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Summary

This thesis focuses on the industrially important research topic of platinum catchment. Since
the invention of the Ostwald process and the use of a Pt-catalyst for high temperature ammonia
oxidation, platinum loss has been an issue of the industrial catalyst. Though several different
Pt-catchment solutions have been tested since the origin, the major turning point came in 1968.
Pd/Au (88/12 at. %) wires were woven into a gauze and installed downstream of the Pt/Rh
catalyst to capture the evaporated Pt. Today, a Pd/Ni (91/9 at. %) alloy is the industrially used
Pt-catchment system.

Several studies have investigated the industrial Pd/Au and Pd/Ni gauzes and documented
severe swelling and restructuring during operation. However, the exact origin of the
phenomena was unknown at the start of this project in 2016. Our first experiments were carried
out in a laboratory furnace using synthetic air, giving two major findings: 1) Pt-catchment
alone (exposure in air + PtO) causes wire restructuring, and 2) Ni-loss is caused by water
vapour and air, and the presence of Ni does not affect Pt-catchment on Pd/Ni significantly.
These findings show that wire restructuring is in fact an intrinsic property of the system.

After establishing that Pt-catchment causes the Pd and Pd/Ni wire to restructure, pilot plant
testing of a Pd gauze was performed to compare two scenarios: 1) the effect of the industrial
gas mixture and the use of a Pt catalyst for NH3-oxidation, a process that includes Pt-catchment,
and 2) the effect of the industrial gas mixture with a LaCoOgs-based catalyst for NHs-oxidation,
a process that does not include Pt-catchment. The result was that both Pd gauzes reconstructed
completely, but their morphology was different; Pt-catchment caused edged crystallites on the
Pd-wire, while the Pd-wire below the oxide catalyst formed rounded crystallites.

There were in fact two different origins for wire restructuring, and the investigation continued
with focus on the restructuring. To understand the edged restructuring caused by Pt-catchment,
in situ X-ray absorption computed tomography (absorption-CT) was performed at ID15A at
the ESRF, studying Pd- and Pd/Ni wires during Pt-catchment in dry air at 1000 °C.
Absorption-CT allowed us to observe 3D objects of the restructured wires and extract
quantitative information of the wire restructuring and Pt-catchment as a function of time. Pt-
catchment is linear until ~1 at. % Pt is captured (~4 hours) before the rate is reduced, at which
point internal porosity increases. Notably, a lower p(PtO-) result in reduced Pt-catchment.

SEM/EDX analysis of the same Pd- and Pd/Ni wires as studied in the absorption-CT
experiments revealed a crucial detail. After 1 day of Pt-catchment, the grain boundaries (GBs)
were full of Pt, while the bulk grains were still empty of Pt. The effect was stronger for Pd
than for Pd/Ni and was visible also after 4 days. This implied that the GBs play a key role as
a transport path for Pt into the Pd- and Pd/Ni wires. Quasi-monocrystalline Pd- and Pd/Ni
wires (grain size 20-200 um), obtained by annealing in vacuum at 1100 °C for 7 days,
restructured significantly less than the polycrystalline wires. The quasi-monocrystalline wires
seemed limited by bulk diffusion, causing Pt to cover only the surface of the samples. They



also showed little restructuring. Diffusion simulations using reported diffusion coefficients
supported a bulk diffusion limitation; solid-state diffusion of Pt into Pd is too slow to account
for the Pt-content observed in Pt-catchment experiments. We therefore explain the observed
grain reconstruction of the polycrystalline Pd- and Pd/Ni wires as restructuring due to rapid
GB diffusion. Additionally, the fact that Pd-diffusion is reported to be more rapid than Pt-
diffusion suggests that Kirkendall voids may participate in the formation of porosity.

To explore alloys with enhanced the bulk diffusion, several Pd/Au samples were tested as
potential Pt-catchment materials. Laboratory experiments of polycrystalline wires showed two
main findings: 1) The wire restructuring was reduced with increasing Au-content up to Pd/Au
(50/50 at. %), and 2) Pt-catchment was similar for Pd/Au and Au, but their Pt-catchment was
lower than for Pd. Alloying Pd with Au clearly improved bulk diffusion, and Pt-catchment
was enhanced for the quasi-monocrystalline samples.

To test the samples at industrial conditions, a 5 months’ industrial experiment was performed,
including both poly- and quasi-monocrystalline versions of all samples. The wire restructuring
was lowest for the Pd/Au (50/50 at. %) sample, and it showed little porosity caused by the
aggressive gas/temperature conditions. However, the measured Pt-concentration was higher
for the Pd-rich samples (Pd, Pd/Ni and Pd/Au (91/9 at. %)). Additionally, also the quasi-
monocrystalline wires restructured in a similar way as their polycrystalline counterparts. The
restructuring of the monocrystalline wires is likely caused by the Kirkendall effect and
formation of internal porosity that becomes open porosity allowing continued restructuring.

The current industrial Pt-catchment material (Pd/Ni) is a metallic alloy, but other material
types may also be suited for catchment. Within the iCSI Centre, perovskite-based oxides are
currently under evaluation as future candidate materials for Pt-catchment, and several Pt- and
Rh-containing perovskites are studied to establish a knowledge-base for these investigations.
RE2MPtO¢ (RE = La, Nd; M = Ni, Co) are B-site ordered double perovskites with Pt(IV) and
Ni(11)/Co(ll). Attempted syntheses with M = Fe were unsuccessful as Fe is not easily reduced
to Fe(ll) at the high pO. conditions required for the synthesis of oxides with Pt(IV). Attempted
syntheses with RE =Y resulted in multiphase samples with a Pt-rich pyrochlore (Y2Pt-«MxOz)
and M-rich perovskite (YM1PtOs). Non-equimolar compositions in the system LaNi;Pt,O3
with x > 0.20 are monoclinic (P21/n) and have B-site ordering to a degree correlating with the
Pt-content. The samples (x > 0.20) also show a domain structure with La;NiPtOs-like (Pt-rich)
domains and LaNiOs-like (Pt-depleted) domains due to Pt requiring oxidation state +IV.

For the Rh-containing perovskites, also Y can be used as the A-site cation (Y Mos0Rho5003, M
= Co, Fe), but for M = Ni, the sample contained several impurities. B-site ordering is absent
for all Rh-containing perovskites regardless of the A-site cation. The absence of B-site ordering
imply that the oxidation states are likely M(111) and Rh(Ill). However, both the unit cell volume,
XAS-, and magnetic measurement indicate that Ni(Il) and Rh(IV) is present to a significant
degree in LaNi:—xRh.Os, especially for the Rh-rich samples (x > 0.60). The unit cell volume of
Y Mo s0Rho 5003 (M = Co, Fe) also indicate some degree of mixed valence (60-70 % +111/+111).

Vi
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1. Introduction

1. Introduction

1.1. Historical background

At the dawn of the 20™ century, the human population was facing a great challenge known as
The Nitrogen Problem. Sir William Crookes presented in 1898 a concern for the world’s
supplies of wheat and that the increasing human population would soon overwhelm the
production rates of wheat [1]. Guano (ammonia-rich bird excrement; NH3) and Chile saltpetre
(NaNO3) were at this time the primary sources of nitrogen-based fertilisers used for agriculture
and wheat production. There was a clear need to either increase recycling of nitrogen-rich
waste or fixate nitrogen from the air, to be used as fertilisers. Otherwise, it was estimated that
the world could not sustain a population larger than approximately 2 billion people [2].

Guano was mined along the west coast of Chile and Peru (Figure 1), and Chile saltpetre from
the Atacama Desert. The fight over these valuable resources was decided in The War of the
Pacific in 1884 (Saltpeter War; Salpeterkrigen in Norwegian), when Chile gained control over
most of the export of fixated nitrogen to the rest of the world [3], at the cost of Peru and Bolivia.
The supplies from Chile were gradually depleted, especially Guano, and consequently, the
need to fixate nitrogen from the air was increasing. This fact boosted the research on ammonia
(NHs) and nitric acid (HNO3z) production in the early 1900s. Ammonia and nitric acid are the
two main chemical components in nitrogen-based fertilisers.

" JHK CHINCIA (GUANO) ISLANDS : MIDDLE ISLAND, AS SKEX ¥EOM NORTI SLAND.

Figure 1. The Chincha Islands outside the west coast of Peru and the Peruvian fleet, in 1863. Guano mining
was significant at this time for Peru, but the deposits at the Chincha Islands were gradually depleted during
the 1870s. Credits: Manuel Gonzalez Olaechea y Franco [4].

When The Nitrogen Problem was presented to the German Professor Wilhelm Ostwald, he
addressed the task of nitric acid production, considering it his duty to contribute in making his
country independent of Chile saltpetre. Two possible routes were considered for the
manufacture of nitric acid; a direct reaction between nitrogen (N2) and oxygen (O2) from the
air or oxidation of ammonia. He assumed it would be simpler to react nitrogen from ammonia
rather than fixating nitrogen from the stable nitrogen molecule (N2), hence he chose oxidation
of ammonia. Notably, oxidation of ammonia was first performed by Isaac Milner in 1789, and
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later by Frédéric Kuhlmann in 1838 [1]. When Ostwald started his laboratory work in 1901
(Figure 2a) he was unaware of Kuhlman’s previous experiments on ammonia oxidation with
a platinum (Pt) catalyst at 300 °C. However, Ostwald was the first to study ammonia oxidation
in a systematic manner. He understood that the key to the process was a high flow rate over
the Pt-catalyst, which stabilises the product (nitric oxide; NO) due to the short contact time
between the gas and the catalyst [1]. Further oxidation to nitrogen dioxide (NO_) and reaction
with water forms the final product, nitric acid. Ostwald and Brauer built a pilot plant (Figure
2b) for testing in 1904. The first large scale plants were built in 1906 and 1908, the latter
producing 3 tons of 53 % nitric acid (in water) per day [1]. A picture of large-scale ammonia
burners from the 1960s is provided in Figure 2c. The reaction of ammonia to nitric acid has
certainly been optimised since Ostwald’s invention, but the key steps of The Ostwald Process
are still the same.

Figure 2. a) Ostwald’s laboratory setup for ammonia oxidation, b) the pilot plant for ammonia oxidation by
Ostwald and Brauer from 1904 [1], and c) three parallel ammonia burners from the 1960s [5]. The pictures
are reused with permission from Johnson Matthey Plc.

The second part of The Nitrogen Problem was the production of ammonia. The Haber-Bosch
process presented a solution for the synthesis of ammonia at the early 1900s. A high-pressure
reaction between the two pure gases of hydrogen (H;) and nitrogen (N2) over an iron oxide-
based catalyst was industrialised in Germany [6], and the first plant in Oppau was finished in
1913 (Figure 3). The fact that supplies of Guano- and Chile saltpetre were considered
unreliable in the case of war was a second motivation for inventing a large-scale production
process for ammonia synthesis in the early 1900s; a hard-learned lesson for both Britain and
USA, considering that World War | started in 1914. At first, ammonia production was used to
supply Germany with raw material for explosives during World War 1. Without the Haber-
Bosch process at hand, it is said that Germany would have run out of explosives, and the war
would have ended one, perhaps two, years earlier [7]. After World War I, ammonia production
expanded world-wide for the production of fertilisers and the first plant in Great Britain was
finished in 1924 at Billingham (Figure 3) [2]. Since then, the Haber-Bosch process has
dominated the global production of ammonia, where approximately 80 % of all produced
ammonia is used for nitrogen-based fertilisers [6].
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Figure 3. Left: The first Haber-Bosch ammonia production facility located in Oppau, Germany. The picture
is a reproduction of a painting by Otto Bollhagen from 1914, reused with permission from BASF [8]. Right:
A high pressure reactor for ammonia synthesis from the plant at Billingham, reused with permission from
Johnson Matthey Plc [2].

Another industrial fertiliser production path was developed in Norway in the early 1900s.
Unlike the Ostwald process, the Birkeland-Eyde process was based on the direct fixation of
nitrogen from the air using large high temperature furnaces and the electric arc technology
(Figure 4) [9]. This was the first industrial production of synthetic fertiliser worldwide,
marking the beginning of the industrial adventure of the Norwegian company Norsk Hydro
(later Yara International), established in 1905. The process was based on passing air through
an electric arc, causing nitric oxide (NO) to form due to the extreme amount of energy present,
similar to a lightning bolt during a thunderstorm. The three plants at Notodden (smaller test
facility) and Rjukan (Rjukan | (Figure 4) and Rjukan Il) were built from 1905-1920. The
maximum capacity was 140 tonnes of fertiliser per year at the end of the 1920s. At peak
production, the two plants at Rjukan had 139 electric arc furnaces with a total power
consumption of 245 MW, equivalent to the power consumption of approximately 130 000
households in Norway in 2016 [10]. Such extreme power consumption was mainly possible to
sustain in Norway due to access to cheap hydropower. The Birkeland-Eyde process was
mainly industrialised in Norway and a few other countries. However, also for Norsk Hydro,
the Haber-Bosch (NHs-production) and Ostwald processes (reaction of NHs; to HNOs)
outcompeted the Birkeland-Eyde process, requiring only one quarter of the energy. This
caused Norsk Hydro to gradually transform the facility through the 1930s, even though
industrial facilities for the Haber-Bosch and Ostwald process were highly complex in
comparison. The combination of the Haber-Bosch and Ostwald processes has dominated the
production of nitric acid since then [9]. Today, Yara International is one of the world leading
companies in the production of nitrogen-based fertilisers, and the facility at Hergya (Porsgrunn,
Norway) is one of the largest nitric acid production plants in the world. The plant is capable
of producing up to 3500 tonnes of nitric acid per day [11]. Similar to ammonia, approximately
80 % of the global production of nitric acid is used to produce fertilisers.
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Figure 4. Left: The Birkeland-Eyde furnaces used for nitric oxide production, from the factory at Notodden
in 1907. Right: The new factory at Rjukan in 1911 when the factory was operational for the first time. Reused
with permission from Hydro [9].

The most common nitrogen compounds in fertilisers are currently ammonium nitrate (NHsNO3)
and urea (CO(NH,)2). Potassium nitrate (KNO3) and different ammonium phosphate
compounds ((NH1)H2PO., (NH4),HPQO4) make up the rest. In terms of nutrients, approximately
55 % of the global fertiliser consumption is nitrogen, 25 % is phosphorus and 20 % is
potassium [12]. It is today estimated that ~40 % of the current population worldwide would
not be alive without the use of synthetic fertiliser. This is why fertiliser production has
increased enormously the last century, correlating with the increase in the human population.
Large-scale production of synthetic nitrogen-based fertiliser could very well be the most
important invention of the 20" century [6].

1.2. Motivation behind the catchment project

Nitric acid is today produced via the Ostwald process, where the first of three steps is the
selective oxidation of ammonia (NHs) to nitric oxide (NO). The reaction is performed at high
temperature (800 — 950 °C) and moderate pressure (1 — 14 bar) over a Pt/Rh (91/9 — 83/17
at. %) catalytic gauze (Figure 6) [13]. Further details are provided in section 2.1. During
industrial operation, the input gas (NH; and air) only holds a temperature of ~300 °C before
the combustion reaction (Eq. 2-1; -227 kJ/(mol NHs)), and it is purely the heat of the reaction
that causes the gas to obtain a temperature of 800 — 950 °C.

The extreme heat of the reaction has some side effects. Pt, and some Rh, evaporate in the form
of the volatile molecule PtO; (and RhO;) [14]. Parts of the evaporated PtO, (and RhOy)
condense on the catalyst surface, but significant quantities are permanently lost to the gas
stream. Interestingly, the condensation of the Pt and Rh causes the growth of a very strange
cauliflower-like feature on the surface of the catalyst (Figure 7), which are actually quite rich
in Rh [14].

The noble metal loss of Pt (and Rh) has been an issue with the Pt/Rh catalyst since the
invention of the ammonia oxidation process, originally based on a pure Pt catalyst. A noble
metal loss of 0.05-0.2 g/tonne HNO; is expected even for modern plants, depending on
operating conditions [13] (up to 0.40 g/tonne HNOs in old high-pressure plants [15]). With




1. Introduction

reference to the Hergya site, which produces 3500 tonnes of HNOz per day [11], this
corresponds to a Pt loss of 175-700 grams per day, translating to 64-256 kg per year and an
annual cost of approximately 19-76 MNOK (1.8-7.2 MEUR)(Appendix: Figure Al). Low-
pressure (atmospheric) plants have a lower noble metal loss, but many more ammonia
oxidation reactors (as the one in Figure 5) are needed to produce the same quantity of acid.
This translates to high investment- and low operating costs; historically chosen in Europe due
to high energy costs [13]. However, high-pressure reactors are smaller, fewer in number, and
have low investment- and high operational costs; historically chosen in America. The high
pressure plants (10-14 bar) usually need to change the Pt/Rh gauzes every 4-6 weeks, while
atmospheric/low pressure plants may run for a whole year before changing the Pt/Rh gauzes
[13]. Today, medium- and high pressure plants are favoured over atmospheric plants.

a 4NH, + 50,
W *g}a’?u?«u ) SVVVSVIRE
(\‘J 222222 hé}éa - “EE"}X’C‘ A

4NO + 6H,0 + )

Figure 5. a) lllustration showing the concept of ammonia oxidation over several Pt/Rh catalytic gauzes and
Pt-catchment on two Pd/Ni catchment gauzes. b) Picture showing the installation of a catalytic gauze in an
ammonia oxidation reactor, reused with permission from Johnson Matthey Plc [16]. When the reactor is
closed, the gas flows down through the reactor as illustrated in a).

Mitigation of noble metal loss has been a topic of investigation since the development of the
Oswald process, and various Pt-catchment systems have been explored. In the early phase,
physical gas filtering solutions such as glass wool filters, Rachig rings and marble chips were
explored, but the recovery of noble metals was very low. In 1968, Holzmann [17] invented a
Pd/Au (88/12 at. %) gauze to be used for Pt-catchment, consisting of a woven net of 70-120
um wires (Figure 6a). The net was located below the Pt/Rh catalyst in the ammonia oxidation
reactor, also at approximately 900 °C, and separated from the catalyst using a Megapyr alloy

(Fe-Cr-Al alloy). This was the birth of the original Pd-based Pt-catchment system.

In the early phase of the development of the Pt catchment technology, the plant operators
observed an increase in mass and volume of the nets during operation, and microscopy
documented changes in the surface morphology, indicating that the system successfully
captures Pt. A single Pd/Au (88/12 at. %) net captured between 65 and 10 % of the lost Pt,
depending on the operational pressure in the reactor. Notably, a high operational pressure
result in higher Pt-loss and lower relative Pt-catchment [15, 16]. A stack of several nets can
thus capture a large fraction of the evaporated Pt even in high pressure reactors.

The Pd/Au (88/12 at. %) alloy is today replaced by a Pd/Ni (91/9 at. %) alloy, which was
introduced during the 1990s, reducing both cost and improving the Pt-catchment efficiency
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[18]. However, a large change in morphology occurs for both the old Pd/Au and the new Pd/Ni
gauzes, causing the nets to loose mechanical strength and grow into something more similar
to a porous plate (Figure 6b). This restricts gas flow through the gauze pack and causes a large
pressure drop through the reactor (Figure 6¢), limiting the number of catchment nets that can
be installed simultaneously.
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Figure 6. a) Pd/Ni (91/9 at. %) net before installation, b) Pd/Ni (91/9 at. %) net after 45 days of operation, c)
knitted Pt/Rh (91/9 at. %) gauze after 46 days of operation, d) Normalised pressure drop observed during
the ammonia oxidation reaction at the facility of Yara International (Hergya, Norway).

Unfortunately, the Pd-based catchment system suffers from a significant loss of Pd during
operation. This was not a big issue when the system was invented in 1968, as the price of Pd
was much lower than that of Pt. In fact, at the start of the current investigation in 2016, the
price of the two elements were approximately equal, while Pd is today more than twice as
expensive as Pt (Appendix: Figure Al). This makes Pd-loss a detrimental issue of the Pd-
based Pt-catchment system. The most expensive noble metal is currently rhodium (Rh), priced
at 4309 NOK/g in June 2022 (Appendix: Figure Al). Even though the loss of Rh is lower than
that of Pt, it may cause industry to gradually increase focus on reducing the use and increasing
the recovery of Rh as well.

Despite their high price and low abundancy, the noble metals are used in several different
applications, such as in chemical- and petrochemical processes and equipment, fuel cells and
in electronics. It is therefore a continuous task for the industry to reduce the need for noble
metals, and to develop new technology with the aim of minimizing the permanent loss of noble
metals. Within this responsibility comes the task of ensuring recycling of the noble metals. In
terms of innovation, it is highly favourable with technological improvements that can be
implemented within the framework of an existing technology; improvements that do not
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require drastic changes to the production facilities. Such an example is the Pd-based Pt-
catchment system. After its invention in 1968, it could simply be added to the bottom of the
gauze pack in most nitric acid plants without large modifications of the reactor, and it could
immediately be implemented in nitric acid plants world-wide.

In many ways, minimizing costs and following regulations are frequently the main driving
forces behind technological improvements and environmental efforts in the industrial sector.
An example is the significant tax to be paid for N.O emissions, which resulted in a large
industrial focus on N>O abatement in the nitric acid production in the 1990s; another example
of technological improvements that are compatible with the existing technology. At the time,
~50 % of the greenhouse gas emissions (in CO-equivalents) from nitric acid production came
from N2O, which is today decomposed catalytically [19].

Over the last decades, several research projects at the NAFUMA group (UiO) have focused
on industrially relevant topics in collaboration with Yara International and K. A. Rasmussen.
An example is the PhD-work by Lenka Hannevold from 2005 focusing on the Pt/Rh catalyst
for ammonia oxidation [14], establishing that the loss of Pt and Rh was due to evaporation of
the oxide molecules PtO, and RhO,. It was also established that the Pt- and Rh-loss from the
Pt/Rh catalyst was, to a large extent, unavoidable. Around 2008, a project led by K. A.
Rasmussen focused on reducing N.O emissions, a bi-product from the ammonia oxidation
reaction and a strong green-house gas. Different oxide based catalysts were tested, and the
candidate material LaNiOs, deposited on a metallic net, was tested in Yara’s pilot plant for
that purpose. A few years after the project had finished, in 2013, the LaNiOj3 nets arrived in
the NAFUMA group for chemical analysis. Both Pt and Rh were identified using SEM-EDX,
and powder X-ray diffraction indicated formation of the double perovskite La;NiPtOg and
some LaNiixRh,Os, in addition to Pt metal (see section 2.3). These findings set the scene for
my own master project from 2014-2016, exploring fundamental properties of the perovskite
systems LaNi1—xMxO3, M = Rh, Pt and their catalytic activity towards decomposition of N,O
[20]. Simultaneously, the idea of possible Pt-catchment using LaNiO3z was born. Along with
the issues of the industrial Pd/Ni (91/9 at. %) Pt-catchment system, the topic of Pt-catchment
came on the agenda, as a part of the iCSI centre hosted by NTNU (2016-2023). One of the
original topics was indeed Pt-catchment on LaNiOs, and it is now handled by the second PhD
work in the catchment project, Julie Hessevik (from 2019). In this work, structure-property
relations of Pt- and Rh-perovskites were investigated, with the application of Pt-catchment
(and Rh-catchment) in mind. My main focus in the iCSI centre has been to understand the
mechanism of Pt-catchment using Pd-based catchment materials, and look for possibilities for
improving metal based systems for Pt-catchment, relevant for the industrial ammonia
oxidation process.

1.3. Scope of work

When this study started in the autumn of 2016, the origin behind the swelling and the
restructuring of the industrial Pd/Ni (91/9 at. %) alloy was not understood. Only a handful of
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papers [15-17, 21-34] and patents [18, 35-41] were published on the topic, and our first task
was to find the parameter(s) that cause the wire restructuring (section 4.1.1 — 4.1.3, Paper 1):

Construct a reactor system for performing gas transport experiments (including Pt-
catchment) with various gas mixtures.

Understand the role of Ni in the Pd/Ni catchment system, and identify if Pd and Pd/Ni
catchment systems behave differently during Pt-catchment

Simulate the industrial scale Pt-catchment process (without NHs/NOy in the gas mix) and
identify the parameters that cause swelling, porosity and the restructuring (grain
reconstruction) of the Pd and Pd/Ni wires.

Identify the origin of Pd-loss from the industrial Pd/Ni (91/9 at. %) Pt-catchment alloy.

This investigation (Paper I) led us to understand that catchment of Pt from PtO; causes grain
reconstruction, an intrinsic property of the Pd and Pd/Ni system during Pt-catchment. A major
part of the project was spent on understanding the mechanism behind the restructuring process
(section 4.1.4 — 4.1.11,Paper 1l and Paper IlI):

Perform in situ tomography (absorption-CT) to view the structural development of the
wires during Pt-catchment

Understand the mechanism for the grain reconstruction process, and derive parameters
which can be adapted to produce an improved Pt-catchment system.

Explore the role of diffusion during Pt-catchment, and investigate the effect of enhanced
bulk diffusion of the catchment material by use of Pd/Au alloys.

Test the improved Pd/Au catchment system in an industrial experiment to test the real
potential of this catchment system.

As a pre-project to Pt-/Rh-catchment on perovskites, structural aspects of Pt- and Rh-
containing perovskites were of high interest from the start of the project. The main objectives
can be summarized as the following (section 4.2, Paper 1V and Paper V):

Perform synthesis and compare structural aspects of several Pt- and Rh-containing double
perovskites REMM’Os (RE = La, Nd, Y; M = Ni, Co, Fe; M’ = Pt, Rh).

Investigate the perovskite systems LaNiw.«M xOs (M’ = Pt, Rh), with focus on structural
aspects, B-site ordering and oxidation states.
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2. Scientific background

This chapter covers background information on the scientific topics relevant for this thesis.
This includes the Ostwald process for production of nitric acid, previous work on Pt-catchment,
and general scientific background on the relevant metal used for Pt-catchment and the
perovskite oxides that are studied.

2.1. The Ostwald process

Large-scale production of synthetic nitrogen-based fertilizers is primarily performed through
two processes: 1) the Haber-Bosch process to produce NHjs [6], and 2) the Oswald process to
produce HNO; from NHs. The Ostwald process consist of three main steps, where the first
step is the selective oxidation of NH3z to NO at high temperature (800-950 °C) and medium
pressure (1-14 bara) over a Pt/Rh (91/9 — 83/17 at. %) catalytic gauze (Eq. 2-1) [13]. The
second step is the oxidation of NO to NO- performed at 1-10 bar and 150 — 450 °C (Eq. 2-2),
and the third is absorption of NO; in water to form HNOs (Eq. 2-3) [13, 42].

4NH; (g) + 50, (g) » 4NO (g) + 6H,0 (g), AH® = —227kJ/(mol NH;)  Eq. 2-1
2NO (g) + 0, (g) = 2NO, (g), AH° = —57 kJ/(mol NO) Eq. 2-2

3NO, (g) + H,0 (g) » 2HNO3 () + NO (g), AH° = —7.5k]/(molNO,) Eq.2-3

Oxidation of NO to NO- is performed as a homogeneous reaction proceeding without a catalyst.
The operational efficiency may be improved by the use of a solid-state catalyst. However, the
reaction is favoured by low temperatures and high pressure, and it is difficult to obtain a
sufficient conversion rate to make the catalytic process with a solid-state catalyst beneficial
[43]. Despite these challenges, ongoing research at the iCSI centre work towards the
development of a catalyst for NO oxidation [43].

In the third step (Eqg. 2-3), NO: is absorbed in water in a precipitation column, where it
disproportionates into HNOs (N(V)) and NO (N(I1)). The liquid HNO3 is extracted from the
bottom of the column in a concentration between 50 and 70 wt. % [13], while NO (Q) is
recycled back to be oxidized to NO; (Eq. 2-2). HNOs is the final product of the Ostwald
process and is reacted with calcium, ammonia or phosphates to form the final fertilizer product.

2.1.1. Details on ammonia oxidation

It is extremely important that the ammonia oxidation (Eqg. 2-1) reaction have a high yield and
high selectivity towards NO. Two other undesired side reactions may occur (Eq. 2-4 and Eqg.
2-5):

4NH,(g) + 30,(g) » 2N,(g) + 6H,0 (g), AH° = —317 kJ/(mol NH;)  Ed.2-4
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4NH,(g) + 40,(g) — 2N,0 (g) + 6H,0 (g), AH® = —276k]/(mol NH;) Ed.2-5

Both side reactions have a more negative enthalpy (AH®) than the desired reaction (Eq. 2-1),
making them likely to occur if the catalyst (Pt/Rh) and conditions (temperature, pressure,
0, /NH;-ratio, gas velocity) are not optimized towards NO formation. For this purpose, the
gas velocity is kept high in order to keep the residence time at the catalyst surface suitably low,
in the range of 1 — 10 ms [13]. The reaction time itself is actually in the range of 10's, and it
is likely the diffusion of ammonia and oxygen to the catalyst surface that are the rate
controlling factors. If the residence time (1 — 10 ms) is too high, there is a risk of NO
decomposing, while too short residence times may cause unreacted ammonia to slip through
the catalyst. This affects the number of Pt/Rh gauzes that is installed. A sufficient number of
gauzes is needed to oxidize almost all ammonia, while too many gauzes result in the
decomposition of NO. The gauze packs are designed to optimize selectivity, and the Pt/Rh
gauzes are today usually knitted (Figure 6c).

A selectivity of 94 — 98 % towards NO is todays industry standard achieved with the Pt/Rh
catalyst, with a lower selectivity at higher pressure. 0.013-0.26 % N, 0 is formed, a small
concentration of unreacted ammonia remains (~0.02 %) and the rest is N2 [19]. Low selectivity
towards NO is costly in the sense that NH; is wasted, but N, O is in addition a greenhouse gas
that is 265-310 times more powerful than CO, [19]. A specific catalyst (Co,AlO, — CeO,) is
therefore installed below the gauze pack to decompose the formed N, 0, in the form of oxide
pellets [19]. Other NHs-oxidation catalysts (Eq. 2-1) can produce lower N, 0-emmisions than
Pt/Rh, such as the perovskite oxide LaCoO5, however, the obtained NO-selectivity is lower
than with the Pt/Rh catalyst.

As mentioned in the introduction, the gas mixture is only be pre-heated to a temperature of
~300 °C hefore it arrives at the Pt/Rh-catalyst. It is the extreme heat released by the ammonia
oxidation reaction (Eq. 2-1) that causes the process temperature to maintain around 800 — 950
°C. It is reported that local hotspots with temperatures up to 1100 °C and possibly more are
present on the catalyst surface [14]. The hotspots are active centres for ammonia oxidation and
are located close to defects. One consequence of the extreme heat and hotspots is evaporation
of Pt and Rh (mainly Pt) in the form of oxide molecules, PtO, and RhO; [14]. Gaseous PtO;
and RhO; is transported to colder zones on the Pt/Rh catalyst surface, and due to a vapour-
condensation mechanism, beautiful cauliflower-like shapes grow on the catalyst surface
during operation (Figure 7). The cauliflowers are quite rich in Rh, with up to 45 at. % Rh near
the surface, compared to the nominal composition (9-19 at. % Rh) [14]. Not all PtO; and RhO>
condense on the wire surface, and a significant and permanent loss occurs, mainly of Pt. The
noble metal loss from the catalyst is intrinsic of the system, but is lower for a Pt/Rh alloy
compared to pure Pt [13]. A further change in alloy composition can reduce the noble metal
loss, such as the use of Pt/Rh/Pd alloys. This is believed to be related to the low volatility of
Pd and PdO [44]. However, this affects also the selectivity of the catalyst towards NO
formation [25]. Ammonia oxidation performed with Pt/Rh/Pd alloys or the pure metals of each
element all lead to some sort of surface restructuring.
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Figure 7. SEM images of the surface of a Pt/Rh (91/9 at. %) combustion gauze operated for 46 days, showing
the cauliflowers that grow on the surface during the ammonia oxidation reaction.

The ammonia oxidation catalyst is replaced when the conversion and selectivity to NO is no
longer satisfactory, or when the mechanical strength of the catalyst becomes too low. It is
believed that the enrichment in Rh in % contributes in the deactivation of the catalyst by
formation of Rh,Os;. The deactivation is accelerated if the catalyst is contaminated by Fe, or if
the temperature in the reactor becomes too low. A high purity NHs-feed and good control of
the operating conditions is the key to a long catalyst lifetime [45].

At other process conditions and with a different catalyst, the favoured product can be changed
(NO, N2, N20O). An example is the ammonia slip reaction (Eq. 2-4), where the favoured product
is N2. Industrial use of the ammonia slip reaction comprises the addition of NHs to the diesel
engine exhaust for the reduction of NOx to N, and the remaining NH is thereafter decomposed
to N2 in the ammonia slip reaction. Pt/Rh catalysts are also under investigation for this purpose,
where different compositions and conditions are needed to obtain the desired product (N,) [46].
The conditions are quite different from ammonia oxidation in the Ostwald process, typically
moderate temperature (200-500 °C), ambient pressure and excess oxygen are used (500 ppm
NHs and 5 % O-) [47].

2.2. Platinum catchment

The Pt- (and Rh-) loss from the Pt/Rh catalyst is largely unavoidable, and modifications of the
Pt/Rh catalyst has not been successful in avoiding a noble metal loss. Recovery of Pt (and Rh)
was for long attempted using physical gas filtering systems down-stream of the catalyst, but
the efficiency was generally low. A Pd/Au (88/12 at. %) alloy was in 1968 presented as a high
quality Pt-catchment system by Holzmann and the Degussa company [16, 17]; a vast
improvement in Pt-catchment technology. Several patents have been filed since this invention,
with different variations in composition. To reduce costs and improve efficiency, Au has been
substituted with simple metals such as Ni, Co and Cu [23, 36]. The Pd/Ni (91/9 at. %) alloys
is today the most common Pt-catchment system. A different solution was at first used in Russia,
where a calcium oxide (CaQO) based sorbent [48] was used to capture both volatilized metal-
oxide molecules and physical particles, with a Pt-recovery of ~50 %. Hybrid solutions with
both Pd-gauzes and the calcium oxide sorbent has also been used in Russia [49].

Holzmanns’ two papers from 1968 and 1969 [16, 17] investigate the selected composition
throughout the entire Pd/Au-system, showing that Pt-catchment is highest for the Pd sample.
For the Pd/Au alloys, the Pt-catchment is reduced with increasing Au-content. However, Au
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capture almost as much Pt as Pd/Au (78/22 at. %) (Figure 8). Pd and Pd/Au alloys furthermore
suffer from significant Pd-loss, and for every gram of Pt captured, 0.22-0.39 g of Pd is lost.
This includes the Pd/Au alloys, and the Pd-loss is higher for the Pd-rich samples. Because the
observed Pt-catchment is lower for the Pd/Au alloys, the Pd-loss in mass is half for Pd/Au
(50/50 at. %) compared to Pd. Holzmann also reports that structural changes occur to the wires,
but does not pursuit it in his studies.
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Figure 8. Left: Mass (gram) Pt recovered by using different Pd/Au alloys as Pt-catchment material, reused
with permission from Johnson Matthey Plc [16]. b) Schematic of how the Pt/Rh and Pd/Au gauzes were
mounted together in the same gauze pack, reused with permission from Johnson Matthey Plc [15].

In the 1970s and 1980s, focus was on the implementation and procedures for using the Pd/Au
catchment system, reported by Heywood [15, 21]. The gauze pack design depended on plant
conditions in terms of pressure and Pt-loss, and economic perspectives were important.
Between 10 and 65 % of the evaporated Pt could be captured with a single Pd/Au (88/12 at. %)
gauze, with lower recovery for higher pressure (gauze loading). Using several gauzes, more
than 60 % of the lost Pt were regularly being recovered. A schematic of how the Pd/Au gauzes
were installed below the Pt/Rh gauzes is shown in Figure 8.

Simultaneously, there was a transition from the original Pd/Au (88/12 at. %) alloy to Pd/Ni,
Pd/Co and Pd/Cu alloys (typically 95/5 wt. %), reported in several patent applications [35, 38-
41]. Heywood also described the sensitivity of the ammonia oxidation reactor to pressure drop
and how this is related to the low success of the glass wool filters and marble chips. The glass
wool filters became too tight when catching physical particles, limiting gas flow through the
filter. The marble chips worked better in the first place, but became fine powder if the reactor
was cooled and heated during a campaign. This would happen for an unplanned shutdown of
the plant. Due to the presence of water vapour in the reactor, Ca(OH); formed from the marble
chips during the cooling and decomposed during the heating, causing the marble chips to
become fine powder and limit gas flow significantly.

For atmospheric plants, the sensitivity to pressure drop is so high that Pt-catchment could in
practice not be performed with such setups; pressure drop should preferably be absent. The
Pd-based Pt-catchment system performed much better while keeping the pressure drop within
acceptable limits. An interesting note is that the metallic gauze pack (Pt/Rh + Pd/Ni nets)
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causes the main pressure drop through the ammonia oxidation reactor, while the oxide pellets
used for NoO decomposition today (section 2.1.1) do not contribute that much. This implies
that the large swelling of the Pd/Ni nets during operation is highly unfavourable.

Fierro et al. [22-24] was the first to investigate and publish scientific analysis of the spent Pt-
catchment materials (Pd/Ni and Pd/Cu), suggesting in 1989 [23] that trace amounts of
unreacted ammonia act as the reducing agent for capturing Pt from PtO.. However, this
conclusion is considered unlikely due to results from this project, showing Pt-catchment in the
absence of NHs. The investigated Pd/Ni and Pd/Cu samples also showed significant swelling,
recrystallization and faceting (Figure 9), and the Pt-content in the gauzes varied with up/down
side and location in the gauze pack. The most Pt were captured on the up side of the top gauze.
Rh,O3 particles were also found randomly distributed on the Pd-alloy surface, and a Rh-
recovery of 15-19 % is reported.

Figure 9. SEM images of the top side of Pd/Ni (91/9 at. %) gauzes used in a) a high-pressure plant (8 bar)
and b) a medium-pressure plant (4 bar). Reused with permission from Springer Nature [22].

From 1995-1999, Ning and Yang et al. [25-28] addressed Pt-catchment and the restructuring
of the Pd/Ni catchment gauze. They observed faceted crystals with a 14-faced body. The top
side of the upper gauzes generally show the most faceted crystals (Figure 10a), while the
bottom side of the lower gauzes show more rounded crystals (Figure 10b). They suggested a
mechanism where a re-alloying and recrystallization process occurs during Pt-catchment, and
that ladder-like growth and screw-growth causes this crystal to grow (Figure 10c).

They also suggested a mechanism for Pt-catchment in 1995 [28], based on a redox reaction;
Pd is oxidized to PdO, allowing PtO- to be reduced to Pt and deposit on the Pd surface (Figure
11a). This would occur because Pd have a higher affinity to oxygen than Pt [28]. This sounds
reasonable from a chemical perspective considering the higher stability of solid PdO versus
PtO.. However, considering the fact that the original work by Holzmann [17] also showed
significant Pt-catchment on Au and several Pd/Au-alloys, the mechanism seems less probable.
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Figure 10. a) SEM image of the front side of the top gauze, b) SEM image of the back side of the second
gauze, and c) suggested mechanism by Ning et al. for the structural reconstruction of the Pd-alloys during
Pt-catchment. Reused with permission from Johnson Matthey Plc [27].

Rapid oxidation of Ni to NiO during operation was also observed, and that Ni/NiO do not
interact much with Pt during the recrystallization process [25-28]. NiO is also completely lost
from the Pd/Ni alloy during operation. Pura et al. [29-31] supported this in 2013 and 2016,
when performing the most recent investigations of Pd/Ni and Pd/Au used for Pt-catchment. Ni
was found to diffuse rapidly into the grain boundaries (GBs) and to the surface, and was
subsequently oxidized to NiO (Figure 11b). Thereafter, the GBs with a large grain angle was
more strongly etched than other GBs, causing the formation of porosity. The NiO located in
the grain boundaries was also significantly etched, causing a rapid Ni-loss. The Pd/Ni wire
was also observed to swell significantly in size and be unrecognizable in terms of shape after
6 months industrial operation (Figure 11b). Several gauzes was also reported to grow together
at certain locations [29-31].
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Figure 11. a) Suggested mechanism for Pt-catchment by Yang et al. [28]. b) reconstruction of the Pd/Ni wire
during industrial operation, as suggested by Pure at al. [31]. Both figures are reused with permission from
Elsevier.

With the latest publication by Pura et al. [31], it was known that the Pd/Ni catchment system
is victim to severe reconstruction during industrial operation as a Pt-catchment material, but
the cause and restructuring mechanism behind was still not described. The role of Ni was in
question, the cause of Ni-loss was unknown, and there was a Pd-loss of unknown origin.

2.3. Pt-catchment on LaNiOs—experiments prior to the catchment project

As mentioned in the introduction (section 1.2), it was discovered that LaNiOs, explored as a
N20 decomposition catalyst, captured both Pt and Rh during a 20 days’ test in the pilot plant.
The LaNiOs; material was deposited on a megapyr net prior to the experiment. After the
experiment, powder was scraped off from the net and XRD was performed, see Figure 12a.
The XRD pattern showed a critical change of the starting material LaNiOs. Through careful
analysis, it was discovered that the platinum-containing double perovskite La;NiPtOs had
formed.
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Almost the entire XRD pattern could be accounted for by Rietveld refinements using the
structure of LaNiOs, La;NiPtOg and NiO, see Figure 12b. The structure of LaNiOs included
10 at. % Rh-substitution at the B-site of LaNiOs (LaNiosRho103) and refinements showed
increased unit cell parameters compared to regular LaNiOs. The observed unit cell parameters
for La:NiPtOs were slightly smaller than the reported values [50]. This demonstrated the
capability of LaNiOs to capture Pt and Rh during the industrial ammonia oxidation reaction.
For the current PhD-work, this finding set the scene for exploring structural aspects RENiOs
(RE = rare earth element) with B-substitution of Pt and Rh (section 4.2, Paper IV and Paper
V).
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Figure 12. a) X-ray diffraction pattern of the LaNiOs sample tested as a N2O decomposition catalyst
(KARCAT_001), compared to the diffraction pattern of the starting compound LaNiOs, in addition to
La2NiPtOs. b) Rietveld refinements of the KARCAT_001 sample using the structure data of LaNiOz with
10 % Rh-substitution at the B-site [51], La2NiPtOs [50] and NiO [52]. The data is collected using Cu Kaa
radiation (A = 1.5406 A).

2.4. Noble metals and their oxidation

2.4.1. Structure, bonding and mechanical aspects

We all know metals; they can be used as construction materials, both heavy (steel alloys) and
light (Mg, Al) in weight; they can be ductile or brittle; many are excellent electronic
conductors (Cu, Au); many are good thermal conductors; some are resistant to harsh chemical
environments; all depending on the metal/alloy composition. The noble metals are also good
electronic and thermal conductors, some are highly ductile, and they resist oxidation at high
temperature.
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In terms of atomic arrangement, metals can be considered as a pack of spheres stacked together
(Figure 13). The atoms pack themselves as densely as possible to minimize the energy
(maximize density), and the two main forms of sphere packing are the dense-packed ABC-
and ABA-types (Figure 13). The dense packed ABC- and ABA-type structures have a density
of ~74 %. ABC-type packing is the most common among the noble metals (Appendix: Figure
A2), known as cubic close packing (ccp) and corresponds to the face centred cubic (fcc) unit
cell (Figure 14a). ABA-type packing corresponds to the hexagonal close packing (hcp) (Figure
14c¢). Other sphere-packed structures also occur for the elements (Appendix: Figure A2), and
one common structure is the body centred cubic packing (bcc, ~68 % dense) (Figure 14b),
which is common for the group 1, 5 and 6 elements. For detailed information, the reader
referred to dedicated literature [53, 54].

b

Figure 13. Illustration of the dense-packing of spheres, as in the structure of metals. a-b) ABC-packing,
corresponding to ccp packing and a fcc unit cell (Figure 13a), c) ABA-packing, corresponding to hcp-packing
with a hexagonal unit cell (Figure 13c).

Figure 14. Illustration of the unit cell of the noble metals a) Pt (ccp/fec, a = 3.93 A) [55], b) Fe (bce, a = 2.86
A) [56] and ¢) Ru (hcp, a=2.686 A, ¢ = 4.289 A) [55].

The chemical bond in metals (metallic bond) consists of sharing of the valence electrons
between all the elements, causing the electrons to be delocalized over the entire structure. This
is the cause for the good (and “metallic”) electronic conduction in metals compared to ionic
and covalent solids. Defects are always present in the metal structure, such as interstitial atoms,
vacancies, line defects and dislocations. The metallic bond is itself quite strong, but the
dislocations make it possible to physically deform a metal (reshape) without breaking too
many metallic bonds simultaneously [53]. This is the cause for the ductile behaviour of the
metals that allow them to be reshaped easily without braking, e.g. into wires and woven/knitted
into nets.

When a metal (solute) is mixed in a host metal (solvent), the alloy can only maintain the
structure of the host metal until a certain concentration of the solute. To obtain a homogeneous
alloy with a high solid solubility, the Hume-Rothery criteria for the solute and solvent must be
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met: 1) the atomic radius must differ by no more than 15 %, 2) the crystal structures must be
similar, 3) the valency must be similar, and 4) the electronegativity must be similar [57]. The
Pd-Pt and Pd-Ni systems (Figure 15a-b) are two examples of systems with a high solid
solubility. Less similar elements show a low solubility with each other and segregate into
ordered phases, such as the Au-Pd system (Figure 15c) or separate phases such as the Au-Pt
system (Figure 15d) upon mixing. It is worth noting that the Au-Pd and Au-Pt system have
high solid solubility in each other compared to other systems [58]. A general overview of some
physical properties for the noble metals relevant for this thesis are shown in Table 1.

" AL % Pd
Platinum, at%

a b 10 20 30 4 50 60 70 80 90
0 10 20 30 40 50 60 70 80 90 100 1900 T - I N
2000 L N f \ et i | | 1555°C

1500 ek
1800 Liquid P |
""" e ’
16002 . uerensosaisasananssiineasionnss “00.1“” T
1555°C 27 |
1400 1300 F—+ 4,7 1 1
b |
Y 1200 (Pd,Pt) o | | o |
I g 1200 [—F— 5 L _4‘ |
S 1000 _E : ‘ olid solutior ‘
® § | |
= 400 — —-— — * ! J
2 800 ~770°C g [ [og. changs
g - A 2 |
8 | (Pd) (Pt) sicl—1 | | | \
600 A ~ I
400 (Pd) + (Pt) kS | :
200 +—1 f— + T {
2004 | }
goo kil ML ] __._\_ i
T [ | X
0 10 20 30 40 50 60 70 80 90 100 — 1 |
0 10 20 33 4 S0 60 70 8 9 100
Pd Platinum, wt% Pt Ni 1. % Pd Pd
Weight Percent Palladitim d Platinum, wt%
C , B e e I
m,r_, AT, RSN, SEASS | S B UL 0 10 Y 30 40 S0 60 70 80 90 100
== L 1300 ;
] Liquid / =3
12004 =
11002~

2 1064°C ~

= U 1000 y

3 @ /: \ \

3 5 00 - / \

g % (Au,Pt) (Au) + (PY) \ \‘

& & Aupa S i g 800+ / \\

£ s B I £ / \ \

g I 2 700 / | Vo

/ \
0 O 08Rus, liquidus | | 600 f \+
O O6Rus, solidus | | / ' v
500 / Miscibility gap |
20 o 7N, liquidus / | T 75:‘"‘0‘]3‘/ 93f ¥
i s o T, solidus 400 ==l i . p - — 1
. I N P Aup’ts § 0 10 20 30 40 SO 60 70 8 90 100
° ) » w  » w0 1o
Au Atomic Percent Palladium Pd Au Platinum, at% Pt

Figure 15. Phase diagrams for the binary systems a) Pd-Pt [59], b) Pd-Ni [58], ¢) Au-Pd [60] and d) Au-Pt
[59]. The figures are reused with permission from Johnson Matthey Plc (a and d), Butterworth-Heinemann
(b) and Springer Nature (c).

Table 1. Overview of different properties for selected noble metals. The data is collected from Smithells
metals reference book [58].

Pt Pd Rh Au Ni

Atomic number 78 46 45 79 28
Atomic weight [g/mol] 195.08 106.42 102.91 196.97 58.69
Melting point [°C] 1769 1552 1964 1064 1450

Self-diffusion, 900 °C [cm?/s] | 1.7x10® | 3.5x1013 - 1.2x10° | 4.4x10™

Density at 20 °C [g/cm?] 21.45 12.02 12.41 19.30 8.91

Packing type cep cep cep ccp cep

2.4.2. Diffusion

Diffusion is a process resulting from the random motion of atoms and molecules that causes a
net movement of something (e.g. molecules, atoms or heat) in a potential gradient. Diffusion
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in solids refer to transport of atoms, ions or molecules from a region of high concentration to
a region of low concentration. The rate of diffusion in a solid is tabulated as the diffusion
coefficient D (Table 1; Appendix: Table Al) and is dependent on several factors, such as the
diffusing species, the structure and bonding of the host material, the temperature, pressure and
gas atmosphere. Diffusion can take place via the bulk lattice, but also through other pathways
such as surfaces, grain boundaries and dislocations, where the diffusion is generally more rapid
than through the lattice [53].

In metals, the main mechanism for bulk diffusion is vacancy diffusion, i.e. atoms hopping to
a vacant atomic cite nearby [53]. Most metals contain a fair concentration of vacancies at high
temperature that facilitates diffusion. For this reason, metals generally show rapid diffusion
compared to e.g. ionic and covalent solids. Additionally, metals have a non-directional
chemical bond without an electric field (in contrast to ionic and covalent solids), which allow
the diffusing species to easily exchange site with a vacancy without a too high activation
energy.

When two different elements with different diffusion coefficient diffuses into each other, one
element may diffuse faster than the other. Because of the vacancy diffusion mechanism, there
is a net flux of vacancies in the opposite direction of the fastest diffusing species. This is known
as the Kirkendall effect. The large concentration of vacancies may agglomerate and form voids
known as Kirkendall voids, which acts as a sink for vacancies [61]. The Kirkendall effect is
common in interdiffusion systems, even with a difference in diffusion coefficient of only 1-2
orders of magnitude, as in the Pd-Pt system [62]. The oxidation of Ni to NiO is also influenced
by the Kirkendall effect. Here, Ni-diffusion is slower than O-diffusion through the formed
NiO layer during oxidation, causing internal porosity [63, 64].

As a rule of thumb, the rate of diffusion at a given temperature usually increase for metals with
a low melting point, because of the proximity to its melting point. An example is that Au (Twm
= 1063 °C [58]) show a more rapid diffusion than Pd (Tm = 1552 °C [58]) at the same
temperature conditions (e.g. 900 °C). On average, diffusion becomes appreciable at the
temperature that is approximately half of the melting point [65], and sintering become active
at 2/3 — 3/4 of the melting point [66]. For the elements relevant for this thesis, self-diffusion
and tracer-diffusion is clearly most rapid in Au (Appendix: Table Al). For Pd/Au alloys, the
diffusion rate increases with increasing Au-content [67], which is expected due to the increase
in melting point (Figure 15). Several studies are reported for the Pd-Au and Pd-Au-Pt systems
[60, 67-71], but diffusion coefficients for Pt in mixed Pd-Au alloys are not reported. The self-
diffusion coefficient for Au is ~4 orders of magnitude higher than for Pd. In the Pd-Pt alloy
system, the Pd diffusion coefficient is 1-2 orders of magnitude higher than the Pt diffusion
coefficient [62]. In the Pd/Ni system, Pd is the faster diffusing species by a small margin [72].
Analysis of diffusion experiments is well covered in the literature [73]. Details on diffusion
analysis relevant for this work is provided in the supplementary section in Paper Il and Paper
[l
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2.4.3. Oxidation of Pd, Pt, Rh, Au and Ni

In the ammonia oxidation reactor, ~6 % O; is present, and the effect of oxygen on the elements
present may be significant. The oxidation behaviour of the elements is therefore relevant
background knowledge before investigating Pt-catchment (section 4.1) and before studying of
mixed oxides (section 4.2).

The general characteristic of the noble metals is that they are resistant oxidation in air at high
temperature. Still, most noble metals have a versatile and reactive chemistry, with oxidation
states ranging from 0 to +VI. For the metals of main investigation in this thesis, Pd, Pt, Ni and
Au, oxidation state 0, +II, +111 and +IV are most common [74]. In fact, Ni, Pd and Pt are all
located in group 10 in the periodic table of the elements. In general, we expect the similar
chemistry for elements within the same group.

2.4.3.1. Structural chemistry of bulk oxides

Ni is not a noble metal, and is oxidized to NiO upon heating. NiO contains Ni(ll) in octahedral
coordination and obtains the rock salt (NaCl, Fm-3m) structure. Ni(lll) does not exist in a
binary oxide, although nanoparticles of hydrated Ni-O; have been synthesized [75].
Furthermore, NiO- is only made as the Li-intercalated LiNiO,, where delithiation could in
principle provide Ni(IV) in NiO; [76]. Ni is reported in oxidation +I (and mixed +I/+I1) in
exotic compounds such LaNiOz, LaSrNiRuO,4 and LasNisOsg [77-81], but the synthesis is
difficult. Ni(I1l) can easily be prepared in e.g. LaNiOs, Ni(ll) in LazNiOs, and in mixed valence
in e.g. LasNizO1o (Ni(11) and Ni(l11)).

Pd is located below Ni in the periodic table and prefers similar oxidation states, 0 and +II.
Unlike Ni, bulk PdO decomposes to Pd-metal above ~800 °C in 10 % O, in Nz and 877 °C in
1 bar O, [82]. Re-oxidation of Pd to PdO occurs below ~750 °C in 10 % O, [83], and formation
of the bulk oxide is kinetically hindered [84]. The PdO structure (Figure 16a) contains corner-
and edge-sharing PdO, square planes facing towards each other, thus having a direct Pd-Pd
interaction, quite different from NiO. Because of the long reach of the d-orbitals causing a
strong crystal field splitting, the d®-electron configuration causes Pd(11) to prefer square planar
coordination in oxides, while weak ligands such as halides can stabilize Pd(ll) in octahedral
coordination [74]. The binary oxides of Pd(l111) and Pd(IV) are not reported as stable, however,
high pressure synthesis can produce Pd-oxides such as LaPdOs; [85], Zn,PdO. [86] and
RE,Pd,O; (RE = rare earth) [87]. Pd(lll) in LaPdO; have a Jahn-Teller active d” low spin
electron configuration, which is less stable because of the large crystal field splitting of the d-
electrons in the octahedral field. Ni(I11) has the same d”-configuration, but is still stable in
octahedral coordination, although Ni(lll) also show Jahn-Teller related structural effects in
several nickelates [88]. Mixed oxides with Pd(IV) is thus considered more stable because of
the d® low spin electron configuration.

Pt differs from Pd and Ni in that it prefers oxidation state +1V as a binary oxide. PtO; exists in
two polymorphs, a- and §-PtO, (Figure 16b-c), where both structures have Pt in octahedral
coordination with the stable d® low spin electron configuration. g -PtO, forms at high
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temperature and high pO; (Figure 17a), crystallising in the CaCl, structure (Pnnm), and
decomposes above ~595 °C in air [89]. The 8-PtO, structure is similar to the rutile structure
(P42/mnm), consisting of chains of edge-sharing PtOg-octahedra along the c-axis (Figure 16c).
The chains are linked together by corner-sharing octahedral across the chains. The fact that -
PtO; crystallises in the CaClz-structure and not the rutile structure has been considered as
evidence for a slightly covalent (low ionic) character of the Pt-O bonds [90]. « -PtO-
crystallises in the Cdl; structure and consists of layers of edge-sharing PtOs-octahedra (pseudo
two-dimensional), and forms at intermediate temperatures and high pO. (Figure 17a)[91].
Pt;0. is another common Pt-oxide, which is stable at high temperatures and intermediate pO-.
The structure is similar to that of PdO, with face sharing square planes of PtO4. Besides that,
a difference is that Pt;04 have only corner sharing PtO4 square planes (Figure 16d), while PdO
have both corner and edge sharing PdO, square planes (Figure 16a). The phase diagram for
the binary Pt-oxides and their stability regimes are shown in Figure 17a. Several mixed Pt-
oxides are also reported, often in combination with basic elements from group 1 and 2 (e.g.
NaPt;04 and CaPt,04 [91]). In these materials, stacks of square planar Pt(ll) are often present
to form a metallic Pt-Pt interaction [91]. PtO is not reported as a stable bulk oxide, and Pt-O
(as in Pt(I1)) is mainly found as a surface state in Pt-containing alloys [92].

Rh is most stable in oxidation state 0 and +IIl. Rh,O3 is the most common Rh-oxide,
crystallising in the corundum structure. Rh2Os is also the most stable of the binary oxides of
Pd, Pt and Rh [44]. RhO; is stable at moderate temperatures and pO, (Figure 17), and
crystallises in the rutile type structure. RhO, and PtO, with the high pressure PdF;-structure
type have recently been synthesized using a 11-17 GPa pressure [93]. Both Rh(I11) and Rh(IV)
can be readily prepared in mixed oxides.

Au is generally difficult to oxidize, but both Au(l) and Au(lll) have been reported. Several
Au-molecules can furthermore be synthesized and are actively used in homogeneous catalysis
[94]. For reactions with oxygen, Au prefers oxidation state +1 and +I11, but only Au,O3 has
been reported as a stable bulk oxides, which decomposes at approximately 160-180 °C [74,
95].
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Figure 16. Structure drawing of a) PdO (P42/mmc) [96], b) a-PtO2 (P6zmc) [97], ¢) B-PtO2 (Pnnm) [98] and

d) PtsO4 (Pm-3n) [99]. The blue elements are Pd, the purple are Pt and the red are O. The figures are drawn
using Vesta [100].
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Figure 17. Phase diagram of the systems a) Pt-O and b) Rh-O. Reused with permission from Elsevier [99].

2.4.3.2. Surface oxidation, volatility, oxygen diffusion and oxygen solubility

Oxidation of ternary Pt/Rh/Pd alloys at 800 °C show formation of Rh,Os on the surface and a
metallic Pd/Pt layer below, depleted in Rh [44]. Rh;Os is also formed on the surface in binary
Pt/Rh alloys at 800 °C [101]. PdO is generally formed on the surface of Pd-rich alloys below
800 °C due to the stability of PdO at such temperatures [102]. For Pd/Rh (93.6/6.4 at. %). PdO
forms faster than Rh,O3 at 600 °C, while at 900 °C and above, Rh,Os; dominates the surface
[102]. In Pt/Pd (69/31 at. %), PdO forms a thin oxide layer at 500 °C and a thicker PdO bulk
oxide on the surface at 600 °C. At 700 °C and above, Pt dominates the surface [103]. For a
Pd/Pt (50/50 at. %) alloy, all surface Pd is completely oxidized at 400-600 °C, while only 50-
70 % of the Pt is oxidized [104]. Nanoparticles of PdO decompose to Pd metal in the range of
680 to 810 °C [105], depending on size and the support material. Smaller Pd-particles oxidize
more easily to PdO [106].
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Pd/Pt nanoparticles also form PdO on the surface, although the reported temperatures varies
between studies [82, 92]. Interestingly, a study showed that PdO nanoparticles reacted with
metallic Pt nanoparticles at 650 °C in air to form bimetallic Pd/Pt nanoparticles [82]. It is
believed that Pt aided the reduction of PdO to Pd, and that the oxygen is simply desorbed from
the material. Finally, in a Pd/Au alloy in NO gas, Pd is also attracted to the surface. However,
the study was performed at only 300 °C [44].

At high temperatures, e.g. above 800 °C, a metal loss (volatilization) occurs, see Appendix:
Table Al. In vacuum, Pd and Au have by far the highest vapour pressure of the noble metals.
In oxidizing conditions, Osmium (Os) has the largest vapour pressure of the noble metals. Of
the elements relevant for this thesis, Pt has the highest vapour pressure in oxidizing conditions.
Experiments show that Pd has 1 order of magnitude lower mass loss than Pt in oxidizing
conditions [107]. However, several studies mention that PdO has a very low vapour pressure
[82, 108]. It is difficult to unify the literature on this point. It has been shown that water vapour
do not promote Pd-loss compared to oxygen gas [109]. Rh forms a protective surface oxide
below 1000 °C, and a mass loss above. The Rh-loss is 1-2 order of magnitude lower than that
of Pt at temperatures above 1000 °C. Unfortunately, the discrepancies between different
studies are large [107] (Appendix: Table Al). The mass losses of Pt and Rh in oxygen and in
the industrial ammonia oxidation reaction (section 2.1) are believed to be caused by the PtO;
and RhO, molecules [14]. In the Pt-catchment project, it is Pt-catchment from the gas phase
molecule PtO; that is performed.

For alloys consisting of one noble metal and a non-noble metal, such as Pd/Ni, Pd/Fe and
Au/Fe, selective oxidation of the non-noble metal may occur. Experiments with internal
oxidation of such alloys, e.g. Pd/Fe (98/2 at. %), can be used to calculate the oxygen diffusion
and —solubility in a metal [110]. At 900 °C, the solubility of oxygen in Pd is 2.4 at. %, and in
the range of 1-2 at. % in Pt (Appendix: Table Al). The diffusion coefficient of oxygen in Pd
and Pt is ~4 orders of magnitude higher than the bulk metal diffusion (Appendix: Table Al).
Oxygen diffusion and solubility is extremely low in Au [111].

2.5. Perovskite oxides

In order to understand the potential use of perovskites as Pt-catchment materials, it is beneficial
to know about the crystal structure and chemistry of perovskites. This chapter covers the basics
of perovskites, and the interested readers are referred dedicated literature [112, 113].
Perovskites are a class of materials with very similar structure and the general formula ABX
(Figure 18). The structure is commonly formed for ternary oxides because it is one of the most
energetically favourable ways of packing one large cation (A), one small cation (B) and an
anion (X) together. Typically, the anion is oxygen (X), but can also be e.g. a halide. The large
cation (A) is typically a group 1-2 and 4f-block element and the small cation (B) a d-block
element.

A large number of elements can be involved in the formation of the ABXs. This is due to the
possibility of combining elements with variations in both size and charge. It is required that
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the elements obtain charge neutrality, i.e. that their total oxidation state adds up to 6 in the case
of O as the anion, as in A'BV03!!, A"BV 03! and A™'B™ 03!, In addition, further flexibility
in oxidation state is obtained in double perovskite (AA'BB'O¢) and non-stoichiometric
perovskites (A;_,A%B;_,By,03). When the sizes of the A-, B- and X-elements match perfectly,
the structure is cubic, as in the classical example of SrTiOs (Figure 18). However, when the
size of the elements deviates from the ideal scenario, the structure distorts by tilting of the
octahedra while maintaining the perovskite structure. The degree of octahedral tilting is
described by the Goldschmidt ¢-factor given by (Eg. 2-6)

. Ty + 1y
== < Eg. 2-6
V2(rg + 1y) a

The cubic perovskite is obtained for t = 1.00, described in space group Pm-3m. The perovskite
structure is considered unstable for t < 0.71 and t > 1.00, at which point other structures than
the perovskite are formed [113]. When the t-factor is reduced, octahedral tilting occur,
associated with a reduction in symmetry. For example, LaNiOs has t = 0.97, giving rise to a
rhombohedral symmetry (R-3c) (Figure 19a), while LaRhOs (t = 0.92) is described in the
orthorhombic space group Pnma (Figure 19b). A small A-site and/or a large B-site cation
reduces the t-factor and distorts the perovskite structure. However, the t-factor less accurate
for highly distorted perovskites, and is more of a theoretical value than practically useful. This
is related to variations in the A-O bond distances and coordination number for highly distorted
perovskites.

Figure 18. Structure of SrTiOs (Pm-3m) [114], a cubic perovskite. Green atoms correspond to Sr, blue to Ti
and red to O. The figures are drawn using Vesta [100].

2.5.1. An extra note on relevant perovskite oxides

2.5.1.1. LaNiOs

LaNiOs is a widely studied rhombohedral perovskite, which is best described in the space
group R-3c (Figure 19a) [115-119]. In LaNiOs,Ni has a t3,eg (d”) electron configuration,
which should be a Jahn-Teller active state. However, the single e,-electron of Ni is itinerant,
i.e. LaNiO;s display metallic conductivity [116]. This hinders the Jahn-Teller distortion to
occur because this type of distortion require a localized eg-electron. For RENiOs (RE = rare
earth element), the structural distortion induced by a rare earth element smaller than La causes
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the e4-electron of Ni to be localized and RENiOs to become insulating at low temperatures
[120]. In the insulating state, the Jahn-Teller effect distort the Ni(lll) octahedra. For YNiOs,
the structure is shown to become monoclinic (P2:/n) and have B-site (Ni-site) ordering,
containing one large and one small Ni-site [88]. This is by many considered as a charge
disproportionation of Ni(lll) into Ni(lll +8) and Ni(lll —=§). The instability of Ni(lll) also
imply that it is far more difficult to synthesize RENiOs with a small rare earth element,
requiring a pO; in the range of 100-200 bar for YNiO3 [121]. LaNiOs is thermally stable up to
~900 °C in air, and above this temperature it decomposes to NiO and LasNizO1o, which in turn
decomposes to NiO and La;NiO4 above 1200 °C [122]. The decomposition path of LaNiOs;
demonstrates how Ni prefers oxidation state +II.

a LaNiO(R-3c) b LaRhO,(Pnma) €  La,NiPtO, (P2,/n)

Figure 19. Crystal structure of a) LaNiOs (R-3c) [51], b) LaRhOz (Pnma) [123] and ¢) LazNiPtOs (P21/n) [50].
I[_laci)(lﬁ coloured grey, O red, Ni green, Rh dark brown and Pt magenta. The figures are drawn using Vesta
2.5.1.2. LaRhOs and LaNigso0Rho 5003

LaRhO:s is significantly less investigated than LaNiOs. LaRhOs is a diamagnetic insulator
because of the tzegeg—electron configuration of Rh(lI1). Due to the larger size of Rh compared
to Ni, LaRhOs is more distorted (Figure 19), orthorhombic and is described in space group
Pnma; a very common space group for perovskites. The same applies to LaNiosoRhos003
(Pnma), which is a B-site disordered double perovskite, i.e. there is no ordering between Ni
and Rh [124-126]. The thermal stability of LaRhO3z and LaNiosoRho.5003 is much higher than
for LaNiO3, and the final annealing temperature during solid state synthesis of LaNios0Rho 5003
has been performed at 1275 °C [126], and similar for LaRhOs.

The scientific reports are slightly ambiguous in the description of the oxidation state for Ni
and Rh [124, 125, 127]. Structurally, B-site disorder indicates that both elements are +I11 [128],
which were supported by the original publications on this compound [124, 125]. However,
magnetic measurements have indicated that Ni(ll) and Rh(IV) may be the correct oxidation
states, or that a mixture in oxidation state can occur [126]. This is supported by thermoelectric
measurements on the non-equimolar compositions LaNi1xRhxOs (0.70 < x < 1.00) [127]. The
isoelectronic system LaNi:—xC0xO3 show a very similar trend, where the sample with x = 0.50
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have 111/111 as the B-site oxidation states, while Co-rich samples (x > 0.50 in LaNi;—xCo0xOs)
show a partly change in oxidation states to Ni(ll) and Co(lV) [129-131]. For double
perovskites with Co/Rh, a similar mix in oxidation states are reported (Table 2), while Fe/Rh
double perovskites have I11/111 in oxidation states (Table 2).

Table 2. Overview of relevant double perovskites and their oxidations states and B-site ordering.

LaBo.soB 05003/ | Space B-site Oxidation ~ Oxidation t- Reference
La;,BB’Os group  ordering state B state B’ factor*
LaNioso0Rhos00s | Pnma No Mix of Mix of 0.93 [124-126]
LaCoos0Rhos003 | Pnma No Mix of Mix of 0.91 [132]
LaFeos0Rhos003 | Pnma No Il i 0.91 [128]
LaNio50C005003 | R-3c No i i 0.94 [131]
LazNiPtOg P2i/n Yes I v 0.92 [50]
La,CoPtOs P2i/n Yes I v 0.91 [50]

*t-factor is calculated based on tabulated ionic radii from Shannon [133].

2.5.1.3. LayNiPtOs

Very few detailed studies are reported on Pt-containing perovskites. Ouchetto et al. [50]
published in 1997 a nice overview of several Pt-containing double perovskites and their
structure. La;NiPtOg show a very large degree of B-site ordering, with a charge division into
Ni(Il) and Pt(IV), contributing to the B-site ordering. The B-site ordering can be considered a
rock salt type ordering between the Ni- and Pt-octahedra (Figure 19c¢), i.e. where every other
octahedra is either NiOg or PtOs. The structure is best described in space group P2:/n, where
the B-angle is close to 90°, implying that La;NiPtOs can be considered as pseudo orthorhombic.
The main difference between the structure of La;NiPtOg (P2:/n) and LaRhOs (Pnma) is
therefore only the B-site ordering. The thermal stability of La;NiPtOs is higher than LaNiOs,
and La;NiPtOs is reported to decompose around 1200 °C. In terms of electronic properties, no
detailed studies are performed on La;NiPtOs. However, La,CoPtOs is reported to be
antiferromagnetic below 28 K [134].
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3. Experimental setup and characterization methods

This chapter provides an overview of the instrumentation used for Pt-catchment experiments
and general information on the preparations needed before doing in situ tomography
experiments. The main characterization methods used (SEM/EDX and XRD) are also covered,
along with the method used for synthesis of perovskite oxides.

3.1. Pt-catchment experiments

3.1.1. Sample information

Noble metal wires and nets with compositions Pd, Pd/Au (85/15 wt. %, 91/9 at. %), Pd/Au
(35/65 wt. %, 50/50 at. %), Au and Pd/Ni (95/5 wt. %, 91/9 at. %) were obtained with a purity >
99.9 % (K. A. Rasmussen, Hamar, Norway). The wire diameters were 76 um for all Pd-
containing samples and 100 um for Au. During production, the metals are mixed, melted and
solidified into bolts. The bolts are drawn gradually into thinner wires to obtain the desired wire
diameter. The grain size is generally small (~5 um) after production. To obtain quasi-
monocrystalline wires (grain size in the range of 20-200 um), the wires were annealed for 7
days at 1100 °C (900 °C for Au) in a double evacuated quartz ampoule, prior to further
experiment work.

3.1.2. Laboratory Pt-catchment experiment

Pt-catchment experiments were performed using a six-zone furnace (Figure 20a), and a few
experiments in a five-zone furnace, allowing temperature control in the different steps of the
reaction. A typical experiment used a temperature of 1000 °C for the Pt-source (rolled up Pt-
net of 300-350 mg) located in the second zone, allowing the gas to heat up to 1000 °C before
reacting with the Pt-source. The Pt-catchment material, e.g. Pd, was typically located in the
fifth zone with a temperature of 900 °C. Further experimental details for the Pt-catchment
experiments are presented in Paper I-11I.

To make sample mounting as simple as possible, a double tube (tube in a tube) solution was
used for the zone-furnaces (Figure 20b-c). The furnace has a large outer tube along the entire
reactor length (10 mm ID), with a smaller inner tube (6 mm ID, 8 mm OD) inserted from each
side of the furnace (Figure 20b). The Pt-source is on the inlet side and the Pt-catchment
material is on the outlet side. The tubes are easily connected together using standard Swagelok
reducers and Teflon ferrules. An air flow of 1 L/min was used in most experiments because it
provides a comparable gas velocity (0.59 m/s) as in the industrial reactor. The laboratory
experiments were run at ambient pressure compared to 5 bar in the pilot- and medium pressure
plant where the industrial experiments were performed.

To obtain reproducible and comparable results, it is important to mount the samples in a similar
way in each experiment and to ensure that sample analysis is as easy as possible. Further
important aspect are:
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- Mass changes: The sample must be large enough for mass changes during the experiment
to be measurable, if present. If the sample is too large, the Pt-concentration may be
inhomogeneous in the sample and the calculated at. % Pt is not representative of the real
Pt-catchment.

- Sample shape; wire or net: A net (gauze) sample is easiest to place in a vertical tube

furnace, while this work has used a horizontal tube furnace. If placed properly in the tube
furnace, the sample should obtain a homogeneous Pt-catchment. For a horizontal furnace,
the net must be stabilized between e.g. two pieces of alumina. The sample size is in this
case small (6 mm diameter net) and handling is tricky. The sample must be cut before
SEM/EDX and ICP-OES analysis, but the sample can be mechanically weak and easily
deformed during handling.
The advantage of a wire is that it is easier to cut a piece for SEM/EDX and for ICP-OES,
and handling is easier without changing the overall appearance of the wire. The
disadvantage is that the Pt-distribution may be inhomogeneous along the wire length in
the case of a too long spiral. However, sample mounting is easy in a horizontal tube
furnace, where the sample is placed as a spiral. Two pieces of alumina is used to keep the
spiral from flowing downstream with the gas flow during operation.

- ICP-OES: The sample must be large enough to spare a piece for ICP-OES, which is a
destructive technique. The sample quantity needed is only a few mg, but 10 mg or more
is optimal.

- Pt-source: It is important that it is easy to measure mass changes of the Pt-source before
and after the experiment in order to estimate the pPtO. during the experiment. It is also
important that the mass loss is reproducible, i.e. similar between parallel and consecutive

experiments. In our furnace, three parallel experiments were run simultaneously (Figure
20). A rolled up net is very easy to weigh, but there can be some variation in mass loss
between experiments, even though the nets have approximately the same mass and shape.
A stack of many nets after each other may give a more reproducible Pt-loss, but mass
determination and re-stacking of the nets between experiments can be difficult. If just one
6 mm diameter Pt-net is used, the Pt-loss is very low.

Most of the issues summarised above are easily solved by using a pilot plant reactor. Here, the
temperature and gas mixture are the same as in the industrial reactor and the sample mounting
(nets/gauzes) allow the gas to react homogeneously with the entire area of the sample. The
pilot plant is ~25 cm in diameter, and several smaller samples can be places simultaneously.
However, the pilot plant experiments are expensive and the laboratory experiments allow the
use of individual gas constituents at a more reasonable price.
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3. Experimental setup and characterization methods

Figure 20. Picture of a) the six-zone furnace with three parallel quartz tubes used for laboratory Pt-
catchment experiments, b) the double tube solution and c) an alumina piece inside an inner tube inside the
reactor system.

3.1.3. Pt-catchment during in situ tomography

3.1.3.1. About the X-ray computed tomography technique

In the current work, in situ absorption-CT was used to study the microstructural development
of the Pd and Pd/Ni wires during Pt-catchment. Several techniques can be used to obtain
tomography images, each with its own advantages and drawbacks. The classical tomographic
approach is based on X-ray absorption and do not provide quantitative information. In recent
years, several catalyst- [135-137], battery- [138] and fuel cell- [139, 140] investigations have
used more advanced tomographic probes to understand the active state of the material, the
chemical distribution of the elements and oxidation state during the chemical reaction. By
using a micro meter sized beam and scanning across the sample, both XRD, XAS, PDF and
XRF can be used as contrast to investigate the chemical state of the sample, providing
guantitative information in each voxel of the tomogram. However, data collection depends
strongly on the chosen resolution (beam size) and sample volume to be probed, and can thus
be time consuming. Data collection of 1-5 seconds per data collection can be expected, and
sample need both to be rotated and translated, causing long data collection time for large
samples [135]. Additionally, thick (e.g. 76 um) noble metal samples may have a problem with
high X-ray absorption making data collection difficult. The data analysis is also demanding as
each voxel contains an individual data set that needs to be analysed.

The sample morphology should not change during the data collection time. However, if
morphological changes occur continuously during the experiment, the data collection
(tomography probe) must be faster than the morphological changes. The latter is the case for
our reaction, and the data collection time would be limited to ~1-10 minutes. Additionally, if
the sample moves 1 pm in this time window, a similar resolution is lost. Furthermore, the
crysta