects, which however, partly influence each other [238]: 1) Ensemble effects; unique
ensembles of surface atoms perform specific mechanistic functions. 2) Ligand effects; when
dissimilar surface atoms come into contact, a charge transfer occurs, changing the electronic
structure and modifying the activity. 3) Geometric effects; the spatial arrangement of surface

atoms is altered by alloying, caused by strain, geometry and size. [117]

Apart from improving the reaction rate by proper alloying, economic considerations have
also played a significant role in driving the research. Many catalysts are based on noble
metals, which demand reduction in use simply due to the high cost per gram. Xu et al. could
show that chemically synthesized alloy Pt-Cu particles perform well in the electrochemical
oxidation of formic acid. In fact, the alloy with 20 at% Cu showed a higher activity and due
to the copper content was cheaper per gram [239]. Similarly Marbella et al demonstrated
the same activity improvement and noble metal saving using Au-Cu alloys in the
electrochemical reduction of CO; [240]. Another improved reaction is the oxygen reduction
reaction (ORR) that was shown to benefit from alloying Pt with Ni and showed best reaction
rates on the {111} facet [241]. Additionally, core-shell structures of Pd-Pt (core-shell
respectively) shave been used to fine tune facets and strain, drastically improving on activity
in ORR [117]. Many oxidation reactions have also been improved by alloying. Gu et al.
showed that an equimolar alloy of Pt-Ru is better than Pt in the methanol oxidation reaction
(MOR) [242]. Similarly Pt-Ni also exceeded Pt when applied in MOR at an equimolar
alloy [243]. Equally, the CO-Oxidation also profits from alloying. Chemically synthesized
Ag-Au particles were shown to be very active in several studies [244-246]. Abdelsayed was
able to rank several alloys on how active they were in CO oxidation (Cu-Pd>Cu-Rh>Au-
Pd>Au-Rh>Pt-Rh>Pd-Rh>Au-Pt) and also highlighted the importance of complete
removal of capping agents or surfactants which would otherwise poison the catalyst [247].
This points to an important advantage that laser synthesis may have over chemically
preparing catalysts. It is possible to synthesize nanoparticle without surfactants, removing
the need for complicated purification procedures. In fact, surfactant free alloy nanoparticles
have been synthesized and demonstrated to be more active than their single metal

counterparts in OER [14] and ORR [248].
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3 Method Development

In the following chapter, the selection and design criteria for the choice of alloying
elements, target production and synthesis of the catalysts required for the work are

derived and described in detail.

3.1 Choice of Alloy Metals

The choice of alloying elements is largely based on their planned use as oxidation catalysts.
In simplified terms, the following aftertreatment reactions necessary for diesel engines can

be identified:

c0+%02 — co, (3.1)

C.H, +(x+%)02 = xCO, +%H20 (3.2)
N0+%02 — o, (3.3)

INH, +%02 — N, +3H,0 (3.4)

Reactions (3.1)-(3.3) are examples of the oxidative treatment of engine exhaust gas in the
diesel oxidation catalyst (DOC). Reaction (3.4) describes the oxidation of ammonia to

prevent ammonia slip after reduction catalytic treatment of the nitrogen oxides (ASC).

The basis of every oxidation reaction is the activation of oxygen on the catalyst. It can be
derived from Sabatier's principle that the binding of oxygen (and the reactants) should be
neither too strong nor too weak in order to exhibit good catalytic activity. In 2018,
Montemore et al. presented a detailed review on the activation of oxygen on metallic
surfaces [13]. This also identifies the type of species that form on selected materials.
Figure 9 b) shows that the adsorption enthalpies for O, are lowest for the noble metals Pt,
Pd, Au and Ag. Au can only bind molecular oxygen weakly, which is why only physisorbed
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Figure 9 a) Experimentally observed states under ultra-high vacuum and low surface coverings. Physisorbed
(O2"), superoxo (O2), peroxo (O2*) and atomic (O) species are entered. b) Adsorption enthalpies for O in eV
calculated by DFT. Reprinted with permission from Matthew M. Montemore, Matthijs A. van Spronsen,
Robert J. Madix, and Cynthia M. Friend, Chemical Reviews 2018 118 (5), 2816-2862,
DOI: 10.1021/acs.chemrev.7b00217. Copyright © 2018 American Chemical Society.
oxygen can be found. Pt, Pd and Ag, on the other hand, can also bind superoxo and peroxo

species (Figure 9 a)).

A closer look at CO oxidation reveals a volcano plot-like relationship for these elements
(Figure 10). Apart from (111)-terminated surfaces, the adsorption enthalpies of the elements
do not lie where the highest reaction rate is expected. A combination of platinum with
silver, gold, palladium or copper seems opportune. Ideally, a binary alloy shifts the
enthalpies of adsorption in such a way that a higher activity is achieved. Gold and silver
also show advantages in the presence of water. Improved oxygen dissociation is observed
with silver ([35,36]), which should have a positive effect on CO oxidation in the moist
exhaust gas stream. Experiments with gold also showed positive effects of water on CO
oxidation [34]. Furthermore, rhodium will also be investigated as an alloying element in this
study. As a typical element in the 3-way catalytic converter, rhodium helps to reduce
nitrogen oxides and has a positive effect on ageing resistance [9]. It also shows a similarly

low activation energy for CO oxidation as platinum [33].

The further away the elements in the periodic table are from the block of noble metals (Pt,
Pd, Au, Ag), the more oxygen is directly dissociated and chemically bound. These thin
surface oxides are initially active (e.g. for Cu or Ru in CO oxidation) but become inactive
as the reaction progresses due to surface restructuring and growth of the surface oxide
layer [34,40]. This could be one of the reasons why no breakthroughs were made in the early
days of exhaust gas catalysis with base metals [249] and the use of precious metals has

taken hold. Another one was their susceptibility to deactivation by sulphur and water [250].
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3 Method Development

Since the sulphur content of fuel has since drastically decreased [250], base metals and

especially alloys of them may be reconsidered for exhaust gas catalysis.
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Figure 10 “Sabatier activity" i.e., reaction rate of CO oxidation (logarithmic colour scale) as a function of the
adsorption energies of CO and O calculated using microkinetic models. Red indicates high rate, blue low. Upper
row at low pressure (0.22 bar) and low temperature, lower row at high pressure (1 bar) and high temperature.
Reprinted with permission from T. Jiang, D. J. Mowbray, S. Dobrin, H. Falsig, B. Hvolbak, T. Bligaard, and
J. K. Nogrskov, The Journal of Physical Chemistry C 2009 113 (24), 10548-10553, DOI: 10.1021/jp811185g.
Copyright © 2009 American Chemical Society.

From studies on the corrosion resistance of stainless steel (Fe, Cr, Mo, Ni) and titanium
based materials, it is known that even small additions of precious metals ennoble the

materials. This improves the corrosion resistance of the materials. An essential reason for

this is assumed to be the prevention of anodic oxidation of the non-ferrous metals. [251]

In anticipation of a similar effect, alloys with base metals (Nb, Mo, Mn, Fe, Cu, Ru) are
investigated in this study. Platinum is chosen as the common denominator because it is
catalytically very active. As a precious metal, however, platinum is also very expensive and
known to undergo particle growth [9,32]. Alloying with other metals promises to improve
the economic efficiency of the catalyst and, depending on the metal, also the ageing
resistance by inhibiting particle growth. This principle is already being pursued
commercially in the form of catalysts based on a Pt-Pd alloy [9]. There, it is known that
the alloy suppresses Pt nanoparticle growth [32] and thus improves durability. As a

commercially used system, Pt-Pd also forms the reference in this study.

Furthermore, alloying with some base but refractory metals is also thought to improve
durability. The growth of Pt nanoparticles based on Ostwald ripening could be slowed down

by alloying with refractory metals (Nb, Mo, W, Ru, Re), analogous to stabilisation with
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palladium. The production of targets with tungsten and rhenium is a great challenge due to

their high melting points.

The successful dissociation of oxygen at the surface is also central to ammonia oxidation.
In addition to the advantages of the alloying elements as CO oxidation catalysts, there is
some evidence in the literature that the elements selected so far will also have a positive
effect on ammonia oxidation. For example, the oxides of iron, manganese and copper are
among the more active catalysts of ammonia oxidation [38]. As a product of ammonia
oxidation, mainly elemental nitrogen is desired in the slip catalyst. A good catalyst for this
has a high activation energy for N, dissociation because this promotes the formation of
molecular nitrogen under reaction conditions. This property is fulfilled by ruthenium [39]
and it has been shown that the oxidation of ammonia on RuQ, is highly selective to
nitrogen [40,41].

In addition to alloys with platinum as the base metal, other combinations should be
investigated. A mixture of palladium with copper should give an improvement in CO
oxidation analogous to the mixture of platinum with copper. Mixtures of gold with iridium
or rhodium could improve selectivity. Rhodium alone, for example, shows a high affinity for
the formation of nitrogen oxides in ammonia oxidation, which is why it is also used in nitric
acid production [38]. This behaviour is precisely not desired if in the ammonia slip catalyst.
Therefore, an alloy with the more inert gold should improve selectivity. A mixture of gold
and iridium, on the other hand, promises improved catalytic activity. It is known that
oxygen adsorbed on iridium dissociates and is transferred in this form to the alloyed
gold. [42] The oxygen, which is not stable there, should be able to transfer particularly well
to adsorbed reactants. The system should therefore be highly active [13].

Reasons for the exclusion of certain elements
The reasons for the exclusion of certain materials arise mainly from the broad use of catalytic
converters in the automotive sector. Particular attention is paid to avoiding toxic emissions

and questionable mining conditions. The elements used should, as far as possible:

1. Not be known to have precarious mining conditions (cobalt)[252-254]

2. Not be radioactive (Technetium)

3. Not form particularly toxic (chromium) or volatile and toxic oxidation products
(osmium)

4. Not easily form particularly volatile and toxic carbonyls (nickel)

30



WO} 10J MO POLLIRD 9Iom SaIpnys uoronpolid ja81e) AJuo os ‘Apnjs o) Jo 9SInod o) Sunmp Sursus[eyd Aprenorjred oq 0) poaord Ao18 yIep Ul SIUAWSO o)

Jo worponpoid oy, ‘A[pjeredos poyrew jou st toddoo/wnipe[red om)XIUI o], "UOISN[OXD I0] SUOSLAI IOI[AX0 9I0M OIOY) ‘POl UI PONIRUI SHUSWS[D [[@ 0] "P[OS )M PaUIqUIOD

9JoMm je()} SjuLtIvle [[k o1k oan[q ul pue HQSQEMMQ M PauIquuIod alom jel) SHULWI[0 [[€ o21e 9213 UJ "po3Iel oJk Postl SHUoUofe 9 T, "Sjualtiofo 91} JO o[qe]} OIPOLIDd TT @.:Hmﬂh

6o Sl Al N B UN ud By sa S\ SH ug Bs ad ™ ay ey 14
gLl Ll 9Ll Gl Ll €Ll 41 LLE 0Ll 60} 801 L0} 901} S0l w0l 68 88 18
6L ¥90L| ¢¢ 89/l | €¢ 99%cC ¢ 98lE| 6l CC¥E
uy w od g ad IL BH ny d 1| SO ay M el IH e eg 50)
98 8 78 €8 8 18 08 6/ 8/ 1/ 9/ G/ 175 €/ [44 15 <] GG
Lb €96 | 2L GSSL| CL ¥96L| ¢l PEET 0l €29C| 98 L.l¥C
ax _ 9l as us uj [sJe) By Pd uy ny 2] o aN 17 A S ay
149 €S 4] 1S 0s 6% 8 PA4 oF *14 |44 1574 (44 134 [0]74 6 8¢ PAS
68 G801l 98 8¢Sl | ¥. 9vcl
) g as sy 99 B9 uz no IN 09D CE| U 1D A 1L 28 eD M
9¢ GE 14 €€ 4 1€ 0 62 8¢ 12 <14 14 e 14 [44 14 02 6l
cl [ ol 6 8 L 9 g 14 €
I\ 1D S d IS v BIN EN
(w2/8 o ul
8l L 9l gl i el ur Ausuag uiod uiBIN 4} L
St'le 89./1
aN E 0 N 2 g ag M
d
0l 6 8 1 9 S ¥ €
Ll 9l Gl vl €l o 4
OI puasa Jegquinp Jlwoly _|_
14 I
8l l

Al

—
[ap)



In summary, the following material compositions are selected for the study. Mixtures of
platinum with niobium, molybdenum, tungsten, ruthenium and rhenium are investigated
with a special focus on the ageing stability of the catalysts. Mixtures of platinum with iron,
copper and manganese serve to optimise the economic efficiency of the catalyst. Mixtures of
platinum with silver, gold or rhodium serve to improve the activity, while the mixture with
palladium forms the comparative reference to the commercial system. Apart from this,
mixtures of gold with iridium or rhodium, as well as palladium with copper, will be
investigated. A detailed list of the selected alloying elements is given in Annex Al and a

quick overview can be found in Figure 11.

3.1.1 Choice of Compositions

Once the alloying elements are selected, the question of a sensible composition of the mixture
arises. For this study, four different compositions will be investigated for each alloy. In the
distribution of the mixture ratios, the field of expectation was divided into two groups. For
all alloys where both elements are expected to be highly active in CO oxidation,
compositions are determined that span a wide mixing range (typically 10-99 at%). The only
exception here is the mixture of platinum with rhodium, where a maximum proportion of
50 at% rhodium has been specified due to cost considerations. This category includes blends
of gold with iridium and rhodium, of palladium with copper and of platinum with ruthenium,

gold, copper and silver.

For all compositions in which the aggregate element is refined by platinum or the alloy is
examined for durability, the minimum platinum content is set at 50 at%. Only compositions
in the range 50-99 at% are examined there. This category includes mixtures of platinum

with niobium, molybdenum, manganese and iron.

In the final selection of the mixing ratios, the phase diagrams of the material mixtures are
taken into account. For example, eutectic and dystectic mixing ratios are selected for
niobium and manganese, or consideration is given to intermetallic phases for Pt-Mo and Pt-
Fe. Apart from this deterministic composition definition, however, the unique opportunity
is also taken to pursue explorative material development. Following this approach,
macroscopically unknown compositions are chosen. Some of the chosen material mixtures
(e.g., Au-Ir) show a wide miscibility gap with largely missing miscibility. Homogeneous
mixtures of these compositions are actually not thermodynamically stable, but could persist
in small nanoparticles due to the high contribution of the surface energy to the
thermodynamic equilibrium [255]. These explorative mixtures include some from the gold-
iridum or gold-rhodium system, but also some mixtures of platinum with silver, gold or

rhodium. All mixtures also have in common at least one, often even two mixtures with a
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3 Method Development

high platinum content. These are included in the matrix due to the known high activity of
platinum. A detailed breakdown of all alloy compositions sorted by mixing range with

assignment of phase diagrams and detailed selection criteria can be found in Annex A2.

3.2 Target Manufacturing

Generally, laser synthesis in liquids is based upon a solid target. Many studies researching
metallic nanoparticles employ a metal sheet as target, upon which the laser is focussed and
from which the nanoparticles are created. Metal sheets help the ablation in several ways.
Firstly, the material is robust against impacts and ductile which means that it can be
mounted within the ablation chamber without special precautions and won’t be damaged if
it is dropped. Furthermore, it is easily dried, which allows for easy measurement of the
ablated mass and thus precise determination of the ablation rate which is needed in long
term ablation for planning purposes. Similarly, laser ablation and the shock wave occurring
from the cavitation bubbles do not damage the surface nor does the target disintegrate into
microparticles which need to be removed from the colloid and might distort the ablation
mass measurement. If alloy nanoparticles are desired, process control considerations make
pre-alloyed metal sheets favourable, as they possess the same properties as single metal
sheets. While this approach is used in literature, for example for Pt-Pd [24], it is limited to
alloys that are miscible in the bulk. Also, these targets may have to be purchased through
a third party, as the infrastructure to produce metal sheets is not always easily available

and this adds considerable extra cost and possible time delays. An easier method of
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particle size of the metal educt powders should be much smaller than the laser spot diameter in order to allow
for sufficient elemental mixing in the ablated zone.
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producing targets for alloy nanoparticle synthesis takes advantage of the fact that the
alloying does not need to be done “in advance” as in before the laser ablation. As illustrated
in chapter 2.3.2, laser ablation can induce alloying which means that the target only needs
to comprise of the desired elements in the appropriate proportions. This approach has also
been reported in literature, for example for Ni-Mo [14]. Starting with metal powders, means
that there are a few extra considerations that regard to the raw material and processing.
Since alloy formation is supposed to happen after ablation, or within the formed melt
pool [49], it is best, if the educt particle size of the metal powder is much smaller than the
laser spot diameter. This follows from the simple geometrical consideration, that a good
mixture will occur if the laser spot ablates as many individual particles as possible, which
then can mix into the alloy (Figure 12). For this study, the spot diameter was estimated to
be around 100 pm in diameter, so educt powders were purchased, that have a primary
particle size of about 10 pm (cf. particle size specifications outlined in S1.1). To ensure
intimate mixing, theses powders were mixed within a closable vessel with 5 mm YTZ (Yttria
stabilized Zircon oxide) milling balls (by volume: 1/3 powder, 1/3 milling balls, 1/3 void).
This assembly was then rotated for several hours to ensure intimate mixing after which the
mixture was strained through a sieve and processed further. The hard milling balls ensure
the purity of the material as they minimize the abrasion, that would occur in less hard balls
like steel. For mixing, it is also important to have dry powders that hinder caking which
would prohibit proper mixing. Also, during storage and mixing, less noble base metals were

kept under nitrogen or argon to lessen oxide formation, which helps the sintering process.

Sintering is needed to solidify the targets, which gives them enough structural rigidity to
prevent microparticle formation upon laser ablation and also allows the targets to be
handled easily. To be able to sinter the powder into a usable target, the powder is filled into
a die press and compacted by applying between 240 and 250 MPa of pressure. The two used
dies are depicted in Figure 13. As some scanning systems profit from rectangular targets
(i.e., if the scanning pattern is set by a polygonal scanner), producing rectangular targets
allows a more efficient use of surface area, but this also comes with several challenges. First
of all, it is very difficult to manufacture a die press with very tight tolerances without
electrical discharge machining (EDM). Since the powders that need to be compacted have
a particle diameter of around 10 pm the matching surfaces ideally need to have a gap smaller
than this, so that the powders are not pushed between punch and sleeve, where they can
jam the mechanism. Additionally, the rectangular press shape can induce stresses within
the target that can break the target while extracting it from the die. While many targets
were successfully produced with a rectangular press, ultimately a switch to a circular variant

was made. This press was built from off-the-shelf and high tolerance parts typically
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Figure 13 Cut view of the used die presses. On the left: Circular press tool designed by
Alexander Schmitz-Wunderlich and Alexander Schug using industrial cutting bushes within
their maser thesis. On the right: Rectangular press tools designed by Friedrich Waag.

employed in die pressing. Therefore, the surfaces not only met the high tolerance
specifications that were needed, but they were also hardened, minimizing erosion during
operation. This resulted in a more robust pressing process and less damaged pressed parts.
After the powders have been pressed into shape, they were sintered in a furnace. Noble
metal combinations were sintered in air in a Nabertherm LHT 01/17 D that allowed for a
maximum temperature of 1650°C. Blends of noble and base metals were sintered in a tube
furnace equipped with gas control, that was able to reach a maximum temperature of
~1000°C. In order to prevent oxidation, the pressed targets were loaded into the tube furnace
and then the furnace was flushed with ARCAL F5 (a mixture of 5% H, in N, by Air Liquide).
This mixture contains a high amount of hydrogen, without being an explosion risk, thus
optimizing safety of operation while retaining sufficient reductive properties. After flushing
the chamber, the sintering process is started. The temperatures are set, so that 2/3 of the
solidus temperature of the final alloy, or of the lower melting element in case of
immiscibility, is reached and held for many ours (typically overnight) (cf. S1.1 for details
about all sintering temperatures and durations). During sintering the chamber is
continuously flushed with the hydrogen gas mixture at 16 cm?®/s (= 2.3 cm/s flushed
length). After sintering the gas mixture is exchanged for argon (@19 cm3/s = 2.7 cm/s).
This removes adsorbed hydrogen and marks the end of the target manufacturing process.
The targets are then stored under argon or nitrogen until the ablation starts. The long
sintering times not only allow for rigid targets, but also aid the elemental mixing, where
possible, which helps the synthesis of alloy nanoparticles. Generally, this process turned out
to be very robust and allowed for the manufacture of a large variety of targets, that also

did not crack during handling. Notably, they were also mechanically stable when placed
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onto a hotplate to expel liquid from the pores to allow correct differential mass
measurements. Nevertheless, some limitations also applied, that should be mentioned here.
First of all, sintering relies on the temperatures being high enough to allow for material
transport. In fact, the temperature has an exponential influence on the time required for
sintering. This means that if 2/3 of the solidus temperature is above what the provided
ovens can provide, a sufficient sintering can hardly be achieved. This was observed for the
mixture of Pd-Re. With Pd melting at 1828 K and Re at 3459 K, sintering temperatures
should at least reach 1220 K, considering the phase diagram, 1270 K or above would be
even better. As Rhenium is susceptible to oxidation, sintering needed to be carried out under
the reducing atmosphere provided in the tube furnace. With sintering occurring at 1000 C,
(i.e., right at 2/3 of the solidus temperature) only insufficient powder compaction and target
stability could be achieved. Higher temperatures would be desirable but were only
achievable in the Nabertherm oven with air atmosphere. Here the targets showed significant
oxidation, which made the targets brittle and not usable. This means that some metal

combinations are not achievable, e.g., of very high melting compositions like Pt-W.

3.3 Choice of Laser and Process Parameters

In chapter 2.3.2 it was already discussed that ns-pulsed lasers are more reliable in
synthesizing alloy nanoparticles and are more robust regarding the target composition.
Therefore, it is sensible to also chose ns-pulsed lasers for this study. In order to ensure a
high catalytic activity of the synthesized nanoparticles, a small particle size is desirable.
Most laser and process parameters are chosen with this goal in mind. Additionally, the
purity of the particles and the productivity play an important role and also need to be
considered (cf. chapter 3.4). Regarding the particle size, the first decision has to be made
regarding the laser wavelength. While 1064 nm (IR) is common, it is also possible to use
532 nm (Green) irradiation. The green laser induces a larger amount of post-irradiation as
more of the laser energy is absorbed by the colloid, when compared to IR irradiation. For
this study the effect was compared using Pt colloids, synthesized at the point of maximum
productivity. As shown in Figure 14, ablation with a green laser yields significantly smaller
particles. This comes at the cost of reduced ablation rate though, as the available power at
the green beam line is reduced to about 40% when compared to IR. When comparing the
productivity for particles <10 nm, the IR beam still exceeds the productivity of the green
beam, but extraction of the small particle fraction would need post-processing in the form
of centrifugation. As centrifugation is a process that strongly relies on particle density, this
route is not favourable in the case of alloys because centrifugation might also lead to

segregation of unevenly mixed alloy nanoparticles, leading to concentration of the less dense
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Figure 14 Comparison of particle size distribution of Pt colloids
synthesized by 532 nm (green) and 1064 nm (IR) ablation on a ns-
pulsed laser system in 0.1 mmol/l aqueous KOH.

material. Therefore, the green
beamline is chosen, as it provides
the smallest particles in a one-step
synthesis, while the ablation rate
is still high enough to provide the
needed mass of nanoparticles in a
reasonable amount of time (i.e.,
200-500 mg/h for 1500 mg = 3-8 h
ablation time). When it comes to
reaching this productivity, some
effort needs to be put into
engineering a sufficient ablation

chamber. Originally, simple glass

beakers with the metal sheet at the bottom were employed as synthesis vessels [47,256].

While this approach is appealing because of its simplicity, the accumulation of nanoparticles,

the rising gas bubbles and the batch nature of the process limits the maximum productivity.

A similar argument also prohibits the use of the improved process, demonstrated with a

“batch ablation chamber” [257]. An ideal process would allow for fresh solution being

supplied to the ablation region, while simultaneously removing generated colloid. Ideally the

liquid would be supplied from the bottom, aiding the removal of generated bubbles, that

rise due to their lower density (cf. Figure 15). This
approach has been developed in the Barcikowski group
(demonstrated for example by Kohsakowski et al. [258])
and will also be employed in this study as it allows for
semi-continuous ablation with high ablation rates in the
order of several hundred mg per hour.

When it comes to synthesizing alloy nanoparticles
composed of base metals, it was established in chapter
2.3.2 that an organic solvent is much better suited as liquid
than water. This means that considerations regarding
productivity also need to include ablations in organic
solvents. Unfortunately, ns-pulsed ablation in organic
solvents usually results in a severe loss of productivity,
possibly due to strong gas generation from solvent
evaporation and decomposition, which scatters the laser

beam [160]. This problem is much less pronounced when

/ Colloid out

Liquid in

Figure 15 Ablation chamber

flow direction used in this work.

and
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ps pulses are employed (cf. Figure 1 in A4, where a higher power specific productivity was
measured for ps-pulsed laser ablation in propylene carbonate than for ns-pulsed laser
ablation). For this reason, the ablation of base metal combinations is planned to be executed
with a ps laser and since this is limited to 1064 nm, it also will be carried out with this
wavelength.

As soon as ablations are carried out in solvents, it is sensible to consider impurities entering
the colloid through leeching from seals, which are usually made from silicone rubber.
Additionally, solvents may attack the seals in a way, that leads to the ablation chamber
leaking, which in the case of flammable organic solvents is a safety concern. Both problems
can be solved by employing fluorocarbon rubber (FFKM), to seal the mating surfaces. These
materials have excellent stability against most solvents, acids and bases [259], which makes
them ideally suited for the flexible application in research. Unfortunately, at the time of
experimenting, flat stock material was prohibitively expensive at about 1000 € per
100x100x1mm sheet. A good alternative to this was found to be expanded PTFE (e-PTFE).
With the good chemical stability of PTFE and the conforming ability of the foamy structure
and lower price, at about 40€ per pre-cut set, this material was able to prevent leaks and
made leaching of impurities unlikely. Regarding tubing, PTFE-tubing bent with the help of
a hot air gun, was found to be sufficient, though better alternatives in the form of PTFE-

lined tubing are available and might increase reliability.

3.4 Choice of Additives and Solvent

As water is the cheapest and most researched liquid, it is also used for noble metal
combinations following the differentiation outlined in S1.2 of Annex A4. The water used is
desalinated and further purified by filtration through a MiliQ-System. As pure water does
not allow for the smallest particle size distributions, micromolar additives are employed. In
the example in Figure 14, this was a 100 pM solution of KOH. However, the choice of
additive is also closely related to colloidal purity. As the particles will be used as oxidation
catalysts, any additive should be removable by oxidation at elevated temperatures, while at
the same time helping to control size and stability in the colloidal phase. This means that
an ideal additive will decompose into gaseous products when exposed to high temperatures
and an oxidative environment. KOH does not meet this design criterion as it oxidises to
give a solid product. A better choice would be ammonium hydroxide, which readily
decomposes into nitrogen and hydrogen when combusted. A comparison between ammonium
hydroxide and potassium hydroxide showed that this base is not suitable as it induces
colloidal instability, particularly in the case of silver. A better alternative proved to be

tetraethylammonium hydroxide (TEAOH), an organic base with properties superior to
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ammonia and comparable to KOH, making it the ideal substitute. HNO;3; was chosen for
titration purposes, as this acid will also decompose within a high temperature oxidative
environment as will its reaction products with TEAOH. To further stabilize the colloids, a
salt like NaCl can be used. This has a similar disadvantage to KOH though, as the chloride
may tightly bind to the nanoparticle and the sodium cannot be removed upon oxidation.
The chlorine can be replaced by citrate, which can be removed easily, and the sodium can
be replaced by ammonia. Ablations carried out with ammonium citrate showed stable
colloids and thus were used throughout the aqueous ablations.

The choice of an organic solvent for the ablation of materials that are sensitive to oxidation
is much more difficult. Jendrzej et al. showed that a higher solvent viscosity can be beneficial
for colloid stability when they synthesised particles in polyalphaolefins that were stable even
when used as engine oil under engine operating conditions [260]. There is also evidence that
a high dipole moment is beneficial for particle stability after synthesis [146]. A high polarity
is also attributed to smaller particles, at least when comparing protic and aprotic
solvents [220]. The search for a high polarity, high dipole moment solvent led to propylene
carbonate. Not only does it have a very high dipole moment of about17*107™ Cm, it also
has a high relative dielectric constant of about 67 [261]. Additionally, it has a high boiling
point (249°C) with exceptionally low vapour pressure of about 3 Pa at room
temperature [262]. It is reasonable to assume that this will result in small cavitation bubbles,
as solvent evaporation is limited. Also, this will make working with the solvent rather safe
because ignition of spills is not to be expected and if the solvent breaks down upon laser
irradiation its decomposition products won’t contain anything that can’t be burned off of
the nanoparticles. Finally, its viscosity is higher than that of water at 2.4 mPas [262]. On
top of this, propylene carbonate is only mildly irritant and can be synthesized from COs,
which makes it a green solvent that is already applied in a wide range of processes and
products [263]. The only downside that it shares with many other solvents is, that it won’t
allow supporting the nanoparticles via a pH assisted route. One option would be to find
suitable cross-linkers, where one side selectively binds to the nanoparticles and the other
side to the support. But many times these cross-linkers may introduce impurities like
sulphur [264], which this work aims to avoid. This means that supporting the nanoparticles
from this solvent will be carried out using the concentration by distillation approach
illustrated in chapter 2.3.3. In order to be able to distil the colloids gently, this entailed
building a vacuum distillation in order to overcome the high boiling point and low vapour
pressure. Another approach can be to use the ability of a propylene carbonate based colloid
to solvate ions, selectively destabilizing the nanoparticles. Experiments in this regard led to

a patent showcasing that only a colloid is able to solvate sodium-, potassium and ammonium
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nitrate as well as potassium iodide. This leads to a destabilized colloid adsorbing on support
particles that are stirred into the solution [265]. While this route allows omitting the vacuum
distillation it currently lacks particle size control. Since the adsorption of particles is
triggered by selectively destabilizing the colloids, adsorption is always accompanied by
particle agglomeration. This could negatively impact the performance of the catalysts and

therefore this route wasn’t employed.
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4 Results

4.1 Application of catalysts in an industrial test setting
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Commercial diesel oxidation catalysis mainly uses monometallic
and bimetallic Pt—Pd-based catalysts, but alloying with different
elements has rarely been done systematically under industrial
testing conditions. 45 binary alloys made of platinum and a
selected 1% and 2™-row transition metal, platinum group
element, or coin metal were synthesized via a scalable laser
synthesis method. Then, catalytic performance and durability
were evaluated for one diesel oxidation and two ammonia-slip
environments. The results show the highest activity when the

1. Introduction

To protect citizens and improve their quality of life, emission
restrictions have been imposed and have become stricter over
time.'™ Apart from other strategies, car manufacturers use
catalytic abatement of waste gas to adhere to regulations.” For
automotive use, active and durable catalysts are needed to
cover a large temperature range (RT-~700°C) and perform in
changing engine conditions with varying gas feed
compositions. Commercial diesel oxidation catalysts histori-
cally used noble metal nanoparticles (Pt and/or Pd).®” With
increasing noble metal prices, there is interest in reducing
Platinum Group Elements (PGEs) usage. This can be achieved by
alloying with different PGEs or cheaper noble or base metals.
This strategy also promises to improve catalytic activity. For
example, considering Montemore etal’s work, it can be
estimated that alloying of Pt (or Pd) with Ag, Au or Cu might
improve CO-Oxidation capabilities.® Looking further at the
literature, a lot of work has been put into abatement of NO,'”
and soot emissions,"" but previous studies on alloy catalysts
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adsorption enthalpy of molecular oxygen of the alloy was
similar to the value of Pt. Furthermore, the durability of the
alloy catalysts was found to increase with the melting point of
the 2™ element Pt was alloyed with, even at molar fractions.
Our results further indicate beneficial synergies beyond the
binary systems underlining the possibility of further improve-
ments by considering ternary or multinary alloys, which are
accessible via laser synthesis.

either only comprised a very limited set of alloys"*"® or were

set far apart from automotive applications (e.g., electrochemical
studies or fuel cells!"”*). Also, interesting work has been done
in the field of three-way catalysts,**** where multinary alloys
have proven their good activity and durability. This points to
the need for a systematic study, that focuses on alloyed
nanoparticles in diesel oxidation catalysis. Since extrapolating
from simple gas mixtures on the lab scale is difficult due to the
complexity of exhaust gas catalysis, this study aims to evaluate
catalysts close to real application. This is done by screening
supported alloy nanoparticle catalysts while preparing them
according to industry standards and testing in an industrial
setting. Testing will be done in three reaction gas mixtures, one
mixture representing a Diesel Oxidation Catalysis (DOC) envi-
ronment (Feed=CO, C;H,, O,, H,0, CO, in N,) and two mixtures
representing an Ammonia Slip Catalysis (ASC) environment
where either NO is present or not (ASC; Feed=NH;, (NO), O,,
H,O in N,). Due to the high noble metal content of commercial
catalysts for DOC and ASC, this is where alloying can show the
most benefit.

With these environments in mind, the alloys are chosen.
The main constituent of the alloys is chosen to be Pt as it is
ubiquitous in exhaust gas catalysis, either as a pure metal or as
a constituent of alloys.”**® Typically alloys from Pt and Pd are
used,”® in part because of the excellent activity and durability,
that come from Pd inhibiting the Pt particle growth.”” For this
reason, also Pt—Pd is included in this study. Rh is chosen
because it is typical for three-way catalysts® and has an
activation energy similar to Pt for CO-oxidation,?” making it a
good candidate for high activity. Its high melting point should
also aid in making the alloy durable. An alloy of Pt with either
Ag or Au is expected to show improved tolerance for water in
the wet gas stream.F'% Alloying Pt with base metals like Cu,
Mn or Fe promises to show good performance in ammonia
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oxidation, as the oxides of the base metals belong to the active
catalysts.”™ Especially Fe is expected to favour N, in the reaction
(reducing NO, emissions) as its high activation energy for N,-
dissociation® prevents N,, once formed, from splitting and
thus removes nitrogen from the oxidation reaction. Pt—Cu is
also expected to show good CO-Oxidation properties due to
the Sabatier principle® Ruthenium is chosen as a promising
candidate for CO-Oxidation and N,-formation.”® Generally, its
high activity is attributed to a thin oxide layer, which is
inactivated through oxide layer growth and water
adsorption.®’”*® This layer growth and water adsorption are
hypothesized to be inhibited by ennobling Ru with Pt.
Ruthenium is also expected to improve durability due to its
high melting point, as are alloys from Pt and Nb or Mo. In
addition to binary Pt alloys, some other combinations will be
studied. Pd—Cu alloys are chosen, as the Sabatier principle
suggests an improvement in CO-oxidation.®” Furthermore,
Au—Ir and Au—Rh will be tested. Ir and Rh are expected to be
moderated by the addition of gold, allowing for an increase in
selectivity by an O-spillover from Rh or Ir to Au.®*”

The precise composition of the alloy is determined mainly
by the underlying bulk phase diagram of the mixture with a
distinction into two main categories. For all alloys that were
expected to show a high CO-oxidation activity (Pt+ Pd, Ru, Cu,
Au, Ag, Rh and Pd+Cu), a large mixing interval is chosen (10-
99 at% Pt) with Pt+Rh, Au+Ir and Au+Rh as exceptions. Due
to cost reasons the maximum proportion of Rh and Ir was kept
at 50 at% for these alloys. For all alloys where an ennobling by
platinum was hypothesized and where durability was the main
focus, the minimum proportion of Pt was kept to 50 at% (Pt+
Nb, Mn, Mo, Fe). Detailed compositions can be found in S1.

In total this screening study comprises 13 alloy systems with
overall 45 different compositions. For this highly diverse sample
setup, a high-throughput alloy nanoparticle synthesis method is
needed. Rather than develop a different wet-chemical synthesis
strategy for every alloy system, synthesis by laser ablation in
liquids was chosen. In this method, a high-power pulsed laser is

employed to synthesise nanoparticles by ablating material
immersed in a liquid."**" This process has been shown to yield
alloyed nanoparticles in a simple process with pre-alloyed metal
sheets, thin metal bilayers or sintered/pressed powder
mixtures.'>"746% Also, this method is able to provide high
amounts of nanoparticles in the gram scale,"**"*? which is
needed to fulfil the demands of industrial catalyst testing. For
example, Au-Pt alloy nanoparticle productivity has been
demonstrated to robustly yield 8.3 g/h,®? equivalent to 830 g
supported catalyst at 1 wt% loading.

It will be shown that laser ablation synthesis is able to
provide sufficient amounts of the 45 different alloy nanoparticle
compositional variants, as a basis for a demanding industrial
screening study for waste gas abatement of diesel combustion
engines.

2. Catalytic Measurements
2.1. Result evaluation

For an evaluation of the catalysts, various single-point analyses
of the spectra are used, which will be briefly presented below
and in Figure 1.

2.1.1. DOC - CO- and HC-Oxidation

Since the main task of the diesel oxidation catalyst is to
completely oxidize carbonaceous exhaust gases, the DOC test
first determines the light-up temperature, at which a turnover
(of CO or propene) of 50% is achieved (LUs) (cf. Figure 1 a) and
b)). The lower the measured temperature, the better the
catalyst is to be classified. In some samples, when temperatures
rise, CO is formed due to the oxidation of propene. As a result,
there is sometimes more than one crossing point at 50%
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Figure 1. Exemplary results evaluation of a Pt—Pd sample. From the CO and HC conversion curves (a, b) the temperature of 50% conversion (LUsy) is read out.
The NO,formation (c) is evaluated at 250°C and the N,O formation (d) is evaluated as mean formation.
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indicated by an error bar. @(N,0) = /CN odT - 1/.,_ T 2)
2 2 I

2.1.2. DOC - Nitric-oxide formation

In addition to the oxidation of the carbon-containing exhaust
gas components, the diesel oxidation catalyst stage is intended
to help provide NO and NO, in a 1:1 stoichiometric proportion
to enable a fast-SCR reaction downstream in the motor vehicle.
Since this cannot be guaranteed over the entire temperature
range for thermodynamic reasons, the efficiency of the catalyst
is mainly measured by how much NO, is formed at 250°C. At
this temperature, the equilibrium is still on the side of NO,, so it
can be expected that a lot is formed in the presence of a good
catalyst. The measured NO, concentrations are normalized for
application to the NO input concentration (eq.(1)). According to
this equation, the percentage of NO, -content at 250°C is
evaluated (cf. Figure 1 c)).

NOz pm = 57 (1)

As a side reaction, nitrous oxide can still form in the
oxidation catalyst. As an undesirable greenhouse gas, the
amount is also measured. The catalysts are then compared
based on the average amount of N,O formed. For this purpose,
the amount of nitrous oxide formed is first integrated over the
entire temperature range and finally weighted with the temper-
ature interval (eq. (2)) (cf. Figure 1 d)).

Ty

2.1.3. ASC

The ammonia slip catalyst needs to oxidize surplus ammonia to
nitrogen and water. This needs to happen as fast as possible,
with as few nitrous oxide by-products as possible. The result
evaluation, therefore, centres around the ammonia conversion,
which is quantified, just as with CO— and HC-conversion, as the
LUs, temperature (cf. Figure 1 a and b)). In the measurement
NO,, NO, and N,O are also quantified and evaluated as the
mean quantity in the complete temperature interval, as
demonstrated for N,O in the DOC measurement (cf. Figure 1
d)). Additionally, the amount of formed nitrogen can be
obtained. This is also evaluated as an average amount.

3. Results and Discussion
3.1. Particle characterisation

The particles were analysed as described in the methods
section. To illustrate this process Figure 2 shows an exemplary
analysis and summarizes particle size distribution and composi-
tion data.

The obtained particle size distributions (cf. Figure 2 (a))
show that all samples synthesized by the nanosecond laser at
532 nm wavelength have the peak particle diameter (distribu-
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Figure 2. Exemplary sample analysis (on Pts,Rhs). Particles were counted via TEM (a), single particle composition was verified on several EDX line and area-

scans (b) and bulk composition was checked with ICP-OES (c).
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tion modus) between 3.4 and 5 nm and at 1064 nm wavelength
at about 2 nm diameter, whereas the samples synthesized by
the picosecond laser show a modus between 1.8 and 3.8 nm.
Overall, the particle size distributions are comparable, with
some outliers towards larger particle sizes. The overview of the
particle distribution modi can be found in Figure3 and
exemplary STEM images as well as all detailed particle
distribution plots with additional information are given in
sections S2.1 and S2.2 of the supplementary information.

The sample composition was checked via digestion in ICP-
OES and TEM-EDX (cf. Figure 2 (b, c)) and S2.3 of the SI. While
the TEM-EDX line scans mostly confirm the alloying of materials,
the overall compositions differ from the results of ICP-OES in
many cases. This difference is attributed to the low sample size
in TEM-EDX of mainly 12 scans. For this reason, the data from
ICP-OES is used for evaluations where sample composition is
relevant. Additionally, the catalyst loading could be obtained
from ICP-OES measurements. The nominal loading of the
samples could be achieved to within 0.1 wt.% except for four
samples (Pt—Ru and Au—lIr). The large observed divergence, in
this case, may be attributed to sedimentation issues that
prevented accurate measurement of the catalyst loading.

3.2. Catalysis

The tested alloys have been chosen, to show two different
properties. Firstly, the catalytic activity should be evaluated.
Secondly, the metals were chosen to show a trend in catalyst
ageing resistance. The catalyst stability was hypothesized to
correlate to the melting point of the alloy-metal (i.e., refractory
metals are better than non-refractory metals when only catalyst
stability is considered).

3.2.1. DOC

Regarding the overall activity, the conventional Pt—Pd system
outperforms all other catalyst alloys. This system is closely
followed by Pt—Cu, which is especially good in the fresh state
and shows remarkably little dependency on the amount of
copper added. With alloys comprising 90% copper still perform-
ing as well as alloys containing only 10%. As a noble-metal
combination, Pt,Rh,4. also shows high activity for x>90. Even
though rhodium should show good oxidation activity on its
own, alloys with high rhodium content drastically decrease in
activity. Other noteworthy alloys are Pt—-Mo and Pd—Cu. Both
mainly because of their durability and for Pd—Cu also the low
dependency on mixing ratio. As is to be expected in a screening
study, some alloys did not show appreciable activity at all.
These alloys mainly contain gold (Au—Ir, Au—Rh, Pt—Au) and the
Pt—Ag system also shows signs of inactivity, though not as
strong as the aforementioned three systems. The observed
trends with the CO oxidation, continue, though less obvious, in
the evaluation of HC oxidation and NO, and N,O formation. The
respective overviews are plotted in S5.2.

To give a better overview of the CO oxidation trends, the
activity of the catalysts is evaluated regarding their affinity
towards the reactants. The statistical significance of the
obtained results is verified by using an ANOVA test. From DFT
calculations it is known that the CO oxidation on metal
nanoparticles will show a volcano like dependency when
plotted over the CO adsorption enthalpy or the O adsorption
enthalpy. The peak activity is calculated and found to occur for
materials that have about —1 eV adsorption enthalpy for CO as
well as for atomic oxygen.?¥

As obtaining the exact enthalpy for all alloys is beyond the
scope of this study, the comparison is done based on alloy
metal (i.e., Pt+ X) and an extensive list of sources can be found
in S4.
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Figure 3. Summary of the particle size distribution modi of all samples sorted by synthesis laser.
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Comparing our data to the literature we find that the
dependence on CO adsorption enthalpy only shows a slight
scaling relation and that also only for aged samples (cf. $5.3.1).
This can be explained by observing the environmental con-
ditions. Apart from other constituents, the catalyst is exposed
to an abundance of oxygen. On Pt(111) and for CO:O, ratios
<10% the CO mass transfer to the catalyst is the rate-limiting
step.”™ This same rule applies also to platinum group metals.*
Since the CO:0, ratio in this study equals 0.4%, the limited CO
mass transfer should explain the minor observed scaling
relation.

When plotting the activity over the O adsorption enthalpy a
volcano-like dependency can be found for the fresh samples
(Figure 4). The plot using this adsorption enthalpy as the x-axis
has several benefits because the activated oxygen is important
for all occurring reactions in the DOC environment (i.e., CO
oxidation, propene oxidation and NO oxidation®). It may
therefore show the effect of the combined gas mixture.
Therefore, the LU, of the CO oxidation is analysed with respect
to the adsorption enthalpy of atomic oxygen.

The observed volcano shape suggests an optimum close to
the adsorption enthalpy of platinum This dependence disap-
pears for aged samples that contain metals with an absolute
affinity to oxygen higher than platinum. The optimum lies 1 eV
lower than what would be expected for the CO oxidation from

the literature.®¥ As this study is working with a complex gas
mixture this behaviour can be explained. Our gas mixture also
contains NO, water, and propene. Propene, for example, is
known to inhibit oxygen adsorption on Pt®® and also the other
gasses can be expected to compete with oxygen for surface
occupancy. Since the availability of activated oxygen is
important for all oxidation reactions,”® the optimum should
shift in the direction of higher oxygen affinity as observed here.

The high oxygen affinity could also explain, why the scaling
relation for the aged samples and materials of a high affinity
disappears. A strong bond to oxygen might lead to surface
segregation of the base metal. Subsequent oxidation might
then lead to slight deactivation of the catalysts. Counter-
intuitively, the opposite may also happen. It was recently
shown, that PdO segregates from Pt—Pd particles upon ageing
under oxidative conditions. The formed janus-partices then
enable a self-healing property, explaining the high durability of
this alloy.”® The role of phase-segregation upon oxidation and
the formation of mobile oxide species is difficult to quantify but
may play a significant role in the correlation to the heats of
adsorption. Further in-depth study of the segregation and
reconstruction behaviour and possibly measurement of the
adsorption enthalpy of these platinum-nanoalloys and quantifi-
cation of oxide formation especially after aging will help
pinpoint the cause of the observed behaviour.
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Figure 4. LU, of laser-generated alloy catalyst (Pt+ X) in the CO oxidation reaction. In fresh state (a) a volcano-like dependence from the adsorption energy of
atomic oxygen is visible. The dependence in the left arc disappears for aged samples (b).
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Looking at the other sub-reactions (propene-oxidation, NO,
and N,O formation, cf. S5.3), the correlation for metals with a
lower affinity towards oxygen than platinum holds strong.
Generally, it is obvious in those reactions that silver and gold
make the catalyst performance worse. Also, no strong correla-
tion between oxygen affinity and light-up/formation can be
found for alloys with a higher oxygen affinity. This suggests,
that with those alloys the reaction pathway is not strongly
influenced by the adsorption enthalpy of molecular oxygen.

With respect to the durability of the catalysts, another
overview plot is generated. In this, the difference in light-up
temperature between the fresh and the aged samples (650 °C)
is plotted. When alloying platinum with different metals a
change in ageing behaviour is suspected. Alloying with metals
of lower melting point lowers the overall alloy melting point
and should allow for less inhibited material movement on the
support surface during catalysis. If platinum is alloyed with
metals of higher melting point this behaviour is expected to
inhibit the material movement and thus the ageing due to
particle growth and subsequent loss of active surface area.
When plotting the difference in LUy, in the CO-Oxidation
reaction in dependence on the melting point of the alloy a clear
trend is visible (cf. Figure5). Figure5 a) shows that the
correlation is strongest when the melting point of the metal (Pt
-+ X) with which the alloy is formed is used as the x-axis. If the

melting point of the alloy is taken from the bulk phase diagram
(Figure 5 b)), the correlation is smaller. This is to be expected, as
many alloys in this study contain a high amount of platinum
and thus the alloy melting point is situated close to that of
platinum. As is in line with the hypothesis, alloys of low melting
point (e.g., containing gold, silver or copper) belong to the
catalysts that age the strongest, while catalysts with alloy
metals of high melting point (e.g., niobium, molybdenum or
ruthenium) show the highest durability. The analysis was
repeated for the reactions of propene-oxidation and nitric-oxide
formations and the same correlations were found. A correlation
towards the alloy metal melting point can be found for all
reactions except N,O-Formation (cf. S5.4). Variations in the
durability within the alloy compositions might also correlate to
oxidation and the formation of volatile oxides that increase the
durability of some combinations (like for Pt—Pd reported by
Porter et al.®®) or decrease the durability for others, where no
synergistic behaviour exists.

In summary, it may be concluded that when designing a
catalyst for durability, the type of element used for alloying can
be more important than the amount used. Even small amounts
of a high melting point metal can improve resistance against

aging.
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Figure 5. Difference between LU, (fresh minus aged) of laser-generated alloy catalyst in the CO oxidation reaction. Comparison to melting point of alloy
element (a) and to melting point of the mixture taken from the underlying bulk phase diagrams (b).
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3.2.2. ASC

In the ammonia oxidation catalysis, well-performing alloy
catalysts are mixtures of Pt with Pd, Nb, Ru, Fe, and Mn
containing a medium to high proportion of Pt. Pt—Cu and
Pt—Mo show good activity over the whole tested mixing range.
Those two systems also show exceptionally good ageing
behaviour. Well-performing systems show NH;-LUg;, temper-
atures of ca. 150-180°C (with NO present) and 190-205°C
(without NO present). The alloys Pt—Ru, Pt—Rh, and Pt—Ag
containing a low amount of platinum are less active, while the
systems Au—Rh, Au—Ir, Au—Pt and Pd—Cu are inactive and
durable. (Cf. S6.2 and S6.5).

In order to extract patterns, it seems worthwhile to also plot
the ASC data depending on an adsorption enthalpy. From
literature, it is known that the oxidation of ammonia begins
with the adsorption of ammonia and oxygen on acidic and
redox sites respectively. This is followed by the abstraction of
hydrogen by active O species or OH groups formed either by O,
activation on redox sites or O vacancies on metal oxides.
Generally, the reaction pathway is divided into three distinct
mechanisms, the imide-, hydrazine- and i-SCR-mechanism.®”
From these three, the imide-mechanism is the most prevalent
for Pt nanoparticles supported on alumina and needs the O,
activation as an important step for NH; dissociation.”® It is
however notable, that on one catalyst surface, more than one
mechanism can occur. Which reaction pathway takes place is
dependent, for example, on catalyst support material and
reaction temperature.®”

Considering Pt(100), the rate of ammonia oxidation is
mainly dependent on NO desorption.®? As this study focuses
on alloys comprising mainly Pt alloyed with different metals,
this would make it prudent, to plot the obtained data over the
NO adsorption enthalpy of the respective metal.

When evaluating the LUg, of the NH; oxidation with and
without NO present in the feed gas stream, it quickly becomes
obvious that no clear correlation towards the NO adsorption
enthalpy can be drawn (cf. S6). Just as with the DOC reaction,
the common rate-limiting step was not obvious in our study.
The complex gas mixtures and the industrial test setting
apparently change the common mode of operation, underlining
the importance of testing the catalysts in these real-world
environments.

Our test regime showed that in the case of ammonia
oxidation also the adsorption enthalpy of oxygen plays an
important role. Especially, when considering side reactions
towards nitric oxides, two major patterns emerge. All systems
produce nitric oxides in varying amounts, but either the
reaction towards NO or towards NO, and N, is favoured.

This correlation can be seen best in Figure 6. The negative
ANOVA test of the linear fit towards oxygen adsorptions shows
that there are two big groups. Pt-alloys with Mo, Ru, Nb, Fe, and
Mn form little NO when compared to Cu, Rh, and Ag with the
Pt—Pd alloy being an exception. The positive correlation in the
right arch of the aged samples is mainly attributable to the
inactiveness of the Pt—Au alloys and disappears when the worst
catalysts are excluded. This leads to the hypothesis that when
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the adsorption enthalpy for molecular oxygen is equal to or
higher than that of rhodium, NO is a favoured reaction product
when considering the alloys with Pt.

This analysis has been performed for all reaction pathways,
similar to the DOC section. All data is plotted in S6.3 and S6.6.
The grouping shows up whether NO is present in the feed gas
or not and is also visible when considering the other reaction
products like NO,, N,O, and N, with N,O being the least obvious
due to a large signal-to-noise ratio in the data. First, this allows
the conclusion that the tested catalysts are all robust towards
the NO concentration and can be expected to catalyse the
ammonia oxidation selectively and independently from NO
concentration.

Looking at the literature the grouping behaviour may be
loosely attributed to the underlying reaction mechanisms. From
Lan et al. we can conclude that the hydrazine mechanism is not
relevant to our experiments since it requires low oxygen partial
pressures that don't reflect our experiment.”” The remaining
three mechanisms are the imide-, i-SCR-, and N,-mechanism.

The i-SCR and N,-mechanism explain the observed inter-
mediates for reactions over silver-based catalysts, so for
catalysts that have a low adsorption enthalpy for oxygen. Since
in the N, mechanism no NO is detected, but our catalysts
produce it, this mechanism may also be excluded. The observed
by-products of the i-SCR mechanism are the same as for the
imide mechanism: N,, NO, and N,O. Considering that NO is
mainly found as an intermediate in the imide mechanism,
catalysts with a high affinity for oxygen and thus high surface
coverage may have a high possibility to over-oxidise the NO to
NO,. Catalysts with a low affinity toward oxygen would have a
lower probability for this and thus mainly yield NO. Summariz-
ing, this means that catalysts with a low oxygen affinity will
favour NO as a by-product, while catalysts with a higher affinity
will favour NO,. This fits the picture we observe, where the
border appears to be the adsorption enthalpy of rhodium (cf.
eqg. (3)):

Eo_nds < Eo_nas(Rh) — Ny, NO,

Eo ass = Eo_nas(Rh) — NO, (N0) ®

It is therefore possible that a platinum alloy may exhibit two
different ammonia oxidation mechanisms dependent on the
alloy material.

Finally, the durability of the alloy catalysts was also
evaluated. While the correlation between ageing and melting
point is higher when only the melting point of the alloy
element is considered, no significant correlation could be found
for either the melting point of the alloy element or of the alloy
(cf. also to S6.4 and S6.7). In contrast to the DOC measurement,
the ASC ageing of the catalysts does not seem to correlate
strongly to the alloy element or composition. This may be due
to the influence of particle oxidation and the formation of
volatile oxide species, which may, for the ASC environment,
equalize the durability shown by the catalysts.
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Figure 6. Average NO concentration of laser-generated catalyst in the ammonia oxidation reaction. In fresh (a) and aged state (b) a volcano-like dependence

from the adsorption energy of atomic oxygen is visible for E, < Eggp.

4. Conclusions

This study aims to broaden the composition-related knowledge
regarding waste gas abatement by synthesizing 45 binary alloys
of platinum with other metals. The screening is enabled by a
scalable laser synthesis method, since today, fully enclosed,
automated  benchtop laser synthesis machines are
available.®? The catalysts were tested in an industrial environ-
ment with one DOC and two ASC gas mixtures, and two aging
regimes. This allowed for identification of composition-activity
and composition-durability correlations.

When comparing the tested material systems individually
our results show that alloys of Pt with Cu, Mo, or Pd show
particularly promising activity correlations in DOC. Despite
them being not the most active (especially in aged states), the
alloy systems Pt—Cu and Pt—Mo are also very notable, as they
show a hardly any dependence between activity and alloy
composition. They share this behaviour with Pd—Cu.

In the case of ASC, the most favourable compositions are
alloys of Pt with Nb, Ru, Fe, or Mn. All these compositions show
a high selectivity for N, and have high activity. One very
promising alloy constituent was shown to be Cu. This metal
showed a high activity whereby the activity of Pt—Cu exceeds
that of Pd—Cu. Furthermore, alloys from Pd or Pt with Cu show
particularly low dependence of the activity and selectivity on
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composition, making copper a very cost-effective catalyst
additive. Pt-Mn and Pt—Fe alloys showed good activities in the
DOC- and the ASC environment with Fe also exhibiting a high
selectivity for N,. Alloys of Pt and Ru exhibited a high selectivity
for N,, although high amounts of Pt are required to also provide
a good activity (DOC: > 80 at%; ASC: > 50 at%). The ennobling
of Ru by Pt seems to work over the whole tested mixing range,
with the Pt—Ru-catalysts exhibiting very good durability in DOC
as well as ASC.

Apart from the individual comparison, the data was used to
develop composition-activity- and composition-durability-corre-
lations for DOC and ASC. When correlating the catalytic activity
with the adsorption enthalpy of molecular oxygen, a volcano
trend appears for DOC. Compared to DFT studies, the observed
oxygen adsorption enthalpy at maximum activity is shifted by
1 eV towards stronger oxygen binding. This behaviour could be
attributed to the more complex gas mixtures present in this
study. For the aged alloy catalysts, there is no statistically
significant correlation between activity and oxygen adsorption
enthalpy when |E 4| > |Eoaus(Pt)|. This observation may be
linked to element segregation and/or passivation due to
oxidation of the catalyst surface, but formation of volatile
oxides may also play a role.

Regarding the durability in the DOC environment, the
catalysts show a statistically significant positive correlation

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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between the change in activity and melting temperature for
both the alloy and the element platinum was mixed with.
Hereby, the highest durability is observed for elements and
alloys with the highest melting point. The data allowed for the
conclusion, that the type of element used for alloying can be
more important than the amount. For ASC reactions, no
correlation was found between ammonia oxidation and NO
adsorption enthalpy, contradicting literature, and highlighting
the importance of testing catalysts in environments similar to
waste gas abatement. In turn, a strong link was found between
oxygen adsorption enthalpy and reaction products. Alloy
catalysts with oxygen adsorption enthalpy below Rhodium
favoured N, and NO,, while Pt alloys with lower oxygen
adsorption enthalpy favoured NO and N,O. This was attributed
to the imide-mechanism and i-SCR-mechanism. Pt—Pd was the
only exception, favouring N, and NO.,.

In summary, this study shows that the industrial testing
conditions are important to the catalyst screening, as some of
the observed performance trends were not expected from
literature (especially for ASC). It was shown that alloy catalysts
have a high potential to reduce the need for noble metals (i.e.,
Pd—Cu, Pt—Cu) but the durability needs to be further optimized.
In this regard, improved durability was observed when alloying
platinum with refractory metals where particularly low contents
were already beneficial. With this in mind, ternary alloys (e.g.,
Pt—Cu—Mo or Pt—Cu—Nb) appear as a sensible next step for
further studies. With laser synthesis being a mature and well-
established synthesis method, multinary alloy catalysts can be
obtained similar to this study.?°%*$* Multinary alloys consisting
of Pt and (a combination of) Cu, Mo, Nb, or Mn to tune activity

(4 5 & 7 8 9 10 1112\
21 21 22 22 23 23 24 24 P

Ti V |Cr|Mn| Fe| Co| Ni | Cu Zn

40 41 42 43 44 45 48 47 48

Zr Nb|Mo| Tc | Ru [ Rh Pd | Ag| Cd

72 73 74 75 76 7 78 79 80

Hf Ta| W |  Re| Os| Ir | Pt | Au| Hg

Decision on test field

b) Tube reactor
T 1\
(00
(- —
Padding/Powder/Padding

Preparation

Testing

and durability appear possible. Such complex high-entropy
alloys have found recent attention in three-way catalysis®**”
(A=1) and multinary alloy catalysts designed with the knowl-
edge from this study may be interesting to apply for A>1
environments.

5. Materials and Methods
5.1. Colloid synthesis

The tested catalysts were synthesised from independently
produced mixed-metal targets. These targets were pressed from
base metal powder and subsequently sintered. Additional detail
on the target production process can be found in the
supplementary information (cf. $1.1).

The mixed-metal targets were used to synthesise colloids
via pulsed laser ablation. Noble metal nanoparticles were
synthesised with water as the medium, and base metal
combinations were ablated using propylene carbonate as the
medium. The latter was selected as it is a technical liquid that
has a very low vapour pressure allowing safe handling and is
thermostable which would allow recycling via vapour conden-
sation. The ablation was done using two different laser systems.
Generally, a nanosecond pulsed laser system (Edgewave 1S160-
1-T) with 532 nm wavelength and 5 kHz repetition frequency
and 50 W of power was used to ablate the water-based samples
(Max. ablation rate: ~488 mg/h, i.e,, ~11 mg/Wh). Ablation in
water was assisted with adding micromolar amounts of
additives (KOH, Sodium citrate or Ammonium citrate). The

L Hy/Na g %
2. Arg;g\/

adi.

Pt/Au

@&

X T=2/3T

Powder mixing
+ Pressing

Sintering

Laser
generated colloid

Colloid Oxide

b)‘

| VAC

w8

Supporting

4 Propylene carbonate
| S or H,0

Laser ablation

Figure 7. Experimental design of this study. After the decision on the systems (Pt+X, green; Au+X, blue), the elemental powders were mixed, pressed, and
sintered under appropriate atmosphere to obtain alloyed targets. Targets were ablated in a liquid with a pulsed laser. The colloids were supported on alumina
powder and prepared for catalysis measurement. The exact procedure differs for samples produced in water (a) and propylene carbonate (b). Performance

testing was done with automotive gas mixture and test equipment.
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organic solvent-based samples were synthesised using a pico-
second pulsed laser system (Amphos Poly 500). This system was
used at 1030 nm wavelength, 5 MHz repetition frequency and
467 W of laser power before duty cycling (Max. ablation rate:
~1100 mg/h, i.e., ~14 mg/Wh). More details are described in
the supplementary information, section S1.2.

5.2. Colloid immobilization

After obtaining the colloids the nanoparticles needed to be
immobilized on a support material. For this purpose, pure
aluminium oxide was chosen, so that no promoters would
interfere with the catalytic reaction. The aluminium oxide
powder was either wet-milled in an acid environment (pH 4, for
water-based samples) or jet-milled to attain a highly disperse
powder.

The water-based alumina was pH-adjusted and mixed with
the dispersed colloids by pumping the colloid slowly into the
alumina slurry and a pH-driven adsorption strategy was
employed to adsorb the nanoparticles on the support surface.
Sedimentation was then used to concentrate the samples to
approx. 150 g/l for use in dip casting.

For the propylene carbonate-based samples a pH-driven
adsorption strategy could not be used. Therefore, the colloids
were mixed with the support powder, which was dispersed by
strong ultrasonication. While stirring vigorously under a
vacuum, the propylene carbonate was gently distilled off. This
causes diffusion-driven supporting, resulting in dry catalyst
powder (Figure 7). A more in-depth description of the support-

ek DOC ASC1/2
(500°C) (550°C)
6/650 DOC ASC1/2

(500°C) (550°C)

DOC
(500°C)

ASC1/2

16/800 (550°C)

Figure 8. Catalyst testing procedure.

ing routes can be found in the supplementary information (cf.
S1.3).

5.3. Particle analysis

Prior to catalytic testing, all samples were characterized in detail
for particle size (STEM, JEOL JEM-2200 FS), composition (EDX
(JEOL JEM-2200 FS), ICP-OES (Varian 725ES, microwave pressure
digestion)) and loading (ICP-OES). Information on the composi-
tion was used to correct the measured data for deviations from
the nominal composition values.

Particle size measurements were carried out using STEM
images of diluted and dried washcoat. After being supported,
further growth of the particles is inhibited, while the colloids
might undergo ripening. As there will be a time delay between
supporting and measuring the colloids, measuring the particle
distribution via TEM should represent the samples best. With
little exception, for all samples, at least 500 particles were
manually counted, and the distribution was fitted. From this,
the specific surface area and peak particle diameter were
calculated.

Alloying of the particles was verified using the same device,
measuring EDX line scans and EDX mappings. For most
samples, about 12 EDX measurements were performed.
Compositions found this way don’t always match the composi-
tions found by digesting the samples and measuring ICP-OES,
but generally show homogeneous alloying. The discrepancy in
the composition is attributed to the small sample size and high
difficulty in analysing sub-10-nm particles. Data presented in
this study, which contains the composition data, always shows
the data obtained by ICP-OES. Both size- and elemental
composition data can be found in the supplementary informa-
tion S2.

5.4. Preparation of catalytic measurements

All water-based samples weighed in at 150 g of washcoat each.
Due to limitations in the solvent process, samples produced this
way were limited in mass and comprised 10 g. This in turn
means that two different approaches need to be utilized to
study the catalytic properties. All water-based samples were
processed as slurry, that was dip-coated on cordierite drill cores.
These coated drill cores were dried and calcined. After this

Table 1. Measured gases and evaluated values for the performed analyses.
DOC ASC
Gas Evaluated Gas Evaluated
CO(out) NH; (out)
co Conversion XCO =1-— co(in) NH, Conversion + Concentration XNH; =1- NH; (in)
X o Cg HG(OUI)
C3Hq Conversion HC — ~ GHs(in) NO Evaluated as concentration
NO, (out)
NO, Formation NOz_f,m — “NO(n) NO, Evaluated as concentration
N,O Evaluated as concentration N,O Evaluated as concentration
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preparation, all samples were catalytically tested in one DOC
and two ASC-gas mixtures. Testing was carried out with fresh
samples and samples that were aged to two different extents.
All catalysts were subjected to ageing by exposing the samples
to a water-saturated atmosphere (10 vol% H,O, 10 vol% O, in
N, balance) for 16 hours at 650°C (16/650). A smaller set of
catalysts was also subjected to ageing in the same atmosphere
at 800°C (16/800). Since the observed activity trends are similar
for both ageing protocols and most catalysts, all data presented
the discussion relates to the more complete set of aged
samples at 650 °C. In addition, all catalytic data can be found in
the supplementary information.

All solvent-based samples underwent the same thermal
cycling as the water-based samples. After being thoroughly
mixed they were pressed into a pill, which was subsequently
broken and sieved to obtain catalyst particles of about 500 um
diameter. 150 mg of these particles were then packed into a
tube furnace where they were aged and tested with an identical
procedure as the water-based samples.

5.5. Catalyst testing procedures

The gas mixtures were chosen according to automotive
industry standards. The DOC-gas mixture was comprised of CO,
C;Hg, NO, O,, and H,0 in an N, carrier gas flow. One ASC gas
mixture was comprised of NH;, O, and H,O in an N, carrier gas
flow, while a second mixture additionally contained NO. The
detailed composition can be found in S5.1 and S6.1.

After the preparation of the samples, catalytic testing was
carried out according to the schematic illustrated in Figure 8.
All samples were first characterized in the DOC gas stream and
after that, the ASC testing ensued, first without NO and then
with NO present in the gas stream. A slight deviation from this
plan was made for the Pt-Pd and Pt—Cu systems (for details
confer S1.4.).

The acquisition of measurement data was carried out using
an FTIR (FT-IR MKS Multigas 2030). Zero-point calibration was
carried out once a day. Before the measurements, the
concentrations of the gas mixtures are verified using the same
system by a bypass flow setup. The analysed gases are
summarized in Table 1. Information on the concentration of the
product gases is then used to calculate the extent of conversion
or formation.

As the water-based samples were tested as cordierite cores
and the solvent-based samples as powder, a crossover measure-
ment was carried out. Select water-based samples were
characterized in the powder reactor after being prepared like
the solvent-based samples. The results showed, that while the
absolute values sometimes differ from the measurement of the
cordierite cores, the order in which they are classified, does not
(for details confer S3). Therefore, the measurements are
comparable between water-based and solvent-based samples.
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4.2 In depth Discussion of Selected Alloys

The catalysts were synthesized via laser ablation of sintered-metal targets. The targets were
composed of a mixture of two metals, typically Pt+X, and ablated in a liquid flow. Noble
metal combinations were synthesized using water as a medium, while combinations of Pt
with a non-noble metal utilized propylene carbonate to hinder particle oxidation during
ablation. After colloid synthesis the particles were supported on alumina particles,
concentrated and deposited onto cordierite cores for all water-based samples, or tested as
catalyst grains for propylene carbonate based samples. Characterization of the catalyst was
carried out using HR-TEM, EDX, ICP-OES to verify composition and quantify the particle
size distribution. Details on synthesis and characterization can be found in Section 5 of the

publication, with further details

provided in section 3 of this work. DOC ASC]./ 2
_ Fresh " K
After synthesis of the catalysts, they (500 C) (550 C)

were subjected to an industry

standard  ageing  protocol by

DOC ASC1/2
exposing the catalysts to an 16/650 (500°C) (550°C)

atmosphere of 10 vol% H,O and
10 vol% O, in a Ny-balance at two DOC ASC]_/Z
16/800 _  (500°c)  (550°C)

different temperatures — 650°C and
800°C for 16 hours (cf. [63]). This

results in the ability to test the Figure 16 Catalytic testing procedure. Reprinted with permission
from S. Siebeneicher, S. Reichenberger, C. Hengst, F. Dornhaus,
B.  Wittek, S. Barcikowski, ChemCatChem 2023,
durability from the two additional DOI: 10.1002/cctc.202300563.

Copyright © 2023 Wiley-VCH GmbH.

catalysts in fresh state and evaluate

aged samples (cf. Figure 16).

The catalytic testing was conducted in three different gas mixtures, DOC, ASC1 and ASC2
(cf. Figure 16). As discussed in section 2.1 and 2.2, the diesel oxidation catalyst is directly
exposed to products of fuel combustion. These are mainly HO (7.5 vol%) and CO, (7 vol%)
with a lot of O, (10 vol%) still being present after lean combustion as well. Apart from this,
there are also unburnt components of the fuel in the waste gas stream. In this study the
unburnt components are represented by C3;Hg (180 ppm) and CO (250 ppm). Furthermore,
also NO (750 ppm) is mixed into the gas stream, which occurs in an engine from hot spots
during combustion. The remainder of the gas stream is made up of N,, as would be during

engine operation. Tabulated values of the used composition can be found in section
S5.1 of A4.
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The ammonia slip catalyst is exposed to an environment reflecting the one present after
DOC mainly aimed at evaluating the selective ammonia oxidation as discussed in section
2.2. The gas mixtures utilized for the ASC tests are as follows. One test, ASC1, is performed
without NO, representing the case of full reduction in the SCR catalyst. This gas mixture
then only contains “remaining” NH; (300 ppm) with mainly H,O (5 vol%) as reaction
product in a stream of O; (5 vol%) and carried by No. An additional test, ASC2, is performed
to replicate the situation of incomplete reduction of NO by adding NO (200 ppm) to the
gas stream. The tabulated concentrations of all ASC gas mixtures are available in section
S6.1 of A4.

From the DOC experiments CO and C;Hg light up temperatures were evaluated and the
NO, formation as well as N,O formation calculated. The data obtained from the ASC
experiments was used to measure the NH; light up temperature and evaluate the formation
of NO, NO, and N»O. Analyses of the data were done in accordance with the methodology
presented in section 2.1 of the publication. Comprehensive overview plots are available in
Figures S5.2 (for DOC) and Figures S6.2 and S6.5 (for ASC).

The most important results of this study have been published and can be found in the prior
chapter. The presented results include the finding that for the CO-Oxidation in DOC a
volcano-like dependence can be found with maximum activity being achieved when the
oxygen binding enthalpy for the metal platinum is alloyed with is close to that of platinum
(e.g. for Pt-Pd, Pt-Cu, Pt-Rh (only Pt-rich alloys)). Also, a relationship between the
durability and the melting point of the element Pt is alloyed with could be found with alloys
comprised from platinum and refractory metals showing significantly higher durability (e.g.,
Pt-Mo, Pt-Nb, Pt-Ru). A similar dependence could not be found for ASC, where the
activities are also rather similar. Most importantly for ASC, a dependence of byproduct and
the oxygen binding enthalpy could be found with elements that have a stronger affinity to
oxygen than Rh favouring NO and N,O and elements with a weaker affinity favouring NO,
and N.. Generally, some materials followed initial hypothesis, while others did not. For
example, Pt-Cu, Pt-Ag and Pt-Au were chosen because a mixture of them may improve
activity due to the CO oxidation activity following a volcano relationship with the maximum
of the activity assumed between the elements (cf. Figure 17 (d)). Activity enhancements
above Pt-Pd (the industrial reference) could nevertheless not be found. Pt-Cu shows hardly
any dependence on mixing ratio, which is notable, but Pt-Ag and Pt-Au don’t show the
initially hypothesized activity improvements. Similarly alloys with Au did not allow for
conclusions regarding selectivity. It was initially hypothesized that Au is able to moderate
the activity of an alloy, but the observed activities were too low to conclude meaningful

results regarding selectivity. Pt-Rh in itself is also notable. Its application in TWC [9] made
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it appear possible, that it should show high activities in an oxygen-rich environment as well.
It is known from literature that Rh, while initially active quickly deactivates in oxygen-rich
environments [12]. An ennobling with Pt was therefore hypothesized to prevent this
deactivation. This however is something that could not be observed. In fact, the lower the
Pt-content of the alloy, the less active the catalyst turned out to be, making an ennobling
of Rh by Pt unlikely. A similar argument is true for Pt-Ru, where also an ennobling by Pt
was hypothesized to prevent inactive surface-oxides from forming. This, however, is not
reflected in the data, as Pt-Ru just as Pt-Rh shows lower activities the lower the Pt-content
is (cf. S5.2.1 in A4.). Regarding ASC measurements promising alloys could also be identified.
Apart from Pt-Pd, which showed good activity, Pt-Nb, Pt-Ru, Pt-Fe and Pt-Mn were found
to be notably active and selective for N,, which is a characteristic that is known for the
oxides of Fe and Mn [38,39] and seems to be carried over to the alloys with Pt. Ru could
also be expected to exhibit a high selectivity to molecular nitrogen as it is known to have a
high activation energy for the dissociation of N, making it rather unlikely that once formed

molecular nitrogen gets split again [39)].

Since this study is mainly focused on the exploration of new material combinations a detailed
discussion of each alloy seems unnecessary. Therefore, this section will primarily emphasize
the evaluation of the most active and durable catalysts within the DOC domain with one
“negative” example being discussed as well. As CO-Oxidation is a well-studied reaction,
performance data will be discussed on the basis of this fundamental reaction. Additionally,
juxtapositions will be made with an example of the least durable and active catalysts. The
ASC evaluations revealed a distinct trend, categorizing the materials into catalysts
exhibiting selectivity either for NO, and N, or NO and N»O. This observed categorization
also warrants further discussion.

From all tested catalysts and using the CO-Oxidation as benchmark, the most active were
Pt-Pd, Pt-Rh (for high Pt-contents), Pt-Cu and Pt-Mo. As Pt-Pd and Pt-Rh are well known
elements and used broadly in waste gas abatement this in-depth discussion will focus on the
more exotic alloys of Pt-Mo and Pt-Cu. Incidentally, Pt-Mo is also one of the alloys showing
the highest durability in CO-Oxidation. On the other end of the spectrum, Pt-Ag is one of
the least active and durable catalysts. Of these catalysts, Pt-Mo is selective to NO, and N,
whereas Pt-Cu and Pt-Ag are selective to NO and N,O.

4.2.1 Pt-Cu

As discussed in section 3.1 the alloy of Pt and Cu was chosen because Jiang et al showed
data on the high temperature activity of Pt and Cu [37]. The volcano-like dependence of
the activity in CO-Oxidation on CO- and O-binding enthalpy of the metals means, that a
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4 Results
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Figure 17 Reaction rate of CO oxidation (logarithmic colour scale) as a function of the adsorption energies of
CO and O calculated using microkinetic models. Red indicates high rate, blue low. Upper row at low pressure
(0.22 bar) and low temperature, lower row at high pressure (1 bar) and high temperature. Reprinted with
permission from T. Jiang, D. J. Mowbray, S. Dobrin, H. Falsig, B. Hvolbak, T. Bligaard, and J. K. Nerskov,
The Journal of Physical Chemistry C 2009 113 (24), 10548-10553, DOI: 10.1021/jp811185g. Copyright © 2009
American Chemical Society.

combination of Pt and Cu may be a good idea (cf. Figure 17). While Pt in many cases is
close to the maximum, an improvement of activity may be possible for the {532} crystal
facet. The M12-clusters, which could be seen as geometrically closer to a nanoparticle (as
opposed single crystal facets), would possibly exhibit similar activities for an alloy of Pt-Cu
(Figure 17 (d)). From this graph, the activity of a copper-rich alloy should be lower than a
50:50 mixture with a platinum-rich combination being a little higher. Should this be the
case, a substitution of Pt with Cu would be economically interesting due to the negligible
price of copper when compared to platinum.

In Figure 18 a) the light-up temperature of all studied Pt-Cu alloys is plotted. With about
100°C the fresh catalysts belong to the most active ones studied in this work (cf. Fig. 24 in
section A4). Also, the activity of the catalysts hardly depends on the mixing ratio of the
two elements in the studied range between 10 and 90 at.% of Pt. This stays true for the
aged samples at 650 and 800°C. The hypothesis from Figure 17, that a copper-rich alloy
would be slightly less active than a platinum-rich one, cannot be seen here. If anything,
there is an improvement towards the extremes (Cu-rich, Pt-rich), with less activity of the
alloy in the middle of the mixing ratio. When comparing this to the phase-diagram of bulk
Pt-Cu in Figure 18 b), it may be assumed, that the most stable alloy should be the catalyst
with 30 at.% Pt, whereas all other compositions should undergo a local compositional
change. This should be especially true for the samples that were aged at 800°C. Evidently,

this trend cannot be observed in the activity or durability data in Figure 18 a). Therefore,
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either the alloys don’t change their composition, or a compositional change has no effect on

the overall activity.
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Figure 18 LUs temperatures of the CO turnover of all Pt-Cu alloys (a) and phase diagram of Pt-Cu (b) (a)
Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. Hengst, F. Dornhaus, B. Wittek, S.
Barcikowski, ChemCatChem 2023, DOI: 10.1002/cctc.202300563. Copyright © 2023 Wiley-VCH GmbH. (b)
Reprinted with permission from B. Predel, in Landolt-Bérnstein - Gr. IV Phys. Chem. - 5d -Cr-Cs — Cu-Zr (Ed.:
O. Madelung), Springer-Verlag, Berlin/Heidelberg, 1994, pp. 1-6, DOI: 10.1007/10086090_1106.
Copyright © 1994 Springer.

The similarities between the catalysts are mirrored in their particle size distributions
(Figure 19). All Pt-Cu alloys have their size distribution peak around 3 nm with PtgCuio
having a slightly stronger pronounced peak. This could lead to a slightly improved activity,
as for this sample the active surface area is larger than for the other three. Looking at the
activity data, this trend is not visible. PtgyCuygis even slightly less active than the rest.
Ultimately, the most probable explanation for the missing correlation is based in statistics.
The size distributions are based upon measured particles from HR-TEM and due to the
limited sample number at best qualitatively comparable. The number of particles counted
for PtgyCuyois double that of the other samples and these may also exhibit a larger peak, if
sufficient numbers of particles are measured. In a nutshell this means, that the HR-TEM
findings support the finding of similar activity, while the expected dealloying from the phase
diagram warrants further discussion on why the alloys of Pt-Cu show such an unpronounced

dependency on mixing ratio.

From literature it is known, that CuO is the most active copper species in CO-Oxidation.
Cu as well as CuO show a lesser degree of activity [266]. Through a combination of HR-
TEM, FTIR spectroscopy and electrochemical studies, Sadykov et al. showed that Cu®
cations at edge sites on extended grain boundaries are the most active sites for CO-

Oxidation [267]. Oxygen that is removed from these sites through oxidation would need to
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Figure 19 Particle size distributions of all Pt-Cu alloys from HR-TEM. on laser-generated ones,

Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. defects are very
Hengst, F. Dornhaus, B. Wittek, S. Barcikowski, ChemCatChem 2023, . .
DOL: 10.1002//ccte.202300563. Copyright © 2023 Wiley-VCH GmbH. prominent [270], it can be

assumed, that the Pt-Cu
particles expose Cu edge sites. If the high oxygen content of the lean waste gas stream is
able to oxidise these copper atoms to Cu®, a high activity of copper-rich alloys could be
explained by this species. The Pt-content of the alloys may also prevent the Cu(I) from
oxidizing to the less active Cu(II), analogous to the ennobling properties exhibited in other
alloys [251]. Also, Pt could provide oxygen species to these edge sites because it is able to
bind to physisorbed (O5"), superoxo (Oy), peroxo (O.*) and atomic (O) species of oxygen
as evidenced by Montemore et al [13].
The observed durability trends would fit this hypothesis. Wang et al. reported that Pt is
able to oxidise to form PtO,, which due to its low vapour pressure is a mobile species [271].
If there is no capture mechanism, this leads to loss of active surface are through Ostwald
ripening. In fact, Carillo et al. reported PdO capturing mobile PtO, [32]. If Cu is not able
to provide a similar capturing effect the catalysts would suffer particle growth and loss of
active surface. The removal of Pt from the alloy may result in particles enriched in Cu.
Without the protective influence of Pt against oxidation, these particles might transform
into CuO and display reduced activity. Even without platinum evaporation from the
particles this would be a reasonable explanation for the observed durability. Oxidation of

Pt and in turn of Cu(I) to Cu(II) may successively deactivate the catalyst.

This work shows that their negligible dependence on mixing ratio, makes alloys from Pt-Cu

interesting candidates for oxidation catalysis. Further research on similar alloys should
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investigate ageing in greater depth and with focus on the oxidation of surface sites as well

as particle composition upon thermal cycling and catalysis operation.

4.2.2 Pt-Ag

Like copper, silver has been chosen due to
the fact that it promises enhanced activity
due to the volcano-like activity relationships
Jiang et al. observed [37] (cf. Figure 17). In
contrast to copper, for almost all cases silver
lies exactly opposite platinum, with the peak
activity between both metals. This means
that a combination of Pt and Ag may result
in increased CO-Oxidation activity. At the
same time, silver is also a much cheaper
metal than platinum, promising to offer

economic benefits, albeit a little smaller than
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Figure 20 LUs0 temperatures of the CO turnover of all

Pt-Ag alloys. Reprinted with permission from S.

Siebeneicher, S. Reichenberger, C. Hengst, F.
Dornhaus, B. Wittek, S. Barcikowski, ChemCatChem
2023, DOIL: 10.1002/cctc.202300563. Copyright © 2023
Wiley-VCH GmbH.

non-noble metals would. Silver is also very
well known in literature for its high activity
towards CO-Oxidation [265,272,273]

Propene-Oxidation [274,275] and is used in selective-oxidation reactions like methanol
oxidation, ethylene oxidation and coupling reactions as well [276]. Aside from this uses,
silver has been shown to exhibit good activity due to its optical properties in photocatalysis
[274,277,278] and is also been tested in oxygen reduction reactions for aluminium-air-
batteries [274,279] and sodium borohydride electrooxidation [280,281]. Despite these plenty
uses and possible benefits of an alloy of Pt and Ag, the studied alloys did not exhibit any
exceeding activities, when compared to other tested alloys. Figure 20 shows, that the light-
up temperatures are around 200°C for fresh samples and exceed 250°C for aged samples. It
can be seen that the platinum-rich alloys are among the more active ones, and the least
activity can be observed in the middle of the mixing range with silver-rich alloys again
improving a little. This means that the best activities of Pt-Ag are still worse than the worst
of Pt-Cu, despite Figure 17 suggesting that the alloy of Pt-Ag should show higher activities.
This discrepancy may be loosely attributed to the different size distributions observed for
Pt-Ag. Figure 21 shows an overview of all Pt-Ag samples. This shows that all samples are
of a similar distribution with peak particle sizes around 5 nm. More active samples generally
showed a little smaller particle size of around 3 nm, like Pt-Cu, Pt-Mo, Pt-Pd, Pt-Rh and

others. Though this difference in particle size would not be expected to have such strong
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Figure 21 Particle size distributions of all Pt-Ag alloys from HR-TEM. literature - review points

Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. to another different
Hengst, F. Dornhaus, B. Wittek, S. Barcikowski, ChemCatChem 2023,

DOL: 10.1002/ccte.202300563. Copyright © 2023 Wiley-VCH GmbH. reason for lower-than-

expected activity. All
studies that focus on the activity of Ag in oxidation catalysis, aiming for full combustion,
mention the use of oxygen-donating support materials, like CeO, or ZrO,. For example,
Mamontov et al. showed that it is the addition of CeO, to a Ag/SiO, catalyst, that
significantly increases the observed activity [272]. Older studies looking at silver under
oxidative conditions also report its unique ability to form subsurface oxygen [282].
Remarkably, Qu et al. was able to demonstrate that this subsurface oxygen is able to directly
react with CO in an atmosphere with an excess of H, to selectively form CO, [273]. Later
on, Skaf et al. showed that it is the oxidized silver species Ag*" that is responsible for silver’s
high activity in CO- and C;He-Oxidation [275]. Notably, many studies reporting high
activities for silver also mention the use of the oxygen donating CeO, [265,272-275,277—
281]. This allows the hypothesis, that silver will only exhibit high activities, when there is
a possibility for it to oxidizes and a lean atmosphere as well as an oxygen donating support
should aid in this. In comparison, experiments in this study were carried out with only Al,O;
as support material, albeit with a lean atmosphere. Analogous to the hypothesis for Pt-Cu,
Ag may be ennobled in Pt-Ag based upon the mechanism shown by Potgieter et al. [251].

While for copper this meant that a more active, less oxidized species may have been
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Figure 22 shows that all Verlag, Berlin/Heidelberg, 1991, pp. 1-3, DOI: 10.1007/10000866_58.
Pt-rich alloys should Copyright © 1991 Springer.

undergo some kind of restructuring, resulting in particles that are particularly Pt- or Ag-
rich (98 at% and ~10 at% respectively), while there are stable phases expected around 50
and 75 at% Ag. Still, the 50:50 mixture shows the lowest durability, indicating that possibly
a loss of active surface area occurred. An in-depth study carried out on this alloy in section
4.3.2 indeed shows limited particle growth but could not find convincing evidence related
to dealloying. This leaves the hypothesis that silver upon alloying with Pt does not retain
the ability to form oxidized surface species. Strong ageing should promote this formation as
it is done under elevated temperatures and a 10 vol% oxygen and water atmosphere, well
capable of oxidizing the surface. It would be of interest to study an alloy of Pt-Ag, where
this effect is taken into account and tested for. If it is possible to combine Pt with Ag in a
way that retains silver’s ability to oxidize, the catalysts could be expected to exhibit better

activity than demonstrated here.

63



4.2.3 Pt-Mo

The alloy Pt-Mo was mainly chosen because of its high melting point, inspiring the
possibility of enhanced durability. Like many other alloys in this study, Mo would also be
an attractive substitute for Pt for economic reasons in case of acceptable activity. Notably,
Mo is rarely discussed in publications discussing waste gas catalysis or CO-Oxidation.
Prominent publications revolve around the use of MoO(O).. in oxygen transfer reactions
used in epoxidation of alkenes or oxidation of alcohols to aldehydes [283] and its beneficial
application in fuels cells when alloyed with Ni [284]. An exception from that rule is the
study of CO-Dehydrogenase in bacteria by Hénzelmann and Meyer. In their studies they
found the Mo-site to be the active site for Co-Oxidation [285,286]. With CO-Oxidation being
an important part of exhaust gas catalysis, an alloy of Pt-Mo could therefore be expected

to exhibit relevant activities.

Looking at the light-up temperatures of CO-Oxidation in Figure 23, the tested alloys of
Pt-Mo exhibit notable activity. The most active alloy with 99 at.% Pt has a light up at
163°C in the fresh state and the least active alloy with 50 at.% Pt still shows a light up
temperature of 180°C. Compared to the rest of the alloys tested in this study, this classifies
the alloy system Pt-Mo to be among the more active ones (cf. section 5.2.1 in A4).
Additionally, over the covered composition range of 50-99%), the dependence on mixing ratio
is hardly visible. The light-up temperature increases from fresh to 16/850 only between 9
and 15°C; a temperature difference hardly achieved by any other tested alloy.

While the alloys with the least amount of Pt were chosen to form a stable phase (PtMo and
Pt:Mo), the alloys with a higher amount of Pt may tend to segregate Pt following the bulk

500+ —v— Molybdenum fresh phase-diagram shown in Figure 24. From
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Figure 23 LUso temperatures of the CO turnover of all
Pt-Mo alloys. Reprinted with permission from S. composed of slightly larger particle sizes,
Siebeneicher, S. Reichenberger, C. Hengst, F.
Dornhaus, B. Wittek, S. Barcikowski, ChemCatChem
2023, DOI: 10.1002/cctc.202300563. Copyright © 2023 (cf. Figure 25). But it has to be considered,
Wiley-VCH GmbH.

sizes don’t influence the activity strongly. If

anything, the most active alloys are

when compared to the other Pt-Mo alloys

that in the measured peak particle size of
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Figure 24 Phase diagram of Pt-Mo. Reprinted with permission from B. Predel, in Landolt-
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Mg Nd-Zr, Springer-Verlag, Berlin/Heidelberg, 1997, pp- 1-2,
DOI: 10.1007/10522884_2085. Copyright © 1997 Springer.

around 2 nm, even HR-TEM measurements exhibit a relevant uncertainty, making
differences at this scale not a good basis for discussion. Therefore, the particle size

distributions need to be assumed as very similar to each other.

An explanation for the beneficial combination of Pt-Mo in CO-Oxidation can be found in a
review by Yeetsorn et al.. This review deals with molybdenum-based nanocatalysts in the
context of direct alcohol fuel cells. In these fuel cells, the oxidation of an alcohol means that
at some point also CO needs to be oxidized by the catalyst because not doing so may result
in the surfaces getting poisoned by this reactant. The proposed mechanism follows a
Langmuir-Hinshelwood mechanism, as first proposed by Gilman [287]. The reaction begins
with the adsorption of CO on Pt. If water is present, as it is in our experimental setup, it
can be split into H" and OH" on the surface of the catalyst particle, with OH™ primarily
binding to Mo-surface sites. The adsorbed CO on Pt can then subsequently react with the
OH bound to Mo to form CO, and another H*. [288] While any H' in the fuel cell may be
solubilized, it is more likely in our setup that any hydrogen will stay bound to the catalytic

particle and oxidized to more water during the course of the reaction. Yeetsorn at al. point
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Figure 25 Particle size distributions of all Pt-Mo alloys from HR-TEM. Any adsorbed OH on Mo
Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. Hengst,
F. Dornhaus, B. Wittek, S. Barcikowski, ChemCatChem 2023,
DOL: 10.1002/ccte.202300563. Copyright © 2023 Wiley-VCH GmbH. and thereby weaken the

binding between CO and Pt, which ultimately helps the CO-oxidation on Pt. Second of all,

can act as ligand for CO

Mo is able to electronically interact with Pt. Its d-orbital is able to donate delocalized
electrons to Pt, enhancing its activity for CO-oxidation. Lastly, the migration of hydrogen
atoms from Pt to Mo weakens the bond between Mo and CO, which leads to an easier

oxidation of CO. [288]

Similar to a combination of Pt and Cu, the combination of Pt with Mo is shown to exhibit
beneficial properties for waste gas catalysis. The small dependence on mixing ratio combined
with the high durability makes Pt-Mo well suited as catalyst. Albeit it would be interesting
to study how alloys formed with grater percentages of Mo would behave in the tested
reactions. The small observed dependence on mixing ratio may persist, making Pt-Mo an

even better substitute in an economical sense.

4.2.4 Comparing ASC trends - Pt-Cu, Pt-Ag and Pt-Mo

The catalysts were tested in two different atmospheres. One test was carried out with
300 ppm NH; in an atmosphere of 5 vol% O, and 5 vol% H,O in an N, balance. A second
test was carried out, that had an additional 200 ppm NO present. The results of both tests
were generally comparable, with light-up temperatures decreasing with NO present, as
would be expected from the addition of this oxidizer. The test performed without NO in the
feed is very similar to the literature standard of NHs-SCO (selective catalytic oxidation)
with the difference of the added H»,O. Depending on the catalyst material this selective

oxidation occurs via several different pathways. Lan et al. provided a comprehensible
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overview of the reaction mechanisms that is reproduced in Figure 26. The Imide mechanism
depicted in a) is the one mostly observed for Pt surfaces. It starts out by the activation of
0., with atomic O being bound to the catalyst surface. The abstraction of two hydrogen
atoms from the surface-bound ammonia then leads to the formation of NH and H>O. The
NH can subsequently form HNO with further surface bound atomic oxygen. By further
oxygen uptake this can react to HNO,, which reacts to form NO and H,O. Alternatively,
HNO can react with another HNO bound to the surface to form N>O and H,O. Therefore,
N,O is one of the possible by-products of this reaction mechanism. The desired reaction
pathway is selective for N, formation via the HNO + NH - N, + H,O pathway. The
hydrazine mechanism illustrated in Figure 26 b) is another possible mechanism, but
generally only occurs for low oxygen partial pressures demonstrated by Bagnasco et al for
CuO on TiO: [289]. The i-SCR and N*-mechanism are both mechanisms mainly found on
silver based catalysts [290-292] whereby the N*-mechanism was only observed by Wang et
al. on a catalyst comprised of silver on nano Al,Os[291]. Since the latter mechanism cannot
explain the byproducts observed in this study it can also be excluded. The i-SCR~-mechanism
is somewhat similar to the Imide-mechanism as it starts out with adsorbed atomic oxygen

abstracting H from the ammonia and subsequently forming NH that can then react to NO

(a) H:0 0, Imide (b) 0, Hydrazine
1 mechanism l mechanism
OH
e {7} (0]
OH IO l NH,

0 NH @] (@]

HNO, «— HNO — N, + H,0 2H,0+N,0 +— N,H, — N, + 2H,0
l l HNO

OH + NO N,O + H,0
(c) 02 NH3 N20 +H i-SCR d H20 02 NQ_
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Figure 26 Reaction mechanisms for NH;-SCO. a) Imide mechanism, b) Hydrazine mechanism, c¢) i-SCR-
mechanism, d) N*-mechanism. Reprinted with permission from T. Lan, Y. Zhao, J. Deng, J. Zhang, L. Shi, D.
Zhang, Catal. Sci. Technol. 2020, 10, 5792-5810, DOI: 10.1039/D0OCY01137A.

Copyright © 2020 Royal Society of Chemistry.
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or N»O. The pathway is different in so far as the hydrogen abstraction happens stepwise
and N is the product of the reaction of NH, with NO and no HNO is observed. Regarding
reaction by-products the imide- as well as the i-SCR-mechanism can explain NO, but not

the NO, that is observed in this study.

The relevant mechanisms for the following discussion therefore are the imide and i-SCR-
mechanism. An overview of the results of all catalysts tested can be found for the test
without NO in section 6.2 and for the test with NO in section 6.5 of A4. Since the catalysts
that were discussed prior exhibit interesting characteristics in the ammonia slip test as well,
they will be discussed in more detail here. Figure 27 shows the light-up temperatures of all
Pt-Cu, Pt-Ag and Pt-Mo catalysts. Pt-Cu belongs to the most active tested catalysts in the
test field with light-up temperatures around 200°C a high durability and only minor
dependence of catalytic activity on mixing ratio. Especially the high durability appears
interesting, as Pt-Cu did exhibit strong ageing in the DOC test. Pt-Ag on the other hand
exhibits comparably low activity in the ammonia oxidation just like it was less active in
DOC. Figure 27 b) shows a strong dependence on mixing ratio, with Ag-rich alloys generally
performing worse than Pt-rich ones. Figure 27 ¢) shows all Pt-Mo alloys. In DOC these
alloys were amongst the most durable, a trend that isn’t as obvious in this ASC test, albeit
the minor dependence on mixing ratio is comparable to that observed for DOC.

In literature Cu is applied in many different studies to the selective oxidation of ammonia.
Generally it is found that the underlying reaction mechanism follows the i-SCR route [293—
296]. Wang et al. reported that the activity of a CuO based catalyst benefits from the CeOs
support material, because it helps to replenish the lattice oxygen [294]. Similarly, Wang et
al. reported for CuO-Fe O3 catalyst, that active surface oxygen aids the ammonia oxidation
[295]. These findings then culminated in Zhang et al and Guo et al. identifying Cu®* as the
active species, both for a copper-exchanged zeolite [293,296]. Generally, this fits what is
observed in this study. For DOC it was observed that the Pt-Cu catalysts did not show
good durability. This was attributed to a possible loss of Pt. The most active species in CO
oxidation is Cu.0, a species that may only be stable under strong oxidizing conditions if
ennobled by Pt. The possible loss of Pt due to hydrothermal treatment leads to a subsequent
oxidizing of copper to the less active CuQO. This can explain why Pt-Cu suffers from great
activity loss upon ageing in DOC. In ASC on the other hand, CuO turns out to be the most
active copper species. The possible oxidation of copper would lead to the formation of the
most active species CuO and explain why the durability of the Pt-Cu alloys is as good as

observed in Figure 27 a).
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As described earlier Pt-Ag shows very comparable results to what is observed in DOC.
Generally, the activity as well as durability is comparably low. In addition, in the ASC
environment Pt-Ag exhibits a strong dependence on mixing ratio (cf. Figure 27 b)). From
literature it is known that silver mainly follows the i-SCR mechanism in selective ammonia
oxidation. For example Wang et al. presented evidence for this mechanism for a catalyst of
Ag on Al,O3[290,291]. Similarly Qu et al. found evidence for the i-SCR mechanism for a
silver catalyst supported on SiO,, NaY, AlOs; or TiO, [297]. All these papers report that
Ag" is the active species for ammonia oxidation. Zhang et al. detailed this and found that
Ag" is the active species above a temperature of 140°C and that smaller particles are
less selective to N» [298]. When comparing these findings with those for CO oxidation the
picture is not as clear as for Pt-Cu. For CO oxidation Ag®' is found to be the active
centre. It may be possible, that Pt ennobles Ag more effectively than Cu because the
only way that oxidation state influences the activity in a negative way for CO and NHj
oxidation is that silver stays reduced. It is also possible that the higher proportion of
reduced silver results in the reduced activity of Ag-rich alloys, explaining the observed
strong dependence of activity for ammonia oxidation. But in that case this dependence
should show up under CO oxidation conditions as well, which it does not. Ultimately this
leads to the conclusion that further investigation regarding surface states of the used
alloy catalysts need to be done in order to identify reasons for the differing
dependence on mixing ratio between DOC and ASC.
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Figure 27 Light up temperatures of NH3 for Pt-Cu (a), Pt-Ag (b) and Pt-Mo (c) in ASCI atmosphere (without
NO in feed). Reprinted with permission from S. Siebeneicher, S. Reichenberger, C. Hengst, F. Dornhaus, B.
Wittek, S. Barcikowski, ChemCatChem 2023, DOI: 10.1002/cctc.202300563.

Copyright © 2023 Wiley-VCH GmbH.

Regarding Pt-Mo, all alloys show comparable performance to DOC. The activity is similar
to Pt-Cu, the dependence on mixing ratio similar to what is observed in DOC, only the
durability is not as pronounced for Pt-Mo in ASC as it is in DOC (cf. Figure 27 c)).
Literature regarding molybdenum in ammonia oxidation catalysis is sparse. There are some
studies reporting activities for MoO3; on several different supports like SiO, [299], SiO, and
AlL,O; [300] and TiO; [301]. Neither of the found studies allow conclusions for the underlying
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reaction mechanism, although notably MoOs; on TiO, does form very little NO as reported
by Duan et al. [301]. Védrine, Hutchins and Kiely report, that molybdenum, like many other
transition metal oxides, reacts with alkanes via a Mars-van-Krevelen mechanism [302]. This
means that the lattice oxygen bound to molybdenum could play a relevant role in the
oxidation of hydrocarbons in DOC and possibly also be the underlying mechanism for
ammonia oxidation. Since MoQs is reported as active species in literature it remains unclear,
if molybdenum, should it stay reduced via an ennobling effect of platinum, would exhibit
similar activities. The oxygen spillover that may happen from platinum may lead to the
formation of active surface oxides, but it does not make much sense to assume that during
ageing the surface oxide gets very prominent, albeit literature shows that this should lead
to notable activity still. Generally, it would be a worthy topic for further studies to shed

light on the surface chemistry of the studied alloys and to try and pinpoint the active site.
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Figure 28 NO2/NO relationship for Pt-Cu, Pt-Ag and Pt-Mo in fresh (a), slightly aged(b) and strongly aged
state (c) in ASCI atmosphere (without NO in feed).

In Figure 28 the relationship between NO, and NO has been plotted for all three different
ageing states and alloys of Pt-Cu, Pt-Ag and Pt-Mo. From this it can be seen that the alloys
of Pt with Ag and Cu tend to form less NO, than the alloys of Pt with Mo. This
categorization stays constant independent of ageing state. Interestingly this relationship
appears to hardly depend on the mixing ratio between the elements. In section 4.1 it was
found that the dependence whether an alloy tends to form more NO, than NO relates to
the binding enthalpy of molecular oxygen to the metal that Pt is mixed with. It was also
discussed that both, the i-SCR and imide-mechanism could explain the observed byproducts
of ammonia oxidation N.O and NO. But neither mechanism gives a good reason for why
NO. is a prevalent byproduct, especially for elements with a high affinity for oxygen. Overall
literature also does not provide many helpful insights into why NO, is formed during
ammonia oxidation. At least for molybdenum it was reported that it will form nitrate surface
groups if exposed to NO and O, and subsequently heated [303]. This NO3 groups may react
with further NH; to form NO,, explaining the observed NO,. This is in contrast to the rest

of the literature though, where NO; has not been observed. One important difference
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between literature and this study is the inclusion of water into the gas mixture though. If
there is excess water present this may influence the imide-mechanism and change the
equilibrium of the reaction from HNO; to NO and H,O. Excess water could adsorb onto
the surface, form OH species that react directly with HNO; to form H.O and NOs, which
subsequently desorbs. This mechanism would be most prominent on materials that have
a high binding enthalpy for atomic oxygen and therefore may favour the binding
of OH as well. Nevertheless, this is a mechanism that has not been demonstrated and
should be studied in depth with the catalysts presented in this study and the used
the feed-gas composition. As both, the presence of an alloy and water, seem to
play an important role in the formation of NO,. If water should be a deciding factor
here, this should mean that alloys tending to form NO, would follow the imide-
mechanism, whereas NO favouring alloys should follow the i-SCR mechanism which
would not be as susceptible for byproducts formed from adsorbed H,O. There is,
however, still the possibility, that materials with high oxygen affinity tend to
bind to more oxygen which increases the chances of NO oxidizing to NO, before

desorbing — this remains to be tested as well.
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4.3 Ageing of Alloys on the Example of PtsAus and
PtirAuss

Prior to receiving any catalytical results two samples had to be chosen to be evaluated in
more depth. Pt-Au and Pt-Ag were chosen to be compared because both were expected to
be active and show different durability. Pt-Au was expected to be less durable due to a
large mixing gap in the bulk phase diagram, whereas Pt-Ag was chosen because the 50:50
alloy should be stable according to the bulk phase diagram and was therefore expected to
be more durable. In hindsight, it would have been intriguing to study Pt-Cu as this alloy
exhibited high activity and pronounced ageing, but time constraints meant, that no samples
could be obtained from this alloy. Hence the following sections will focus on the data

obtained from Pt-Au and Pt-Ag.

4.3.1 PtsoAuso in different Ageing Stages

The alloy of 50 at% platinum and gold was examined in detail for its ageing behaviour. This
alloy is an example of a material mixture in which increased ageing is expected due to the
low melting point of gold and the fact that the bulk phase diagram shows a large miscibility
gap for the solid phase indicating possible material segregation [157]. In fact, the alloy
exhibits poor activity in comparison to the rest of the test field; in fresh state as well as in
all aged states. Figure 29 shows the measured CO-Conversion curves. From this it can be
seen that the fresh catalyst is the most active, but counterintuitively the strongest aged
sample shows slightly better activity than the less severely aged sample. This poses the
questions, if the unexpected activity gain can be attributed to particle size or morphology
changes happening to the samples. In order to investigate this, the samples were subjected

to detailed HR-TEM measurements including EDX to check the elemental distribution. The
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Figure 29 CO-conversion curves of Ptso-Auso in all ageing states.
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4 Results

following sections will first focus on morphological changes before pivoting to a focus on the

elemental distribution within the particles.

Morphology and particle growth

Investigation of the particle size distributions obtained by HR-TEM in Figure 30 first shows
that the fresh sample consists of the smallest particles which is in line with the observation
that this is the most active sample. A fact that it most likely linked to the larger surface
area of this sample. Surprisingly and in contrast to other samples, the fresh Pt-Au alloy
does not, only comprise of spherical particles, but in many cases chain-like structures with
spherical subunits can be found. This observation was unexpected and prompted detailed
analysis regarding the supporting mechanism. It was observed that during the supporting
of this sample, larger doses of 1 M base were used in order to adjust the pH of the solution.
This may have led to pockets of caustic solution, at least for a brief amount of time, despite
the vigorous stirring. Under strongly basic conditions the Al,O; may have released aluminate

ions into the solution, which

because of their strong charge are 5 i rresn ;
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Figure 30 Ageing of the PtsoAuso alloy. Shown are both the
the chain-like particles. Close normalized size distribution and exemplary TEM images.
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investigation of the particles also reveals that the aged samples reveal more pronounced
crystal facets when compared to the initial spherical particles. Overall, the size distribution
changes in a way that would be expected. The stronger the ageing conditions, the larger
and wider the particle size distribution is. It can also be observed that the size distribution
after reaction mostly matches the distribution found for the sample that was aged at 650°C.
Since the sample is subjected to a similar reaction temperature (550°C), this would be
somewhat expected, since the temperature difference is not too pronounced. Only the sample
aged at 800°C shows significant particle growth again. This is not surprising from an ageing
perspective, but it is surprising that this sample does not loose activity when compared to
its lesser aged counterpart. From the obvious loss of active surface, it would be expected
that the stronger aged sample exhibits less activity. This may be the result of a kind of
elemental restructuring, exposing a more active surface on the same particles, which
overcompensates the loss of particle surface area. A detailed look at TEM-EDX may reveal,

if this hypothesis is valid.
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sample aged at 650°C exhibits lower activity, but a further loss of Pt should lead to a
decrease in activity upon stronger ageing. From studying the dependence on mixing ratio,
it can be concluded, that higher Pt-contents correlate with higher catalyst activity (cf.
S5.2.1 in A4). Interestingly, the elemental composition of each particle appears to be
homogeneous overall. All throughout the samples only homogeneously alloyed particles can
be found. This is especially notable, given the large mixing gap bulk Pt-Au exhibits in this
region [157]. What is also surprising, is the lack of Pt-particles found. Assuming that
elemental segregation takes place, Pt-rich particles should be found on the sample, yet none
could be located. This may be attributed to the small sample size, but is notable,
nonetheless. It could on the other hand also be possible, that the ageing protocol leads to a
loss of Pt from the particles. This could happen, as Pt is known to form volatile oxides upon
high-temperature oxidative treatment [32]. These volatile oxides may be carried away from
the sample and lead to an overall loss of platinum from the catalyst. ICP-OES could be
used to test for this loss, but it needs to be considered, that the amount of sample required
for such an analysis is difficult to obtain. Finally, it needs to be considered that EDX is not
ideally suited to differentiate between Pt and Au. Both, M and Lo emission lines are very
near each other (Mp, = 9.441 eV, Ma, = 9.712 eV; Loy py = 2.048 €V, Lo ay = 2.120 V)
[304]. This means that differentiating between these two elements is difficult and due to
overlapping peaks the error for identification is particularly pronounced. Therefore, the
findings of reduced Pt-content for the strongest aged sample and the overall surprising
homogenous elemental distribution may be a result of this difficulty. It would be necessary
to employ different methods to measure the elemental distribution within the nanoparticles.
One option could be the use of an atom probe. Future studies working with Pt-Au should

keep this in mind.

4.3.2 PtssAgyr in different Ageing Stages

From the bulk phase diagram, it was expected that Pt-Ag would not show segregating
behaviour. An alloy of around 50 at% Ag is expected to form a stable bulk phase with Pt
as shown in the phase diagram by Predel and as was revisited in detail by Hart et al.
[305,306] (cf. Figure 22 in section 4.2.2). The obtained catalytical data in Figure 32 show
that this alloy nevertheless does not exhibit high durability. Generally, the fresh sample is
the most active sample with a light-up temperature around 225°C. The ageing at 650°C
leads to a slight loss in durability with a light-up temperature for this sample around 245°C.
The strongest ageing at 800°C, however, strongly deactivates the catalyst, which then
achieves 50 % CO conversion only at 350°C. The “minima” observed at 200°C for the fresh
and 210°C for the aged samples can most likely be attributed to the onset of hydrocarbon
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Figure 32 CO-conversion curves of Pts3-Agir in all ageing states.

oxidation (cf. Figure 32 b)). This onset is slightly obscured by a baseline noise in the data
but corresponds roughly with the minimum in CO-Oxidation. From literature it is known
that some catalysts tend to incompletely combust hydrocarbons, resulting in the release of
CO in a certain temperature range [307]. This results in the detector measuring the CO

from hydrocarbon combustion in addition to the concentration that is already present,
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the sample after DOC reaction and the one aged at 650°C were comparable, Pt-Ag shows a
more gradual particle growth (cf. Figure 33). The peak of the distribution shifts from 5 nm
for the fresh sample to 6.4 nm for the sample after DOC reaction. After this the size
distribution shifts to 8 nm for the sample aged at 650°C. Unintuitively, this distribution is
also the widest observed. It would be expected that the sample aged at 800°C has the widest
distribution with the peak being shifted even further than the 8 nm. This it not something
that can be observed here. In fact, the distribution of the strongest aged sample is a little
narrower and the peak is virtually identical with the sample aged at 650°C. The significant
loss of activity of the sample aged at 800°C therefore cannot be attributed to a loss of
surface area, as this stays almost constant and appears mostly independent of pretreatment.
A close inspection of the images nevertheless reveals, that subjecting the sample to reaction
and thermal cycling produces more facetted particles. This morphology change is
exceptionally well visible in
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Pt, with an apparent loss of platinum upon testing in DOC atmosphere resulting in a content
of 74 at% Pt. The sample aged at 650°C then again appears to contain 96 at% Pt, while
the sample that was aged most strongly shows less Pt at 67 at%, but still more than the
mean concentration of 53 at%. Overall, the data gives an erratic image of elemental content.
The particles, that were found, showed homogenous alloying, but the mixtures don’t reflect
what would be expected from ICP-OES (54 at% Pt). This could be the result of a sampling
error during the TEM-EDX measurements. The tested samples are already supported on
ALQOs, since that is what the catalyst tests were performed with. This means that particles
for EDX evaluation need to be differentiated from the support material prior to
measurement. Since this is mainly done by contrast, there is bound to be a bias towards Pt-
rich particles. These particles show up much more clearly in the images because of
platinum’s high atomic weight in comparison to silver or alumina. It is well possible, that
silver-rich particles are also present in the sample but were impossible to distinguish from
the alumina background. Additionally, selection of particles is made increasingly difficult
because smaller particles are hardly visible. This again reduces the likelihood of finding small
particles as evidenced by comparison of the exemplary pictures Figure 34 b), ¢), d), e). the
smallest shown and measured particle measures 6 nm in diameter and hardly stands out
from the background, while particles, that are clearly visible are much larger and possibly
don’t reflect the majority of particles in the sample. Ultimately, a discussion based on these
samples cannot be very reliable. Further measurements should be performed to clarify the
composition of nanoparticles in the aged samples. This could be done via atom
probe measurements for example. Results from chapter 4.2.2 also warrant a study
focussing on the chemical surface composition of the nanoparticles. This could be achieved

by subjecting the samples to x-ray photoelectron spectroscopy.

4.4 In depth Discussion of Ageing Trends

When selecting the alloying elements for platinum, some of the alloying elements were
specifically chosen to slow down the ageing of the catalysts. It was assumed that the high
melting point of an alloying element results in a reduced diffusion rate of the atoms. This
property could be transferred to the alloy through the intermetallic bond and slow down
nanoparticle growth by slowing surface diffusion. It is conceivable that both the movement
of the nanoparticles on the support and the sintering of the particles are slowed down by
surface, lattice and grain boundary diffusion. In addition, a reduced vapour pressure of the
alloy with a refractory metal would slow down the vapour transport of the constituents,

which would also be conducive to increased durability.

78



As the effect of ageing is particularly evident in CO oxidation, this reaction is used as a
benchmark to test the hypothesis that high melting metals are beneficial for ageing. This is
done by calculating the difference in LUs, temperatures between a fresh sample and one
aged at 650 °C and plotting this against the melting point of the alloying element. This
application avoids a strong overlap of the common high platinum alloys. It also eliminates
difficulties of interpretation arising from the phase diagram based theoretical melting point

of the alloy. The effect of the alloying element becomes more apparent.

As briefly discussed in chapter 4.1, alloying elements with a low melting point, such as
silver, gold, copper and manganese, show a large temperature difference between fresh and
aged samples - a strong ageing. An alloy of Pt with Pd shows reasonable durability and,
with the exception of rhodium, all the alloying elements with a higher melting point, such
as ruthenium, niobium, molybdenum, show small temperature differences and therefore high
durability. Overall, there is also a strong scatter within the selected compositions, which on
the one hand is due to the large mixing interval (e.g. silver). On the other hand, synergetic
effects are also visible. For example, the Pt-Fe alloy at 50 at% shows an activation that is
also present in other reactions tested (cf. S5.2.1 in A4). The dependence of the durabilty on
the melting point suggests that the ageing of the catalysts is a diffusion driven process,
which is at least partly related to the melting temperature. The reorganisation of the
particles, i.e., both the restructuring of the particle surface and potential particle growth, is
only possible through the movement of atoms. The slower this movement, the less

restructuring takes place, which is reflected in increased durability.

A simplified representation of the possible atomic motions is shown in Figure 35. In a
particle containing a thermodynamically unstable mixture of elements, there is a directed
volume diffusion Dy within the particle. This volume diffusion leads to a restructuring of
the particle surface due to the locally changing material mixture. Two different diffusion
processes can take place on the surface of the particle. On the one hand, the atoms can
diffuse along the particle surface (surface diffusion Do), on the other hand, evaporation with

subsequent vapour diffusion Dp is conceivable. As a result of surface diffusion, diffusion
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along the support particle surface Dr, can also occur. In principle, it is also possible for

whole nanoparticles to diffuse on the support (Dp).

In order to estimate which of these diffusion processes mainly influence the aggregation of
the particles, a rough estimate of the relevance of the material transport channels can

be made.
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Figure 35 Sketch of the possible diffusion processes that can lead to reorganisation of the particles on the support.

Insert: Vapour pressure deviation in the nanoscale

The Gibbs-Thomson effect describes the increase in vapour pressure due to
the strong surface curvature of nanoparticles. The saturation vapour pressure
Psat increases exponentially as the particle radius r decreases. This relationship

is described by the following equation (cf. e.g., [308]):

7.
P = Psar exp[%”] (4.1)
Here, roi denotes a critical material-dependent radius that strongly
influences the increase in vapour pressure. This radius depends on the
surface tension of the material v, the volume of a molecule in the particle V

and the temperature T, as well as the Boltzmann constant kg:

_ 27 Vmolecule

r. =
crit kBT (42)

80



To estimate the critical radius, the molecular volume is estimated via the

covalent radius re. of the metals:

4 zr, > (4.3)

molecule — g cov
Table 1 summarises the relevant material values and resulting findings.

Table 1 Vapour pressure increase due to Gibbs-Thomson effect.

Alloying Metal Gold Molybdenum
Durability Strong aging | Weak aging
Vapour pressure (@ 600°C) [bar] [69] | 6.3E-16 3.5E-32
Surface tension [J/cm?] [309] 1,5 3

Covalent radius [pm] [310] 124 138

Critical radius [nm)] 2 5,5

Assumed particle radius [nm] 3 3

Vapour pressure increase (factor) 1.9 6.2

By means of the Hertz-Knudsen equation (4.4), the expected evaporation

rate can be estimated for the case of a surrounding vacuum. [311]

iz_];[: 275/[RT (v'=7) 4
Here, C is a constant that depends on the number of rotational degrees of
freedom in the liquid and gas, M is the molar mass of the evaporating species,
R is the universal gas constant and T is the ambient temperature. p- and p
are the vapour pressure of the evaporating material and the pressure at the
surface respectively. To estimate the maximum evaporation rate, the number
of degrees of freedom assumed to be maximum (i.e., C=1) and that of the
surface pressure is assumed to be 0 Pa. The final result for gold is an
evaporation rate of about 255 pg/(m?2s) (molybdenum: 31E-15 pg/(m?2s)).
Even under ideal conditions (vacuum), evaporation is therefore not
significantly fast (i.e., evaporation of 10% of the particle mass would need

between 87 days (gold) and 106E12 days (molybdenum)).

The lower the bonding of the elements to each other, the higher the diffusion speed generally

turns out to be. This means that the highest diffusion coefficients should be assumed for

vapour diffusion. However, this presumes that the metals of the nanoparticles enter the gas

phase at all. As an example, gold is therefore considered as a strongly ageing metal with
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low melting temperature and molybdenum as a hardly ageing metal with high melting
temperature (both representing Pt-Au and Pt-Mo respectively). With 6E-16 bar (gold) and
3E-32 bar (molybdenum) the vapour pressures show the extremely low tendency of the
metals to vaporise at reaction conditions (600°C) [312]. Even the presence of the metals as
nanoparticles has no significant effect on the increase in vapour pressure. The Gibbs-
Thomson effect does cause a two- to six-fold increase in vapour pressure, but this is not
nearly enough to raise the low vapour pressure to a relevant level. As was demonstrated in
the previous insert, a rough estimate of the evaporation rate using the Hertz-Knudsen
equation also shows negligibly small values. Therefore, pure vapour diffusion probably does

not play a significant role.

Table 2 Reaction conditions for the formation of metal carbonyls.

Metal Mn [313] | Fe [314] Rh [313] Ru [313] Mo [313]
Mn(II)-
Necessary intermediate It Metal Chloride! | Chloride Chloride
sa
Typical reaction
100 150-200 60 145 100
temperature [°C]
Typical CO-pressure [bar] 300 100 40 120 150

Apart from vapour diffusion, another gas-based pathway for material transport is
conceivable. A reaction of the metals with CO in the gas stream could lead to carbonyl
formation. Many carbonyls would be volatile at the reaction temperature of 600°C and could

therefore drive material transport.

Table 2 shows typical reaction conditions for the formation of the relevant metal carbonyls.
It can be seen that the formation of the carbonyls can only take place under high CO partial
pressure and in all cases, apart from iron, chlorine compounds of the metals are required. A
formation of volatile metal carbonyls can therefore very probably also be excluded. Material
transport via the carbonyl-route thus generally seems to play a minor role. In addition to
that, gold does not form carbonyls under reaction conditions [315], but Pt-Au still exhibits
low durability.

Particle diffusion Dp can probably also be placed in the same category. Just by taking into
account the orders of magnitude higher mass compared to atoms, only a very low diffusion
is to be expected. Surface diffusion of particles on the other hand would result in

characteristic agglomerates on the surface. Woehl et al demonstrated for 30 nm gold

! Or much more complex via [RhC1(CO),)s or Rhy(CH;3COs)..
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particles that adsorption to each other initially leads to the formation of elongated and
subsequently star-shaped agglomerates [316]. Once this has occurred, sintering of the
particles at elevated temperatures would lead to larger, more rounded particles. As
examples, Pt-Au und Pt-Ag particles were examined in different ageing stages. A
characteristic particle shape could not be found in the aged samples (cf. chapter 4.3). In
fact, the examination of the particles most likely indicates volume or surface diffusion. This
also manifests itself in the formation of clear crystal facets. To form these facets, there must

be diffusion in the particle and on its surface.

Pt-N
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] > o 2 .
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Figure 36 Durability of Pt-containing alloys in CO oxidation, plotted against the melting point
of the alloying element (Pt+X) and distinguishing the Pt-content.

Since particle growth via the surface Do and subsequent support diffusion D+, seems rather
exotic, Ostwald ripening via the gas phase is still the most likely process by which the
samples age. This is particularly likely, when considering, that most tested catalysts have a
significant platinum content. It is known from literature that Pt can oxidise to form PtOs,
which is known to have a low vapour pressure and is therefore a mobile species [271]. In
certain alloy combinations this diffusion path is hindered by the species formed from the
alloy particle. For example, Rappe et al. reported segregation of PdO from Pt-Pd particles
under high temperature and oxidative conditions [63]. A similar mechanism was reported
by Carrillo et al., who showed capturing of mobile PtO: species on PdO particles which
could explain the observed excellent durability of a Pt-Pd catalyst [32].
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In order to disseminate the influence of Pt-content in this screening study, the durability
within the CO-oxidation was plotted in Figure 36, while highlighting, if the alloys have a
high (>89 at%) or low (<89 at%) Pt-content. When evaluating the durability patterns,
three groups emerge. In the first group, a high Pt-content seems to correlate with reduced
durability. This trend is evident for alloys of Pt with Ag, Fe, Rh and Nb. In the second
group a low Pt-content seems to correlate with reduced durability (Pt-Cu, Pt-Mn). While
in the third group there is no clear correlation (Pt-Au, Pt-Ru, Pt-Mo). On the basis, that
Pt oxidises to a mobile species under reaction conditions, alloys with a high Pt content
should be particularly susceptible to material loss and ageing unless the Pt is stabilized by
a second species (as shown for Pt-Pd). This appears to be a cause of activity loss in the
Pt-Ag, Pt-Fe, Pt-Rh and Pt-Nb alloys, as these alloys are possibly not able to resist the
migration of PtO, once formed. The other two groups seem to have the ability to stabilize
the platinum, either because there is no correlation to the content (Pt-Au, Pt-Ru, Pt-Mo)
or because a higher durability is correlated with a high Pt-content (Pt-Cu, Pt-Mn). As 50:50
mixtures of Pt-Au (possible stabilizing influence) and Pt-Ag (possibly no stabilizing
influence) were evaluated in more detail, the results can be considered here. Unfortunately,
the quality of data obtained for Pt-Ag and Pt-Au does not allow for a founded discussion
here. The data for Pt-Ag shows mostly Pt-rich particles, even upon ageing, which is not
consistent with the hypothesis formulated here. Since this is most likely an artifact of the
measurement method, the measurement of elemental composition needs to be revisited.
From this hypothesis the samples should show a loss of Pt upon ageing. The same is true
for Pt-Au. While the TEM-EDX measurements indicate a loss of Pt with stronger ageing,
this loss may be a measurement artifact. This artifact stems from the fact that Pt and Au
have very similar EDX peaks, making discrimination between the two extremely difficult.
Ultimately, this highlights the need for further investigation into the ageing behaviour of

alloys that can now be selected on the basis of the patterns found in this study.
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5 Summary and Outlook

There is a need for high performance exhaust treatment catalysts to meet increasingly
stringent emission regulations. While elemental noble metals and some binary alloys have
been tested and used in oxygen-rich catalytic environments (4 > 1) relevant to commercial
diesel oxidation catalysis, pure or alloyed Pt and Pd remain the main catalysts for diesel
emission control. This study aims to extend the compositional knowledge base by
synthesising 45 binary alloys of platinum and selected first-row transition, platinum group
and coin metal elements. The compositions have been selected from literature studies, which
have mostly considered monometallic catalysts for exhaust gas treatment. The screening is
made possible by a scalable laser synthesis method that allows rapid and robust
compositional screening of alloy nanoparticles. This method is becoming increasingly
available through commercial synthesis machines, which are fully enclosed, automated and
benchtop sized [317-319]. The prepared catalysts were tested in an industrial test
environment consisting of one DOC and two ASC gas mixtures. In addition, two ageing
regimes were measured, providing activity data for three ageing states of each catalyst,
allowing the identification of associated composition-activity and composition-durability

correlations of each test environment.

An individual comparison of all systems shows that for DOC the most promising activities
are demonstrated by alloys of Pt-Cu, Pt-Mo and Pt-Pd. Although lacking the best activity
after aging, Pt-Cu and Pt-Mo as well as Pd-Cu have a very low dependency of the activity
on the composition, which makes them economically interesting. A similar comparison for
ASC shows that promising compositions are Pt-Nb, Pt-Ru, Pt-Fe and Pt-Mn. This is due
to their high selectivity for N, and their high activity over most of their mixing range.
Comparing the results with the initial hypotheses gives a mixed picture. While Pt-Rh alloys
were expected to show high activity based on the literature on 1 = 1 environments [9], this
could not be verified. This may be due to rhodium oxidation deactivating the catalyst as

reported in the literature [12] and is consistent with the observation that only Pt-rich
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catalysts were active. Pt-Ag and Pt-Au alloys were selected for their expected ability to
withstand the wet exhaust gas stream. However, the measured activities for these alloys did
not reflect a particularly good resistance to water or ageing in general. Similar to the
observation in DOC, alloys of Pt-Cu and Pd-Cu showed good activity, with Pt-Cu exceeding
Pd-Cu. In addition, the activity of both alloys is hardly correlated with the composition,
making them an ideal choice from an economic point of view. Both Pt-Mn and Pt-Fe were
chosen for their high ammonia oxidation activity, which they also showed in the
experiments. Both performed well in DOC and ASC, and alloys with Fe were selective for
N, in ASC, as proposed. Pt-Ru was chosen because Ru has a high selectivity for N,. This
selectivity was observed albeit high activity needed high Pt-contents. This is consistent with
the hypothesis that Pt ennobles Ru and limits the formation of ruthenium oxides, which are
inactive. Manufacturing constraints prevented the use of low Au content targets for the Au-
Ir and Au-Rh systems (due to a large difference in melting and hence sintering temperature).
The initial hypothesis was that with increasing gold content in the Au-Ir and Au-Rh
catalysts, the rate of formation of nitrogen oxides would decrease due to the activity
moderating effect of gold. However, the latter proved to significantly deactivate the catalysts
at the high gold contents of this study. Nevertheless, similar Au-Ir and Au-Rh catalysts

with gold contents below 50 at% may still be promising material systems.

Part of the work for this thesis focused on optimising the supporting of nanoparticles from
a solvent. One route tested was by destabilizing the colloids through the addition of salts.
Although the salts used were not soluble, they were found to be able to destabilise the
nanoparticles which, under the right conditions, resulted in the nanoparticles being
supported on the support particles. The novelty of this finding led to a patent application
supported by Umicore.

The catalytic results were also published in a peer-reviewed journal [320]. These results
include the finding that the catalyst activity in DOC does not correlate with the heat of
adsorption of CO, but rather with the heat of adsorption of molecular oxygen. The latter
showed a volcano-like dependence with the maximum activity being shifted by 1 eV towards
higher oxygen binding, when compared to DFT studies. In the publication this was
attributed to the complex gas mixtures compared to the literature. The disappearance of
this correlation with ageing was attributed to elemental segregation, which is likely to occur
by oxidation as well as passivation and formation of volatile oxides for the same reason.
Within this publication the durability of catalysts was also analysed. It was shown that
there is a significant positive correlation between the melting point of the alloying metal
(Pt+X) and the difference in activity between fresh and aged samples in DOC, and that

the type of element is more important for the durability than the amount used. The

86



dependence on the platinum content was then further investigated in this thesis, showing
that there are alloys which appear to stabilize the Pt in a manner similar to literature (i.e.,
Pt-Au, Pt-Ru, Pt-Mo, Pt-Cu and Pt-Mn), while others do not possess this ability (i.e., Pt-
Ag, Pt-Fe, Pt-Rh and Pt-Nb).

In evaluating the ASC results, it was evident, that no scaling relationships were found with
respect to the heat of adsorption of NO. While this contradicts the literature which shows
(for simpler gas mixtures and Pt) that NO desorption is the rate-limiting step, it also
highlights the importance of testing the catalysts in a test environment that most closely
mimics the one found in exhaust gas abatement. The study also allowed the catalysts to be
grouped into alloys favouring N,/NO, and alloys favouring NO/N,O. The deciding factor
appeared to be the heat of adsorption of oxygen, with alloys with a higher heat of adsorption
than rhodium favouring the former and the others favouring the latter. The underlying
factor may be attributed to the reaction mechanism, with the i-SCR-mechanism favouring
NO and the imide-mechanism favouring NO,.

In summary this screening study illustrates the importance of testing catalysts close to their
intended application, as this allows for better identification of the correct influencing factors,
that could not be interpolated from the literature (as seen in particular for ASC). The
possibility of replacing large proportions of precious metals with base metals has been
demonstrated (e.g., Pt-Cu, Pd-Cu), while durability limitations require further
development. However, important conclusions have also been drawn with regard to
durability. In particular, DOC catalysts benefit from a certain amount of refractory metal
as an alloying component. A reasonable research approach would be the synthesis of ternary
alloys (e.g., Pt-Cu-Mo or Pt-Cu-Nb) and the extension to multinary alloys consisting of Pt
and combinations of Cu, Mo, Nb and Mn. Laser synthesis has already been shown to be
capable of providing complex high-entropy alloys [45,154,321]. In addition, this approach
would follow research efforts in tree-way catalysis, where high-entropy alloys are already

being studied [21,22].
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Appendix

A1l Alloying elements with anticipated effect and outcome

Element/
Anticipated effect Background /Hypothesis
Mixture
Platin Base element
High activity in
PtPd oxidation reactions Typical in waste gas abatement [9], alloy limits
t-
(DOC, ASC), moderate particle growth [32]
NOy formation
High activity in
Typical in three way catalysts (for NOx
oxidation reactions
reduction), increased durability [9]
Pt-Rh (DOC, ASC), low
Similar activation energy for CO
NOy formation, high
oxidation as Pt [33]
durability
With H,O present, O, dissociation is enhanced
PA ([35,36])> well suited for wet waste gas stream
t-
8 Sabatier-principle suggests improvements in CO
oxidation when compared to Pt [37]
Should perform similar
With H,O present, CO oxidation is enhanced [34]
to Pt-Pd in DOC
- well suited for wet waste gas stream
Pt-Au Sabatier-principle suggests improvements in CO
oxidation when compared to Pt [37]; preservation
of high selectivity possible [13]
Oxides are amongst the most active for
Should perform similar
Pt-Mn NH; oxidation [38]
to Pt-Pd (ASC)
Ennobling via Pt
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Element/

Anticipated effect

Background /Hypothesis

Mixture
Sabatier-principle suggests improvements in CO
oxidation when compared to Pt [37]
Should perform similar
Pt-Cu Oxides are amongst the most active for
to Pt-Pd (DOC, ASC)
NH; oxidation [38]
Ennobling via Pt
High activation energy for N» dissociation = N
Should perform similar (desired product) should be favoured [39]
Pt-Fe to Pt-Pd (ASC); high Oxides are amongst the most active for
selectivity fo Ny (ASC) NH; oxidation [38]
Ennobling via Pt
RuO, shows high activity in CO oxidation.
Restructuring of the crystal and the presence of
Should perform similar
water lead to inactivity [40] 2 Ennobling via Pt
to Pt-Pd (DOC, ASC),
should help prevent this
Pt-Ru high selectivity for N»
(ASC) High activation energy for N, dissociation = N,
(desired product) should be favoured [39]
High durability
High selectivity for NH; reduction to N, [40,41]
High melting point
Should perform similar
Pt-Nb High melting point
to Pt-Pd (DOC),
Ennobling via Pt
Pt-Mo High durability
Additional alloys
PA.C Should perform similar Sabatier-principle suggests improvements in CO
-Cu
to Pt-Pd (DOC) oxidation when compared to Pd [37]
Awl Improved selectivity Activity moderation of Ir by alloying with Au, O-
u-Ir
towards desired products Spillover from Ir to Au [13,42]
Au-Rh (N2, H:0O, COy) Activity moderation of Rh by alloying with Au
Excluded due to target preparation challenges
Rhenium High melting point, interesting for target
synthesis studies (Does not form stable targets
Wolfram
without additional synthesis steps)
Zinn Low melting point interesting for target synthesis
Bismuth studies (melting of element before alloying)
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A2 Mixing ratios of the alloys

Alloy Nominal share of first Reasons for selection
element [at%)]
Pt.Pd 66 Twice (a‘dloyed Little segregatio.n.t.o b? expected during
and mixed) solidification.?
Broad miscibility gap in solid (Au-Rh [322])
Au-Ir (1) (25) 50 99 . e .
respectively in liquid and solid (Au-Ir [323]).
Definition of a broad mix and orientation towards
AurlEin Wy ) (@8 sl the dystectic at Au-Rh.
Broad solubility of both elements. Only narrow
Pt-Ru 5 20 80 95 miscibility gap. [324]
Gap is circumvented by blending at the extremes.
Pt-Cu 10 30 75 90 | Selection of one precious metal-rich and one copper-
rich mixture and two mixtures around the equimolar
range. Some consideration of crystal transformation-
Pd-Cu 15 45 70 90 related segregation after solidification.[325,326]
Explorative mixtures, as broad segregation is to be
Pt-Au 10 50 90 95 | expected during solidification (Ag, Au) and through
crystallisation (Au).
For Au, one mixture with less (10 %) and one with
greater (50 %) segregation tendency. [157]
Pt-Ag 22 53 90 9 For Ag: Orientation toward known intermetallic
phases (22 %, 53 %*?). [305,306]
In addition, two Pt-rich mixtures each.
Mainly alloys with a high platinum content, to
reduce the price impact of rhodium and because
Pt-Rh 50 90 95 99 miscibility in the solid state can be expected. In
addition, an exploratory mixture in the middle of the
miscibility gap (50 %) [327]

2 In the solid state, a miscibility gap is predicted, although no specific details of the affected

composition are given. [334-336]

8 The phase diagram of the Pt-Ag system was recently re-examined. No evidence of a phase at 53

at% platinum was found and instead an equimolar intermetallic phase is suspected [306]. Prior to

this work, the phase diagram of Karakaya et al. was the most widely accepted. In it, however, there

remains some room for variation around the equimolar mixture [337]. A target of a 53 at% mixture

therefore seems intriguing for this work.
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Al Nominal share of first R ; lecti
0 easons for selection
Y element [at%)]

Pt-Nb 43 75 95 99 Consideration of eutectic and dystectic in the low
mixing range. [328-330]
Pt-Mn 49 75 95 99 In addition, two mixtures with a high Pt content.

Pt-Mo 50 66 95 99 | Orientation towards various intermetallic phases in
the Pt-poor region of both mixtures. [331,332]
Pt-Fe 50 66 95 99 In addition, two mixtures with a high Pt content.

The preceding table shows all mixtures with the assigned nominal share of the base element
in the binary mixture. The base element is always the first element in the mixture column
(Pt, Au or Pd). The mixtures marked in blue are those in which, among other things, a
high CO oxidation activity is expected. Marked in orange are mixtures for which other
reasons for selection were in the foreground (mainly ennobling and thus activation by
platinum). Pt-Pd and Au-Ir are marked separately due to their special position. All
bracketed mixture ratios were planned as targets but could not be successfully produced or

ablated.
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A3 Determination of the specific surface area by means of
TEM
Application of a lognormal fit

The particle size distributions were created manually using TEM images. Sufficient images
were taken to count and measure at least 500 particles. For a number-weighted particle
distribution, assuming a standard deviation of the distribution of 0.47 as a measure of the
distribution width, at least 490 particles must be measured for a particle size distribution
with approx. 10 % error. For a similar accuracy of a mass-weighted distribution, however,
2800 particles per sample must be measured [333]. Since this number is not practicable, it
cannot be avoided that large particles are measured whose occurrence is not statistically
significant. In order to obtain a reliable determination of the specific surface area, the
obtained histogram is fitted using a lognormal distribution function. Based on this fit, the
specific surface area of the sample is then determined. The advantage of this method is that
no number of large particles has a significant, falsifying influence on the determined specific

surface area.

a —
) T 4 large N = 1550
100 5 S particles Peak =3,5nm
% QN‘ NN =0,25% SSAHiStOQTam =19,2 m*g
O 105 NENNOR / w\\\'*"""-\“\
] / - T
:: S8% / \\_\ T
Jor r “H‘i
1_5 = \ T ﬁ T T St T T T S
0 10 20 30 40 50 60 70
b) 0\ N = 1550
% 1A filtered by Fit SSApistribution = 54,7 m*/g
O 104} sﬁi
< \&
1 SRR RN 7 | @ . | 8 . O
0 10 20 30 40 50 60 70

Diameter [nm]

Figure 37 Exemplary size distribution. In a) only the histogram and the parameters determined from it are
shown. In b) the lognormal fit is also shown and used as the basis for the calculations. The y axis is logarithmic

for better recognition of the small number of "larger" particles.

By way of example, the usefulness and necessity of this procedure is illustrated using a
sample. In Figure 37 the peak position and the specific surface area are calculated. In one
case, the raw data of the histogram is used directly for the calculation (a), in another case,

the data is first fitted and this fit is used as the basis for the calculation (b). A total of 1550
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nanoparticles were counted in this sample. The specific surface area of the nanoparticles
calculated directly from the histogram is 19.3 m2?/g. If the lognormal fit is now used as a
basis, a specific surface area of 54.7 m?/g results. A similar result is obtained when the four
largest particles are filtered out of the histogram (52 m?/g). These four particles only
account for 0.25 % of the total number and, due to their size, cause the specific surface area
to be reduced to less than half. Since the determined particle numbers are regularly well
below 2800, and the mass-weighted distributions are therefore unreliable, the most sensible

approach is to use the lognormal fit to determine the specific surface area.

Data for the calculation of the mean density

To determine a specific surface area, the density of the material under investigation is always
required. The choice of the correct density is not as trivial as it seems at first sight. Apart
from the fact that it is unknown whether the density of the alloys corresponds to an
arithmetic mean of the constituents, there are several possibilities to determine the quantity
proportions. The first attempt may be assuming of the nominal composition; however, slight
deviations already result from the possible precision when weighing the single metals.
Furthermore, these data points initially only correspond to the expectation. It is not
guaranteed that the nominally set composition is also found in the target material. The
main reason for this is a potentially inhomogeneous mixture in the target and the resulting
shift in composition in the ablated spot. Furthermore, it is conceivable that an
inhomogeneous mixture leads to preferential ablation of a constituent due to different
threshold fluences of the individual materials. Thus, a target-based density determination
is not target-oriented. TEM-EDX measurements would be most direct on the final material.
However, these are out of the question because of their poor statistical significance due to
their principle. The most suitable method for determining the average density therefore
appears to be one that measures both a large proportion of the sample and the nanoparticles

directly. The ICP-OES measurement fulfils these criteria.

Based on the composition determined by ICP-OES measurements, the average density of
the alloy is finally determined. A simple arithmetic averaging of the constituent densities

is assumed.
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S1. Synthesis Details
S1.1. Target production

In addition to the presented samples in the main study, also mixtures of iridium and
gold, as well as rhodium and gold and palladium and copper were tested. These
samples will also be shown in the supplementary information.

To produce a mixed-metal target two metal powders are combined in the appropriate
amounts. The mixture is then mixed with 5 mm ZrO2-Balls in a rotary tumbler,
mixtures with base metals are kept under an inert atmosphere (Argon). The mixed
powder is filled into a die and pressed with 200 MPa for 30 seconds. The resulting
green target is transferred into an oven and sintered at 2/3 of the solidus temperature
of the mixture. The duration of sintering, and if necessary, the temperature is
adjusted so that the resulting target will have sufficient mechanical stability. The gas
mixture is chosen to prohibit oxidation of the powder. The origin of the raw materials
is listed in Table 1 and the detailed sintering parameters can be found in Table 2.
Table 1 Origin of metal raw materials.

Manufacturer Notice

PtesPd3a ACI Alloys, Inc. 99.95% I Alloyed target
Platinum Ferro 99% 2-4

Palladium Umicore 99% <32 Sieved from <53 um
Rhodium Ferro >97% 2-5

Copper Alfa Aesar 99.9% 4 Stored under argon
Gold Evochem 99.9% 1.5-4

Silver Evochem 99.9% 1.5-4

Ruthenium Evochem 99.9% 50 Stored under argon
Molybdenum Alfa Aesar 99.9% 2-4 Stored under argon
Tungsten H.C. Starck 99.95% 1.7 Stored under argon
Niobium Alfa Aesar 99.8% 1-5 Stored under argon
Iridium Evochem 99.9% <10

Iron Alfa Aesar >98% 1-3 Stored under argon
Manganese Alfa Aesar 99.6 <10 Stored under argon

Table 2 Sintering parameters for all targets.

Nominal content

Sample Sintering Sintering duration
of first metal
system temperature [°C] [hh:mm]
(Pt/Pd/Au) [at%]

Pt-Pd 66 /i 1
The pre-made target from melt

Pt-Pd 66 1 1

Pt-Rh 50 1200 03:00

Pt-Rh 90 1200 03:00
Sintering - Air

Pt-Rh 95 1200 03:00

Pt-Rh 99 1200 03:00



Nominal content

Sample o st ] Sintering Sintering duration

system (PUPd/AU) [at%] temperature [°C] [hh:mm]

Pt-Au 10 900 03:00

Pt-Au 50 900 03:00

Pt-Au 90 900 03:00

Pt-Au 95 900 03:00

Pt-Ag 22 650 03:00

Pt-Ag 53 650 03:00

Pt-Ag 90 650 + 900? 3:00 + 9:00%

Pt-Ag 95 650 + 900! 3:00 + 9:00%

Au-Rh 90 900 3:00

Au-Ir 99 900 3:00

Au-Ir 50 900 3:00

Pd-Cu 15 700 18:00

Pd-Cu 45 - - 2 700 18:00

Pd-Cu 20 Sintering - Shielding gas 200 18:00

Pd-Cu 90 700 18:00

Pt-Cu 10 700/ 850° 27:00 / 3:00°

Pt-Cu 30 700 / 8508 27:00/ 3:003

Pt-Cu 75 850 03:00

Pt-Cu 90 850 03:00

Pt-Fe 50 1100 12:00

Pt-Fe 66 1100 12:00

Pt-Fe 95 1100 12:00
Sintering - Shielding gas

Pt-Fe 99 1100 12:00

Pt-Mo 50 1100 12:00

Pt-Mo 66 1100 12:00

Pt-Mo 95 1100 12:00

Pt-Mo 99 1100 12:00

Pt-Mn 49 1100 18:00

Pt-Mn 75 1100 18:00

L After the first sintering the targets were still brittle. A second sintering at elevated temperatures
and for a longer duration consolidated those targets and allowed ablation.

2 During the sintering process with shielding gas, the atmosphere in the pipe furnace was ARCAL
F5 (Air-Liquide, 5 %H, in Ns). During the cooling phase, the oven was flushed with argon.

3 Two targets were produced to yield enough colloid. The first target was sintered for a long time at

a lower temperature and the second one shorter and at elevated temperature.
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Nominal content

Sample - Sintering Sintering duration
system (PUPd/AU) [at%] temperature [°C] [hh:mm]
Pt-Mn 95 1100 18:00

Pt-Mn 99 1100 18:00

Pt-Ru 5 1100 2x 21:00
Pt-Ru 20 1100 2x 21:00
Pt-Ru 80 1100 2x 21:00
Pt-Ru 95 1100 21:00

Pt-Nb 43 1100 2x 21:00
Pt-Nb 75 1100 2x 21:00
Pt-Nb 95 1100 21:00

Pt-Nb 99 1100 21:00

S1.2. Colloid Synthesis

To allow the formation of alloyed nanoparticles the conditions of ablation must be
chosen to prevent oxidation of the metals, as alloying of the oxides is considered to
be unlikely. While noble metals generally tend to stay reduced during ablation in
water [0, base metals tend to form oxides %], sometimes even when carbon-rich
solvents are used “7l. To prevent oxidation in this study, propylene carbonate was
used as the solvent. Its high polarity readily stabilizes the colloids, and its low vapour
pressure means, that there is no flame risk while ablating. The last point is especially
important if large amounts of colloid are synthesized, like in this study. Although the
molecule contains a significant amount of oxygen, this did not seem to influence the
alloy formation negatively.

The classification of metals into noble and base metal was chosen according to
Table 3. As it is known that the ablation of copper in water leads to largely oxidized
nanoparticles #71, and the ablation of silver in water leads to metallic
nanoparticles 54, silver was classified as noble and everything with a lower standard
potential as base metal.

Table 3 Standard potentials for used elements and grouping in noble (grey) and base metal (orange).

oxidized reduced Standard
Element . . .

species species potential E°
Gold (Au) Aut +e = Au +1,50 V [66]
Platinum (Pt) Pt>* +2e = Pt +1,20 V (66l
Iridium (Ir) Ir** +3e = 1Ir +1,156 V [67]
Palladium (Pd) Pd>* +2e = Pd +0,951 V [¢7]

P

Silver (Ag) Agt +e Ag +0,80 V [66]
6
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oxidized reduced Standard

Element . . .
species species potential E°
Ruthenium (Ru) Ru** +2e-= Ru +0,455 V [67]
Copper (Cu) Cut +e = Cu +0,52 V [66]
Copper (Cu) Cu** +2e = Cu +0,337 V [66]
Molybdenum (Mo) Mo3* +3e = Mo -0,20 V 1671
Iron (Fe) Fe** +2e = Fe -0,44 V 66l
Niobium (Nb) Nb3* +3e = Nb -1,099 V [67]
Manganese (Mn) Mn?* +2e = Mn -1,185 V [67]

While the ablation in propylene carbonate was performed without the addition of
additives, the ablation in water required additives to yield stable colloids with the
desired patrticle size distribution.

The additives for water were chosen to stabilize the colloids but were also required
to dissipate upon pyrolysis. This would ensure that no residue from stabilizers is
present on the catalysts when measuring the catalytic performance. Upon the start
of the project KOH (500 uM) and Sodium citrate (100 uM) were used, but as soon
as it became available ammonium citrate (100 uM) was utilized. This way even
minute amounts of stabilizer containing potassium or sodium could be avoided.
Titration of the colloids for supporting was carried out using nitric acid and
tetraethylammonium hydroxide (TEAOH), both with a 1M concentration. With the
final choice of ammonium citrate, TEAOH and nitric acid a complete pyrolysis of the
additives could be expected. Details, on which samples were synthesized with which
additives, can be found in Table 4.

After deciding on a stabilizer and preparing a dispersant solution with which to
perform the laser ablation a choice had to be made with which laser system to
synthesize the colloids. For all water-based samples, the choice was made to use a
nanosecond pulsed laser system, as this would aid in the alloying of the mixed and/or
pre-alloyed metals upon laser ablation 9. A wavelength of 532 nm was chosen to
allow for maximized in situ fragmentation of the colloids after ablation which would
help to attain as small colloid particles as possible. To maximize productivity overall,
the laser was used at its maximum power of approx. 50 W and 5 kHz repetition rate
to avoid reirradiation of the cavitation bubble.

All solvent-based samples were used with a picosecond-pulsed system. From prior
experience, many solvents yield very low ablation rates compared to water in
nanosecond pulsed systems. To allow the production of the large nanoparticle
amounts a picosecond system was employed, even though the alloying abilities were
expected to be not as well suited as with the other system. This problem was
addressed within the preparation of the targets — it was made sure to prepare as well
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alloyed targets as possible. The picosecond laser system works with a 1030 nm
wavelength and 5 MHz repetition rate at approx. 94 pJ of pulse energy*.
Due to a failure of the system, some samples had to be synthesized on the
nanosecond system. In this case, the wavelength was kept as constant as possible
(1064 nm) and the power as high as possible (120 W @5 kHz) to allow for sufficient
productivity. Surprisingly propylene carbonate allowed a much higher ablation rate
than expected, even comparable to water (around 400 mg/h, where 40 mg/h was
expected). All detail on the used laser system and parameters, as well as the used
additives can be found in Table 4. A comparison of the power-specific productivity
(mg/Wh) can be found in Figure 1.
Table 4 Colloid synthesis parameters.

Sample

system

Pt-Pd
Pt-Pd

Pt-Cu
Pt-Cu
Pt-Cu
Pt-Cu
Pt-Rh
Pt-Rh
Pt-Rh
Pt-Rh
Pt-Au
Pt-Au
Pt-Au
Pt-Au
Pt-Ag
Pt-Ag
Pt-Ag
Pt-Ag

Nominal
content of
first metal
(Pt/Pd/Au)

[at%]
66

66

10
30
75
90
50
90
95
99
10
50
90
95
22
53
90
95

Sample
amount
and

loading

509,
3wt.%,

dispersed

50g,
3wt.%,

dispersed

150g,
1wt.%,

dispersed

150g,
1wt.%,

dispersed

150g,
1wt. %,

dispersed

Laser Laser
Laser
pulse  wave-

frequency  Medium

length  length
d J [kHZ]

[sec] [nm]

nano  532° 5 Water
nano 532 5 Water
nano 532 5 Water
nano 532 5 Water
nano 532 5 Water

Additive
with
Ablation

KOH®

Sodium

citrate7

Ammonium

citrate8

Ammonium
citrate +
TEAOH

Ammonium
citrate +
TEAOH

the pH of
the
dispersant

solution

approx. 9.5
approx. 9.5

6.8-7.2
6.8-7.2
6.72-6.9
6.88
6.82-7.1
6.99
7.0-7.1
6.96-7.1
9.35
9.36-9.5
9.46-9.5
9.45
9.33-9.42
9.33
9.2-9.32
9.2-9.27

4 This translates to 467 W of Power. Due to temporary limitations of the scanning system only a

duty cycle of approx. 20% could be attained. While the pulse energy stays the same (94 pJ), the laser

power reaching the ablation chamber is limited to the mean power of 93 W.

5 All samples on ns-Laser at 532 nm were synthesized with a pulse energy of about 10 mJ.

6 KOH was used in a concentration of 500 M.

7 Sodium citrate was used in a concentration of 100 uM.

8 Ammonium citrate was used at a concentration of 100 M.

8



Nominal

Sample Laser the pH of
content of Laser Additive
Sample amount pulse the
first metal frequency  Medium with
system and length dispersant
(Pt/Pd/Au) . [kHZ] Ablation .
loading [sec] solution
[at%]
Au-Rh 90 150g, Ammonium 9.2
Au-Ir 50 1wt.%, nano 532 5 Water citrate + 9.34
Au-Ir 99 dispersed TEAOH 9.35
Pd-Cu 15
10g,
Pd-Cu 45 ) Propylene
1wt.%, pico 1030 5000 / /
Pd-Cu 70 carbonate
powder
Pd-Cu 90
Pt-Fe 50
10g,
Pt-Fe 66 ) Propylene
1wt.%, pico 1030 5000 / /
Pt-Fe 95 carbonate
powder
Pt-Fe 99
Pt-Mo 50
10g,
Pt-Mo 66 ) Propylene
1wt.%, pico 1030 5000 / /
Pt-Mo 95 carbonate
powder
Pt-Mo 99
Pt-Mn 49
10g,
Pt-Mn 75 9 Propylene
1wt.%, nano 1064 5 / /
Pt-Mn 95 carbonate
powder
Pt-Mn 99
Pt-Ru 05 nano 1064 5 / /
10g,
Pt-Ru 20 Propylene
1wt.%,
Pt-Ru 80 pico 1030 5000 carbonate / /
powder
Pt-Ru 95
Pt-Nb 43
10g,
Pt-Nb 75 ) Propylene
1wt.%, pico 1030 5000 / /
Pt-Nb 95 carbonate
powder
Pt-Nb 99

% All samples synthesized with the ns-Laser at 1064 nm were obtained with a pulse energy of 24 mJ.

9
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Figure 1 Power-specific productivity in comparison to the alloy density.

S1.3. Supporting Route

Supporting of the nanoparticles was done using two different mechanisms. The
water-based samples were synthesized using an electrostatically driven supporting
strategy. The propylene carbonate samples were synthesised using a diffusion-
driven supporting mechanism.

To understand the adsorption of nanoparticles on a support, it is helpful to look at
the surface charge of the nanoparticle and support. Generally, metallic nanoparticles
are assumed to have an isoelectric point (IEP) at low pH (below 7). This was verified
in this study for palladium, platinum and PtssPds4 colloids. A low IEP leads to a
negative zeta potential for a large pH interval. Oxidic particles, with some exceptions,
tend to have an IEP above pH 7, leading to a negative zeta potential at higher pH
and a positive zeta potential at lower pH[©8l, The IEP of the used alumina was verified
to have an IEP at around 8.4. An example of this situation is shown in Figure 2. If
both particle dispersions are mixed while having a high pH (ca. 9.5), electrostatic
repulsion leads to a high energy barrier for adsorption. This means that the colloid
and support can be mixed thoroughly, without premature adsorption. As this might

. ~6.5 IEP wWC ~9.5
60 7] 2. Support at 3. Sediment 1. Mix
40 - low pH at [EP at high pH
] = b - <
20 S P >
] « oW - LERES

0 ] W W—F *
-20{ = Pt@AL0, w
-40 - Al,O; Dispersion
-60 ] —=—Pt-Colloid 1

' I ' I I ' I ' I 1
4 5 6 7 8 9 10
Mean pH

Mean (-Potential

Figure 2 Exemplary zeta-potential curves for metallic (platinum) and oxidic (Al20s) particles and

illustration of the supporting strategy.
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lead to inhomogeneous distribution of nanoparticles on the support material. After
sufficient mixing, the pH can be adjusted, so that the support particles have a positive
zeta-potential, while the nanopatrticles still attain a negative surface charge. In this
environment, the electrostatic attraction lowers the energy barrier for adsorption and
the nanopatrticles adsorb onto the support material.

This strategy is very robust: If the isoelectric point of the metallic nanoparticles is not
too close to or higher than that of the support this strategy will work. That is because,
during titration, the mixture will move twice through a region where the support is
already positively charged, while the nanopatrticles are still negatively charged.

In this study, the mass loading was between 1 and 3 wt.%. At this loading, the
isoelectric point of the resulting catalyst is not very different from the support material
(cf. Figure 2). This fact can be used to concentrate the solution. By adjusting the pH
towards the IEP of the support material, agglomeration of the catalyst powder is
induced. The sedimentation of the agglomerates leaves a clear liquid in case of
successful adsorption. The adsorption efficiency can be probed at this point by
measuring the supernatant in UV-VIS and comparing it to the colloid. In this study
adsorption always worked and left a clear supernatant, meaning a near 100 %
adsorption efficiency.

The synthesis of colloids and subsequent supporting leaves much potential for
optimization. Synthesis of the colloid generally takes many hours, after which the
titration of the colloid and support dispersion can start. All titration steps require
sufficient waiting time to equilibrate surface charges to stay as close to the support
theory as possible. If the colloid would exit the ablation chamber already at high pH,
an addition to the caustic support dispersion could follow immediately. This removes
the need for separate titration and mixing of the dispersions. After the conclusion of
the laser synthesis process, the mixing of colloid and support is already complete
and titration to support the particles can follow immediately. Table 5 details which
route was used for which samples. Subsequent in this case means the colloid
synthesis was concluded before the supporting started (mostly within 1 day).
Downstream means the colloid was synthesised at caustic pH and directly mixed
with the support as described before. In this table, it can also be found which acid
and base were used for titration. Both substances should leave as little residue after
titration as possible. The titration of KOH with HNO3 leaves very soluble KNOs and
the magnitude of this is removed during concentration via sedimentation. Even
though, a switch was made to the organic base tetraethylammonium hydroxide
(TEAOH). This ensures that as little residue is left on the samples as possible.

11



230

Table 5 Details on the supporting of the samples.

Nominal
Loading
content of Maximum
Sample Min / Max determined
first metal Supporting route Additives temperature
system pH by ICP-
(Pt/Pd/Au) [°C]
OES [wt.%]
[at%]
Pt-Pd 66 Subsequent — water- 6.8/10.15 2.97
HNOs, KOH RT
Pt-Pd 66 based 6.8/10.15 | 3.04
Pt-Cu 10 59/9.5 3.09
Pt-Cu 30 Subsequent — water- 6.0/9.7 2.98
HNOs, KOH RT
Pt-Cu 75 based 6.6/9.5 2.88
Pt-Cu 90 6.6/9.5 3.1
Pt-Rh 50 6.0/10.3 1.07
Pt-Rh 90 Subsequent — water- HNO3, 6.3/9.8 1.05 T
Pt-Rh 95 based TEAOH 6.7/9.7 1.04
Pt-Rh 99 6.7/9.7 1.07
Pt-Au 10 6.8/9.6 1.02
Pt-Au 50 HNOs, 6.8/9.6 0.97
Downstream RT
Pt-Au 90 TEAOH 6.8/9.5 1.02
Pt-Au 95 6.8/9.5 0.97
Pt-Ag 22 6.8/9.5 0.94
Pt-Ag 53 HNOs, 6.8/9.5 0.97
Downstream RT
Pt-Ag 90 TEAOH 6.8/9.5 1.03
Pt-Ag 95 6.8/9.5 1.03
Au-Rh | 90 6.1/9.6 1.02
HNO3,
Au-Ir 50 Downstream 6.4/9.5 0.72 RT
TEAOH
Au-Ir 99 6.8/9.6 1.01
Pd-Cu 15 1.06 214
Pd-Cu 45 Subsequent - Vacuum } } 1.02 246
Pd-Cu 70 distillation 1.08 239
Pd-Cu 90 1.03 240
Pt-Fe 50 1.07 249
Pt-Fe 66 Subsequent - Vacuum ) ) 1.14 235
Pt-Fe 95 distillation 1.06 227
Pt-Fe 99 1.09 133
Pt-Mo 50 1.0 230
Pt-Mo 66 Subsequent - Vacuum ) ) 1.0 219
Pt-Mo 95 distillation 1.05 240
Pt-Mo 99 1.05 234

12
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242
243
244
245
246
247
248
249
250

Nominal

Loading .

content of . . Maximum
Sample . o Min /Max determined

first metal Supporting route Additives temperature
system pH by ICP-

(Pt/Pd/Au) [°C]

OES [wt.%]
[at%]

Pt-Mn 49 0.9 215
Pt-Mn 75 Subsequent - Vacuum ) ; 0.99 215
Pt-Mn 95 distillation 1.03 228
Pt-Mn 99 1.04 204
Pt-Ru 05 0.02 203
Pt-Ru 20 Subsequent - Vacuum ) ) 0.12 218
Pt-Ru 80 distillation 0.75 220
Pt-Ru 95 1.01 200
Pt-Nb 43 0.89 229
Pt-Nb 75 Subsequent - Vacuum ) ] 0.95 205
Pt-Nb 95 distillation 1.06 225
Pt-Nb 99 1.04 199

In the case of the synthesis in propylene carbonate, an electrostatically driven
adsorption cannot be used. Alteration of the surface charge as is possible in water
fails in propylene carbonate. Therefore, diffusion-driven adsorption is chosen. For
diffusion to drive the adsorption the concentration of the colloid must be steadily
increased with the support present. This can be done by evaporating the solvent. It
is important to prevent particle growth in this process as this can negatively impact
the catalyst performance. This means that high temperatures of the colloid need to
be prevented. To estimate which temperature is too high, gold colloids were
synthesized in propylene carbonate. The zeta-potential of these colloids was
measured using a solvent cell on a Malvern Zetasizer nano device. It was found to
be around -45meV. Translating this into thermal energy leads to 250°C.
Thermodynamically the colloid would thus become unstable at and above 250°C.
With propylene carbonate’s boiling point at 242°C and very low vapour pressure [,
it may be reasonable to take extra precautions. Therefore, a vacuum distillation was
built, that allowed the distillation of the mixture at 70°C head temperature. To fully
dry the mixture for bottling, the powder was subsequently heated to <250°C. The
maximum powder temperature is shown in Table 5. As the temperature was kept
well below 250°C for most of the time, particle growth could be kept to a minimum.

13
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S1.4. Catalytic testing procedures

For selected samples, a third stronger ageing procedure was additionally employed,
where the samples were exposed to the water atmosphere at 800°C, for also 16
hours (16/800).

. DOC ASC1/2
(500°C) (550°C)

DOC ASCl/Z

16/650 (500°C) (550°C)
DOC ASC1/2

16/800 (500°C)  (550°C)

Figure 3 Catalyst testing procedure.

Due to a difference in mass loading for the Pt-Pd- and Pt-Cu-Systems (3 wt.%
instead of 1 wt.% for the rest of the sample matrix), the catalytic testing procedure
had to be adjusted.

Instead of having a cordierite core for every age state, the fresh core was reused
after catalytic testing. This was subsequently aged to 16H650 and tested again (cf.
Figure 4).

DOC ASC1/2 DOC ASC1/2

Fresh (500°C) (550°C) 16/650 (500°C) (550°C)
DOC ASC1/2
16/800 (500°C)  (550°C)

Figure 4 Catalyst testing procedure for Pt-Pd- and Pt-Cu-systems.
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264  S2. Sample Details
265 S2.1. Exemplary TEM Images
266 S2.1.1. Pt-Pd, Au-Ir, Pt-Cu, Au-Rh

267

Figure 5 Exemplary STEM-Images of Pt-Pd, Au-Ir, Pt-Cu and Au-Rh. Mixture ratios are given as

nominal values.
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268 S2.1.2. Pt-Rh, Pt-Au, Pt-Ag
269 ' :

Figure 6 Exemplary STEM-Images of Pt-Rh, Pt-Au and Pt-Ag. Mixture ratios are given as nominal

values.
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270  S2.1.3. Pd-Cu, Pt-Fe, Pt-Mo
271

Figure 7 Exemplary STEM-Images of Pd-Cu, Pt-Fe and Pt-Mo. Mixture ratios are given as

nominal values.
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272  S2.1.4. Pt-Mn, Pt-Ru, Pt-Nb

273
274
275

Figure 8 Exemplary STEM-Images of Pt-Mn, Pt-Ru and Pt-Nb. Mixture ratios are given as

nominal values.
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S2.2. Size Distribution

For measurement of particle size distribution, the slurry was diluted (in water for
water-based samples, in acetone for solvent-based samples) and drop-casted onto
lacey-carbon TEM grids. The substrate was chosen to not interfere with the sample
(e.g., nickel grids for copper-containing samples, otherwise copper-grids). These
grids were dried at room temperature and loaded into the TEM. Of the samples, 10
overview images (4 at 10000x, 6 at 30000) and 40 detailed images were taken (15
at 80000x, 25 at 200000x). The detailed images were chosen to measure the particle
size by laying a circular shape upon them in FIJI. The particles were mainly identified
by contrast and shape. This is possible because the alumina support particles
comprise mainly rectangular particles of low density and the nanoparticles of mainly
round particles with high density. The nanoparticles were overlayed with an elliptical
shape best fitting the shape of the nanoparticle. Of this, the area was recorded and
this was translated into the equivalent circle diameter. This data was then turned into
a histogram and fitted with a lognormal distribution.
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292 S2.2.1. Pt-Pd and Pt-Cu

1000

a) PtggPds, Alloy  PtggPds, From mixed colloids
IN [1] 2005 1550
800 Peak [nm] 3.0 3.4
1SSA[m?¥g]  52.9 54.7
600 -
c
=5
(@]
o
400 -
200 -
B Ptg:Pds, Alloy
[0 PtggPd,, From mixed colloids
0 - . : . , :
0 10 20 30 40
Diameter [nm]
800
| b) Pt;oCugg Pt3,Cuzo Pt75CU,s PtgoCuig
00 INT1] 413 468 589 895
|Peak [nm] 2.8 3.4 35 3.0
500 |SSAIM?g]  104.4 74.3 55.3 58.5

500 - \

I Pt Cuy,
[ PtyCuyg
I Pt Cu,.
| Ptg,Cuy

0 5 10 ' 15 20
Diameter [nm]

Figure 9 Particle size distributions from STEM of Pt-Pd (a) and Pt-Cu (b). Notice the differing x-

and y-Axis scale for better visibility.

20



293 S2.2.2. Pt-Rh and Pt-Au
294
%00 N 1] 1238 422 990 833
1Peak [nm] 3.9 3.6 3.3 238
500 SSA [m?g]  41.9 492 475 48 4
I Pt;,Rhs,
[ PtgoRhy,
I Pt -Rh.
0 5 10 15 20 25 30
Diameter [nm]
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300
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0_ T M T T
0 15 20 25 30

Figure 10 Particle size distributions from STEM of Pt-Rh (a) and Pt-Au (b). Notice the differing x-

and y-Axis scale for better visibility.

Diameter [nm]
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295 S2.2.3. Pt-Ag, Au-Rh and Au-Ir

296
350+ a) Pt,,Ag75 Pts3A0,7 PtaAdio PtysAgs
1IN [1] 473 305 474 542
300-|Peak [nm] 4.7 5.0 4.6 5.0
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Figure 11 Particle size distributions from STEM of Pt-Ag (a) and Au-Rh and Au-Ir (b). Notice the

differing x- and y-Axis scale for better visibility.
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297 S2.2.4. Pd-Cu and Pt-Fe
298
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Figure 12 Particle size distributions from STEM of Pd-Cu (a) and Pt-Fe (b). Notice the differing x-

and y-Axis scale for better visibility.
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299 S2.2.5. Pt-Mo and Pt-Mn
300
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Figure 13 Particle size distributions from STEM of Pt-Mo (a) and Pt-Mn (b). Notice the differing

x- and y-Axis scale for better visibility.
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301 S2.2.6. Pt-Ru and Pt-Nb
302 400
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Figure 14 Particle size distributions from STEM of Pt-Ru (a) and Pt-Nb (b). Notice the differing x-

and y-Axis scale for better visibility.
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S2.3. Particle composition and support loading

Particle composition was verified using TEM-EDX and ICP-OES. EDX
measurements comprised 10 line scans and 3 mappings. The obtained data was
screened for significance by evaluating the signal-to-noise ratio. Only significant data
was used for calculating the mean value and standard deviation of the measured
composition. It was also evaluated whether an alloy formed. All particles containing
a mixture of metals also showed homogeneous alloying throughout the particle.
Nevertheless, also monometallic particles could be found, in particular for samples
with a very high Pt (or Au/Pd) content (e.g., 95 at% and 99 at%). The obtained data
was used to calculate a statistical error based on student distribution.

The ICP-OES data was also used to determine the factual support loading by also
evaluating the support content.
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Figure 15 Sample composition from TEM-EDX and ICP-OES for Pt-Pd (a) and Pt-Cu (b).
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S2.3.2. Pt-Rh and Pt-Au
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Figure 16 Sample composition from TEM-EDX and ICP-OES for Pt-Rh (a) and Pt-Au (b). Gold is

very difficult do distinguish from platinum using EDX, due to the very similar characteristic

X-Rays. Therefore EDX-Data is not very reliable for a mixture of Pt and Au.
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320 S2.3.3. Pt-Ag, Au-Rh and Au-Ir
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Figure 17 Sample composition from TEM-EDX and ICP-OES for Pt-Ag (a) and Au-Rh and
Au-Ir (b).
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322 S2.3.4. Pd-Cu and Pt-Fe
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Figure 18 Sample composition from TEM-EDX and ICP-OES for Pd-Cu (a) and Pt-Fe (b).
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324 S2.3.5. Pt-Mo and Pt-Mn
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Figure 19 Sample composition from TEM-EDX and ICP-OES for Pt-Mo (a) and Pt-Mn (b).
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326 S2.3.6. Pt-Ru and Pt-Nb
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Figure 20 Sample composition from TEM-EDX and ICP-OES for Pt-Ru (a) and Pt-Nb (b).
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328 S2.4. Selected EDX line scans of Pt-Pd, Pt-Cu and Pt-Mo
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Figure 21 Example EDX line scans of Pt-Pd (a), Pt-Cu (b) and Pt-Mo (c). All line scans have been

smoothed using the FFT filter in Origin-Pro with 5 points within the smoothing window to provide

a better overview by reducing some noise.
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S3. Crossover measurements

To ensure comparability between the measurements of the coated cordierite reactor
and the powder reactor, crossover measurements were performed. For this
measurement, the water-based slurry was prepared in a manner comparable to the
preparation of the powder samples (dried, pressed, broken up etc.). Subsequently,
the samples were then tested in the same environment as the solvent-based
samples. For the comparison, only the mildly aged samples (16H650) were chosen.
The DOC results are shown in Figure 22 and the ASC results in Figure 23. While the
reactors do not produce identical values, the results are still very comparable.
Especially the ranking of the samples stays the same, which is of the highest
importance in this study. The only outlier is Pt-Pd when testing for the temperature
where 20 ppm N20 are generated in the ASC measurement with NO present (cf.
Figure 23 b)). With every other measurement, the ranking is kept between reactors.
If considering, that the most inactive samples (e.g. Au-Ir) show the largest deviation,
even the values for the most active catalysts become partly comparable. Thus, the
comparison of samples between the reactors should be possible.

500

|1 CO LU, Cordierite [ 1 HC LU,, Cordierite
400 4[] CO LU,, Powder [ HC LU, Powder

?\.q{l? ?’&gﬁ Q\.QGP\ 9\0?\5*\3 “Agp\.;anp‘gb‘ap\\)‘lh 7'69\ 1? 5‘5?\93 Pl QP‘Q\Q \5?‘9”‘6 ?‘““q P\\)‘u}""g’
= 60- [ ] @250°C Cordierite
= [ ] @250°C Powder
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P
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Ptg7Pda; PtgoRhyq PtgpAgqq Pt5,AQ4s PtgRhyg Az4lrag
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Figure 22 DOC Crossover measurements. Head-to-head comparison of Cordierite and Powder

reactor for CO LUso, HC LUs0 and NO»2-Formation at 250°C and 300°C.
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Figure 23 ASC crossover measurements. Head-to-head comparison of NHs LUso and Temperature

at which N20 concentration was 20 ppm. Note that the Gold/Iridium-sample did not reach 20 ppm.
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S4.

Adsorption enthalpies

To evaluate the catalyst performance based on the heat of adsorption of the
reactants, an extensive literature review was conducted. The results of this are
shown in the following tables to provide a full list of references.

S4.1. Adsorption enthalpy CO
Mean Lowest Highest
Metal | Adsorption Enthalpy | Enthalpy |Source Notes
Enthalpy [eV] [eV] [eV]
Initial Mean value between
Pt -2.10 -1.87 -2.33 [70] hex and unreconstructed
(1x1)
Mean between large
Pd -1.24 -0.95 -1.52 [711 | particles and nanoparticle-
clusters
Cu 0.88 72 Copper sheet, 0°C, low
coverage
Rh -1.55 [73] low coverage Rh (111)
AU 0.56 74] Gold-Nanoparticles on TiOz,
low coverage
Mean value of two
configurations on Ag°-site of
Ag -0.69 -0.60 079 | s g g
Ag/Al203 catalyst at low
coverage
Fe 207 76] Initial heat of ads.orptlf)n,
10nm sputtered iron film
Mo 264 77 @25% coveragg, calt?ulgted
for Mo(100); Dissociative
Mn I None
RU 159 78] Ru(0001), Low coverages,
300K
Nb I None
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S4.2. Adsorption Enthalpy NO
Mean Lowest Highest
Metal | Adsorption Enthalpy | Enthalpy |Source Notes
Enthalpy [eV] [eV] [eV]
Mean value of all factettes
Pt -1.58 -1.20 -2.14 [79] ’
>= 300K
Mean value of all factettes
P -1.7 -1.2 -2.17 [79] ’
d 6 9 >= 300K
Estimation from desorption
Cu -0.65 -0.57 -0.73 [80] at 150K, NO adsorption is
dissociative 181
Mean value of all factettes
Rh -2.85 -1.35 -4.35 [79] ’
>= 300K
On Au*-clusters, very little
literature as gold does not
Au -0.55 [82] oxidise easily and no
adsorption is detected
above 95K [80.83]
Ag -0.68 [79]
Fo 0.62 84] Estlmated from Déta atl85K,
for higher T, NO dissociates
Mean value for two
Mo -0.66 -0.47 -0.85 [79] .
adsorption states
Mn Il None
Mean value of all factettes
R ‘1.1 -1.07 -1.24 [79] !
. 6 0 >= 300K
Mean value of all
Nb -2.49 [85] | geometrical possibilities on
Nb(110)
S4.3. Adsorption Enthalpy O
Mean Adsorption
Metal P Source Notes
Enthalpy [eV]
Pt -2.11 (34] M12 Clusters
Pd -1.51 (86] experimental, polycrystalline
Cu -2.04 [34] M12 Clusters
Rh -2.31 [86] experimental, polycrystalline
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Metal Mean Adsorption Source Notes
Enthalpy [eV]
Au -0.60 [34] M12 Clusters
Ag -0.83 [86] experimental
Fe 318 87] Fe(100), experimental, 100% surface
coverage
Mo -4.02 (86] experimental, polycrystalline
Mn Il None -
Ru -2.91 (86] experimental, polycrystalline
Nb -4.51 [86]
S5. DOC Details
S5.1. Gas Mixtures
Coated Cordierite |Powder Reactor
CO 250 ppm 250 ppm
Propene (as C1) 180 ppm 180 ppm
NO 750 ppm 750 ppm
O2 10% 10%
H20 7,5% 7,5%
COz2 7% 7%
N2 Rest Rest
similar conditions as cordierite samples,
Space Velocity 50,000 1/h but due tq fluctuations in pack_ing density,
no meaningful space velocity can be
defined.
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S5.2. Result Overview DOC
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Figure 24 CO LUso evaluated based on the Pt, Pd or Au content of the catalyst. Blue and red areas are

a guide to the eye, to ease comparison.
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S5.2.2. HC LUso
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Figure 25 HC LUso evaluated based on the Pt, Pd or Au content of the catalyst. Blue and red areas are

a guide to the eye, to ease comparison.
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S5.2.3. NO2 Formation at 250 C
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Figure 26 NO: formation evaluated based on the Pt, Pd or Au content of the catalyst. Blue and red
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S5.2.4. Average N20 concentration
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Figure 27 Average N20 concentration evaluated based on the Pt, Pd or Au content of the catalyst

Blue and red areas are a guide to the eye, to ease comparison.
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Figure 28 Scaling relation of CO-LUso of laser-generated alloy catalysts in the CO-oxidation reaction.
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Figure 29 LUso of laser-generated alloy catalysts in the propene oxidation reaction.
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Figure 30 NOz-Formation of laser-generated alloy catalysts in the NOz-formation reaction.
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Figure 31 Concentration of N20 of laser-generated alloy catalysts in the N2O-formation reaction.
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Figure 32 Difference between LU50 (Fresh minus Aged) of laser-generated alloy catalyst in the
propene oxidation reaction. Comparison to melting point of alloy element (a) and to melting point of

the mixture taken from the underlying bulk phase diagrams (b).
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Figure 33 Conversion difference between (Fresh minus Aged) of laser-generated alloy catalyst in the

NO:-formation reaction. Comparison to melting point of alloy element (a) and to melting point of the

mixture taken from the underlying bulk phase diagrams (b).

S5.4.3. N2O-Formation

a)

2.0

b)

—— Linear fit A 20 _

— 154 95% Confidence band Activation — Llnuear fit A
g_ : Alloys T 157 iﬁ;@()onﬁdenceband Activation
o ANOVA-Test negative (F = 3.4, i Copper
= 101 - ned { )‘ Rhodium s 1 0 JANOVA-Test negative (F = 1) PPer
o Copper Niobium Q . Rhod\umN_ .
© 0.5+ H * o S 054 L e iobium
5 H . s o 0. Manganese 4 »
ST/ T . B 0.0 i -
2 : ° Ruthenium 5 L B te o
=05 . Manganese = 05 . i
s Silver g . Molvbdenum © 0-° A Ruthenium
= e—Palladium violybdenu = Silver <
@© -1.0- . 104 Malubdant im
g § 10 Palladium Violybdenu
[s] o : S
O -1.51 : T et Deactivation| ©O -1.5- Tineit Deactivation

20 iPlatinum \ 20 Platinumj \

1000 1500 2000 2500 3000 1000 1500 2000

Melting point alloy element [°C]

Melting point mixture from phase diagram [°C]

Figure 34 Concentration difference (Aged minus Fresh) of laser-generated alloy catalysts in the N20-

formation reaction. Comparison to melting point of alloy element (a) and to melting point of the

mixture taken from the underlying bulk phase diagrams (b).
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S6. ASC Details
S6.1. Gas Mixtures
Coated Cordierite Powder Reactor
ASC wo/ NO ASC2 w/ NO | ASCwo/ NO | ASC2w/ NO
NO 0 ppm 200 ppm 0 ppm 200 ppm
NHs 300 ppm 300 ppm 300 ppm 300 ppm
02 5% 5% 5% 5%
H20 5% 5% 5% 5%
N2 Rest Rest Rest Rest
similar conditions as cordierite
samples, but due to fluctuations
Space Velocity | 200,000 1/h 200,000 1/h |in  packing density, no

meaningful space velocity can

be defined.
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Figure 35 NHs LUso evaluated based on the Pt, Pd or Au content of the catalyst. Blue and red areas

are a guide to the eye, to ease comparison.
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S6.2.2. Average NO2 concentration
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Figure 36 Average NO2 concentration evaluated based on the Pt, Pd or Au content of the catalyst.
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Blue and red areas are a guide to the eye, to ease comparison.

49

— 50/

840/
]

O Wt

= 20
Q i—v— Ruthenium fresh

10+ |—e— Ruthenium aged 16/650
—e— Ruthenium aged 16/800|

0 10 20 30 40 50 60 70 80 90100
Pt-Content ICP [at%]

60 y
P et 4
= 50 =<
~ v
g -
8 40 P
—_ L
Q 30 -
= 20
S [~v— Mani
[ ganese fresh
10| —o— Manganese aged 16/650)
|—e— Manganese aged 16/800|

0 10 20 30 40 50 60 70 80 90100
Pt-Content ICP [at%)]
60 | —v— Rhodium fresh

L-— Rhodium aged 16/650
= 50|=¢— Rhodium aged 16/800

5

& 404

ON300777777777777777?*;:'7

5204 e &

_ Sy
10/ \

0 10 20 30 40 50 60 70 80 90100
Pt-Content ICP [at%)]

60| |[—v— Gold fresh
—e— Gold aged 16/650

= 501 | —e— Gold aged 16/800

&40/

—
N

0O 301 $eee oo mmmm—mm—m e
=
s 20+ : 3

101 T
i e T . ]

0 10 20 30 40 50 60 70 80 90100
Pt-Content ICP [at%)]

604 Copper fresh [

*— Copper aged 16/650|
—= 50+
£

& 40/

O D
<2
< 20]

101 o

—f—

0 10 20 30 40 50 60 70 80 90100
Pd-Content ICP [at%]



410
411

v— Palladium alloyed fresh
180 |« Palladium alloyed aged 16/650
160 1 | -e— Palladium alloyed aged 16/800

&120] ¥

40 ]—v— Palladium mixed fresh
20 —t— Palladium mixed aged 16/650
||—o— Palladium mixed aged 16/800

0 20 40 60 80 100
Pt-Content ICP [at%]

40 ] |—*— Molybdenum fresh
1|—*— Molybdenum aged 16/650
—e— Molybdenum aged 16/800

Pt-Content ICP [at%]

40 |[~7— Copper fresh
20l Copper aged 16/650
0 —e— Copper aged 16/800

0 20 40 60 80 100

Pt-Content ICP [at%]

150- —v— Rhodium fresh
| |-*— Rhodium aged 16/650
160 ||—e— Rhodium aged 16/800,

Au-Content ICP [at%]

—v—Iridium fresh
180 #— Iridium aged 16/650,
160 | e Iridium aged 16/800

0 20 40 60 80 100

Au-Content ICP [at%]

0 20 40 60 80 100

0 20 40 60 80 100

S6.2.3. Average NO concentration

31*:1_‘_1_‘_ ..

v——f_'_‘

40 ] [—v— Niobium fresh
20| *  Niobium aged 16/650
[—e— Niobium aged 16/800)|

0 20 40 60 80 100
Pt-Content ICP [at%]

40| [—v—lron fresh
20 —e— |ron aged 16/650
—e— |ron aged 16/800

0 20 40 60 80 100
Pt-Content ICP [at%]

40 [~ Silver fresh
20 —e— Silver aged 16/650)
—e— Silver aged 16/800

Pt-Content ICP [at%]

0 20 40 60 80 100

.;7—_—':;"':_—::

40 1|—v— Ruthenium fresh
201 —e— Ruthenium aged 16/650!
0 ||—e— Ruthenium aged 16/800

0 20 40 60 80 100
Pt-Content ICP [at%)]

40l Manganese fresh
1 [—*—Manganese aged 16/650
207 | o Manganese aged 16/800

0 20 40 60 80 100
Pt-Content ICP [at%)]

Pt-Content ICP [at%]

2004
1801 Gold fresh

—e— Gold aged 16/650
160 |—s— Gold aged 16/800

E 140-
%1201,'"':?"'**;;:; """"""""
51004 "
Z 80 I
a 60- ™~ T
4 L
4, T \
2 ) N
0 20 40 60 80 100
Pt-Content ICP [at%]
100 TS e
| |—»— Copper aged 16/650

1601
E 140
S120F -
S100] " .
Zz 80 T T ~~—__
—= 1 . e
Q 33' — .

201

0

0 20 40 60 80 100
Pd-Content ICP [at%]

Figure 37 Average NO concentration evaluated based on the Pt, Pd or Au content of the catalyst. Blue

and red areas are a guide to the eye, to ease comparison.
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S6.2.4. Average N20 concentration
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Figure 38 Average N20O concentration evaluated based on the Pt, Pd or Au content of the catalyst.

Blue and red areas are a guide to the eye, to ease comparison.
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S6.2.5. Average formed N
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Figure 39 Average formed N evaluated based on the Pt, Pd or Au content of the catalyst. Blue and



417 S6.3. Remaining Correlation Curves ASCI (without NO)
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Figure 40 LUso of laser-generated alloy catalysts in the NHs-oxidation reaction.
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Figure 41 LUso of laser-generated alloy catalysts in the NHs-oxidation reaction.
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Figure 42 Average N20-Concentration of laser-generated alloy catalysts.
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Figure 43 Average NOz-Concentration of laser-generated alloy catalysts.
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Figure 44 Average formed nitrogen concentration of laser-generated alloy catalysts.
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oxidation reaction. Comparison to melting point of alloy element (a) and to melting point of the
mixture taken from the underlying bulk phase diagrams (b).
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Figure 46 Difference in concentration (Fresh minus Aged) of laser-generated alloy catalysts in the

NO:-formation reaction. Comparison to melting point of alloy element (a) and to melting point of the

mixture taken from the underlying bulk phase diagrams (b).
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Figure 47 Difference in concentration (Fresh minus Aged) of laser-generated alloy catalysts in the

NO-formation reaction. Comparison to melting point of alloy element (a) and to melting point of the

mixture taken from the underlying bulk phase diagrams (b).
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Figure 48 Difference in concentration (Fresh minus Aged) of laser-generated alloy catalysts in the N-
formation reaction. Comparison to melting point of alloy element (a) and to melting point of the

mixture taken from the underlying bulk phase diagrams (b).
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Figure 49 Difference in concentration (Fresh minus Aged) of laser-generated alloy catalysts in the
N20-formation reaction. Comparison to melting point of alloy element (a) and to melting point of the
mixture taken from the underlying bulk phase diagrams (b).
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Figure 50 NHs LUso evaluated based on the Pt, Pd or Au content of the catalyst. Blue and red areas
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S6.5.2. Average NO2 concentration
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Figure 51 Average NO2 concentration evaluated based on the Pt, Pd or Au content of the catalyst.

Blue and red areas are a guide to the eye, to ease comparison.

59



447
448

360 agium alloyed fresh
3407 | « Palladium alloyed aged 16/650
320 |—e— Palladium alloyed aged 16/800
E 300
EZBO*
—~ 2604
9 240, ¢
=220 v

200 {|—v— Palladium mixed fresh
180 {|—*— Palladium mixed aged 16/650
160 == Palladium mixed aged 16/800

0 20 40 60 80 100
Pt-Content ICP [at%]

gig_ —w— Molybdenum fresh
1 —e— Molybdenum aged 16/650
3201 s Molybdenum aged 16/800
£ 300
EZBO—
6260*
240
€220
8 200
180
160

0 20 40 60 80 100
Pt-Content ICP [at%]

—
— = g

=

-—v

gig —v— Copper fresh

—e— Copper aged 16/650|
'_‘320 —e— Copper aged 16/800
£300 o
2280
F=
6260* v
2404
€ 220
Q 200
180
160

0 20 40 60 80 100
Pt-Content ICP [at%]

gig_ —w— Rhodium fresh
1}—=— Rhodium aged 16/650
__3201|_s— Rhodium aged 16/800
£ 300
§2807
6260*
240
€220/ .
8 200
180
160

0 20 40 60 80 100
Au-Content ICP [at%]

R

360+
3401 —v—Iridium fresh

#— [ridium aged 16/650
— 320 —e— Iridium aged 16/800,
E 300
§2807
6260*

2404
€ 220
Q 200

180

160

2\

—

0 20 40 60 80 100
Au-Content ICP [at%]

360+
340
320

'E 300
280/
=260
© 240-
<2201
8 200

180

160

S6.5.3. Average NO concentration

—v— Niobium fresh
—=— Niobium aged 16/650
—e— Niobium aged 16/800

360+
340+
320

T 300

§280°
5260
2401
£ 590/
8 200
180 |
160 |

20 40 60 80
Pt-Content ICP [at%]

—v— Iron fresh
ron aged 16/650
ron aged 16/800

Yo

100

-‘;*—_4;_?\:

360+
340+

320
'E 300

§280°
/260
2401
£330/
8 200
180 |
160 |

20 40 60 80
Pt-Content ICP [at%]

100

. __e-®

-— —

-— v
—

—v

—v— Silver fresh
—e— Silver aged 16/650
—e— Silver aged 16/800

20 40 60 80
Pt-Content ICP [at%]

100

360- —v— Ruthenium fresh

3407 | . Ruthenium aged 16/650
— 320 ] |—*— Ruthenium aged 16/800)|
£ 300
_% 280+
—~260-
9 2401
=220

200+

180

160

Pt-Content ICP [at%)]

gig : —v— Manganese fresh

1 [-*—Manganese aged 16/650
— 320 1 [-*—Manganese aged 16/800
£ 300
_% 280
5 260
240+ z
<220 e
© 200 | -
180+
160
0 20 40 60 80 100

Pt-Content ICP [at%)]

Pt-Content ICP [at%]

360+
3401 |77 Gold fresh

1 |—e— Gold aged 16/650
_ 32041, Goid aged 16/800
£300-
5280
—260-

0 20 40 60 80 100
Pt-Content ICP [at%]

360, —v— Copper fresh

ggg —e— Copper aged 16/650
£ 300

280

52601

= 2404

=2201 g

8 200 ~_ \/v
180+ e _
160 ] .

0 20 40 60 80 100
Pd-Content ICP [at%]

Figure 52 Average NO concentration evaluated based on the Pt, Pd or Au content of the catalyst. Blue

and red areas are a guide to the eye, to ease comparison.
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Figure 53 Average N20O concentration evaluated based on the Pt, Pd or Au content of the catalyst.

Blue and red areas are a guide to the eye, to ease comparison.
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Figure 54 Average formed N evaluated based on the Pt, Pd or Au content of the catalyst. Blue and

red areas are a guide to the eye, to ease comparison.
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Figure 55 LUso of laser-generated alloy catalysts in the NHs-oxidation reaction.
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Figure 56 LUso of laser-generated alloy catalysts in the NHs-oxidation reaction.
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Figure 57 Average NO:-Concentration of laser-generated alloy catalysts.
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Figure 58 Average N20-Concentration of laser-generated alloy catalysts.
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Figure 59 Average NO-Concentration of laser-generated alloy catalysts.
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Figure 60 Average formed nitrogen concentration of laser-generated alloy catalysts.
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mixture taken from the underlying bulk phase diagrams (b).
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