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Abbreviation Table

=  TWHC: three way catalyst

= CO: carbon monoxide

= HC: hydrocarbon

= NOx: nitrogen oxides

=  PGM: platinum group metal

= XRD: x-ray diffraction

= XPS: x-ray photoelectron spectroscopy

= BET: Brunauer-Emmett-Teller method

= TPR: temperature programmed reduction

= BAT: bench ageing time

= SSA: specific surface area

= SEM: scanning electron microscopy

= TEM: transmitted electron microscopy

= XRF: x-ray fluorescence

= EDX: energy-dispersive X-ray

= FUL: full useful life

= |CP-OES inductively coupled plasma optical emission spectrometer
= FT-IR: Fourier-transform infrared spectroscopy
= RT: room temperature

= LNT: liquid-nitrogen temperature

= TCD: thermal conductivity detector

= FE-SEM: field-emission scanning electron microscopy
= BSD: back-scattering electron detection

= OSC: oxygen storage capacity

= T50: light-off temperature



1 Introduction

One of the main sources of environmental pollution are vehicle emissions. Starting from
the *70s one of the main challenges for vehicle manufacturers has been the compliance
to the increasingly stringent regulations on emissions. This was obtained largely by
means of the development of catalysts and catalytic systems. For gasoline-fueled
vehicles, the main system to reduce engine emission is represented by the three-way
catalyst (TWC). It can perform simultaneous oxidation of CO and unburned
hydrocarbons (HC) and reduction of nitrogen oxides (NOy), thanks to a well-controlled
air-to-fuel ratio (A/F = 14.63—\ =1) that keeps the gaseous combustion stream close to
stoichiometry. In this condition both the oxidation and reductions reactions reach the
higher yield (figure 1)
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Rich exhaust
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Figure 1: Conversion efficiency vs. air-to-fuel ratio relationship in TWC,

These catalysts are composed by a support structure, a ceramic honeycomb monolith
(typically made of cordierite) with a high density of channels. This component has only
a mechanical function and it is not involved in the catalytic processes. The walls of the
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channels are coated with the catalytic material, typically called washcoat. It is a very
complex catalytic material, composed by a porous support, with a high surface area in
order to increase the contact with the reactant, by the catalytically active metals and by
numerous other components, such as dopants and stabilizers, useful to enhance the
performances and the service life of the catalyst?. The most used material for the porous
support is aluminum oxide (Al>O3) and, in particular its y-Al.O3 polymorph, thanks to its
high specific surface area and relatively high thermal stability. Due to the requirement of
reaching quickly an acceptable conversion already at low temperature, at the so called
“cold-start” of the vehicle, the “close-coupled-catalyst” technology has been develop. In
this solution, the catalyst is installed near the engine, in order to exploit its heat to warm-
up the catalyst and reach easily the optimal working condition. Being the catalyst
mounted on the exhaust manifold, it also experiences very high temperatures, which may
exceed 1000°C, above the limits of the thermal stability of alumina. For this reason, the
most advanced technologies contain numerous type of stabilizing agents. In particular
alkaline earth metal or rare earth oxides are used, for example BaO, La,Os3, but the most
important is Cerium oxide (CeO;) 2. The role of ceria inside the catalytic automotive
technologies is not only to increase the stability of the porous structure, but it is
fundamental to increase the reactivity of the material. In particular ceria is able to store
and release oxygen as a function of the environmental conditions due to its redox
properties (Ce** < Ce*)* The TWC works in a constant oscillation between lean (air
rich, air-to-fuel ratio >1) and rich conditions (fuel rich, air-to-fuel ratio <1), so ceria
allows to store oxygen during lean phases and release it during rich steps. This property
is called Oxygen Storage Capacity (OSC) and leads to an increasing of TWC efficiency
by enlarging the air-to-fuel operating window °. To enhance the thermal stability and the
redox properties, nowadays Ce oxide is stabilized with Zr oxide. Ce-Zr mixed oxides are
more stable at high temperature and the insertion of ZrO; in the crystal lattice of CeO,
generates a structural modification, with the generation of highly mobile lattice oxygens,
that improves the oxygen storage capacity of the material®. The catalytic function is
obtained by highly dispersed precious metals like Pt, Pd, Rh (PGM, Platinum Group
metals) dispersed in the washcoat by impregnation to form a uniform distribution of

particles with a diameter of a few nm. These noble metals have good thermal stability
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(compared to the base metals) and relatively resistant to sulphur poisoning. Moreover,
some noble metals as Ru, Os and Ir have been excluded due to their tendency to form
volatile oxides ’. PGM nanoparticles are affected by the high temperatures, which leads
to a decrease of the dispersion, but the stabilizing agents help to limit this effect, reducing
the mobility of the metal atoms. The high surface area of the support and the high
dispersion of PGM particles are crucial for the catalyst activity, increasing its contact

with engine-out gases and allowing to exploit effectively the noble metals.

1.1 Ageing and deactivation of TWC

Automotive catalysts usually work in extreme conditions: at high temperature due to the
exhaust temperature and to exothermic reactions involved, with local peaks above 1000-
1100°C. They also operate in a very variable environment, in constant oscillation
between oxidant and reducing conditions, and in presence of water vapor in the stream.
Furthermore, they are in contact with numerous chemical species, which can react with
catalyst components producing some unwanted products. These phenomena, called
thermal and chemical ageing respectively, are the primary sources of catalyst
deactivation 8 Chemical ageing is linked to the deposition on the catalyst of foreign
elements carried by exhaust gases, generated by the combustion of oil and fuel additives
(Zn, P, Ca, S), which can react with oxides and noble metals present in the washcoat.
These reactions can lead to the formation of less active compounds, and then decrease
catalysts performance, or to the deposition of a superficial layer that makes it impossible
for the reactants to access the porosity of the washcoat °. Thermal ageing is the major
way of catalyst deactivation. The high temperature induces a series of physical processes
that lead to sintering of washcoat components and of PGM particles and water vapor
accelerates these phenomena. The sintering is associated to the loss of active surface via
structural modification, which is usually driven by the high temperature. In the
automotive catalyst the main phenomenon affecting the porous supports a phase
transformation from y-Al,Os, characterized by high porosity and high surface area, to
other more thermodynamically stable forms of alumina with lower surface area (9, 6, ).

The rate of this transformation increases with increasing of the temperature. Another



driving force of sintering is the lowering of the surface energy and the transport of
material leads to coalescence of particles, particle growth and elimination of the pores,
due to condensation of hydroxyl groups residing on adjacent particles. Temperature and
the atmosphere are the main parameters controlling the sintering of a given oxide. The
result of support sintering in catalysis is the loss of surface area of the carrier °.

Highly dispersed noble metals particles undergo similar processes, with aggregation via
coalescence of the particles and metal atoms migration. Sintering occurs trough migration
of both atoms and crystallites on surface support and their coalescence, forming lager
agglomerations, reducing the surface exposed to reactants. PGM particles can be also
involved in the sintering process of the alumina support, suffering encapsulation of
particles due to the collapse of the porous structure. The metal sintering obviously
depends on the nature of metal and on the temperature and, to a lower extent, on the
reaction atmosphere. The sintering of Pt is higher in oxidizing environment compared to
sub-stoichiometric conditions 1. Pd differs from Pt in a way that it is more active in oxide
form (PdO). However, at high temperature PdO decomposes to metallic Pd, which results
in decreased catalytic activity. Lowering the temperature a re-oxidation of Pd take place,
but it is not complete due to major rate sintering particles of metallic palladium. Metallic
Pd at high temperature form larger agglomerates, which are re-oxidized at low
temperature only on the surface, while the bulk remains in Pd form, due to the higher
dimensions of the particles 2. Rh is not affected by sintering, but high temperatures
promote the formation of irreducible oxides (RhO; and Rh,O3) and the reaction between

Rh and Al.Os, forming a phase that renders Rh progressively inaccessible *2.

As said previously, Ce and Zr mixed oxides have the fundamental capacity to stabilize
the support and PGM particles, giving stability and durability. Stabilization of the
alumina support is due to the interaction between their crystal structures, which makes
the support more stable to the high temperature. These effects are reported in numerous
publications, like the work of Wu et al. ** where a comparison between sample of pure y-
alumina and alumina mixed with Ce and Zr oxides, fresh and after thermal ageing
(1000°C) is made. Morphological and X-ray diffraction results highlighted that samples

containing Ce-Zr oxides did not form the a-Al>Os, polymorph with lowest porosity and
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the specific surface area measurements showed that the reduction of surface after thermal
ageing in these mixed samples was lower than in pure alumina samples. Stabilization of
noble metals is related to the formation of strong PGM-O-Ce interactions, which inhibits
the sintering of metal particles °. Cao et al. *® used H.-TPR to verify the dispersion of
noble metal and TEM microscopy was employed to measure the particles dimensions.
The results show a larger dispersion of PGM in Ce-Zr supported sample in all ageing
conditions, with a limited growth of their dimensions (>20 nm). On supports made of
alumina only thermal ageing leaded to a serious growth of particles (smaller than 100
nm). Ceria can suffer the effects of thermal ageing, deteriorating its properties. The
sintering of CeO; leads to a loss in surface area, hindering its oxygen storage capacity,
and to a decrease of contact between the precious metal and ceria. Adding ZrO; in
appropriate way can form a Ce-Zr oxides solid solution that can improve the oxygen
storage capacity and durability of this phase . In addition, Ce-Zr mixed oxides undergo
to thermal ageing and sintering phenomena. In particular, sintering leads to a growth of
the particles which hinders oxygen migration from the bulk to the surface, decreasing
the quantity available to release in the reaction atmosphere 8. Other dopants useful to
stabilize the washcoat structure and properties are the rare earth oxides (La, Nd, Pr, and
Y). For example La oxide, a trivalent cation, can stabilize the solid solution of Ce-Zr
mixed oxide, and at high temperature it can form compounds with alumina helping to

stabilize the porous structure and preventing the sintering process.

Heo et al. 2° proposed an overall ageing and deactivation mechanism for automotive
three-way catalysts. This scheme was based on an extensive characterization of four
catalysts coming from vehicles with different mileage (20000-100000 km). They
identified two steps for the deactivation: the initial, where the activity of TWC decreases
due to sintering of noble metal particles, Ce-Zr mixed oxides (with separation of phases
in this case) and poisoning by P and S contained in engine exhaust gas. The second step
is represented by a gradual deactivation due to a progressive poisoning and to the

encapsulation of noble metal particles in sintered support.
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Figure 2: Schematic deactivation process of Pd TWCs 20

1.2 Ageing simulation in automotive application

Long-term compliance with automotive exhaust gas emission regulations is one of the
challenges faced by the automotive industry. The increasingly stringent limits require
high performances also at high mileage (up to 160000 km), so the catalysts needs to be
designed to guarantee that yield for the whole life of the component. Despite the
progressive transition to electric mobility, the interest on emission control of gasoline
vehicle is high, being the hybrid technology still based on this type of engine.
Furthermore, the catalysts of hybrid vehicles are exposed to the additional stress deriving
from an engine shut down after a warm up at low driver torque demand, creating a high

temperature lean environment in the TWC.

To test the catalyst durability and useful life, automotive manufacturers need to define
accelerated ageing methods. Ageing and testing directly on road using a real vehicle is
not economically feasible and requires too long time for testing. For this reason
accelerated engine test benches and laboratory accelerated ageing protocols were
developed. Engine bench tests consists in obtaining the same deactivation in a reduced
time using an accelerated ageing method, in which the catalyst is exposed to a high
temperature exhaust stream produced by an engine-dynamometer set-up which follows

prescribed sequences of operating conditions to provide specific conditions of A and
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temperature of engine out gas®!. These methods can be very useful to simulate the ageing
condition for high mileage samples, but these are expensive in terms of time and cost.

The second solution is to simulate the engine out gas condition at laboratory scale, using
facilities, which create synthetic a gas mixture (air and water vapor in the easiest layout)
and feed it at high temperature for long times through the sample catalysts, using special
furnaces. This is a very flexible solution, but a complex and expensive facility is required
in order to simulate the heterogeneous stresses produced by vehicle aging.

The definition of simulated ageing protocols requires the knowledge of the effects of
ageing in different operating conditions, and the ability to correlate them to the real on
road ageing. To make this comparison is not easy. A first problem is the difficulty to
obtain significant samples of identical catalysts on identical vehicles used in comparable
conditions over very long mileages. Furthermore, to re-create the same engine-out gases
conditions at laboratory scale is complicated because they have a complex composition
and are very variable 22, This is valid above all for the three-way catalyst, which works
constantly in oscillating conditions around the stoichiometric air-to-fuel ratio, fluttering
between oxidant and reducing environment. Numerous studies have tried to understand
the impact of different environments on automotive catalysts components and to correlate
real vehicle ageing with accelerated ageing methods: Stenbom et al. studied the thermal
deactivation path of TWC in different conditions and temperatures. That study found
that high temperature lean (oxidant) conditions were particularly detrimental to the
catalyst. On the other hand, rich condition (reducing) did not show any effect, except at
very high temperature (>1100°C); but these results were not easily comparable with real
vehicle ageing 3. Hietikko et al. 2* and Lassi et al. 25 performed a similar study on thermal
ageing, correlating their results with a vehicle-aged and an engine-aged samples,
characterizing them using XRD, XPS, BET surface area and measuring their activity.
The results showed a good correlation between a real sample and a sample aged in
reducing condition in terms of structural changes, but from the performance point of view
the best correlation was achieved with oxidizing conditions. Kallinen et al. compared
catalyst samples aged on engine bench, in static oven and in dynamic condition using an

IR furnace. The oxidant atmosphere of the static oven resulted more detrimental for the
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catalysts, but the dynamic ageing, designed to replicate the change in temperature and
environment typical of the engine working condition, correlates well with the engine-
aged sample, but with some problem linked to the shortness of the lab-ageing cycle 2. In
addition, the correlation between the results of different accelerated ageing methods are
also difficult. Blades et al. tried to correlate lab ageing in static air condition with engine
bench results. Their aim was to understand if the BAT (bench ageing time), equation
adopted by US EPA to calculate the appropriate length of time to age a catalyst at
determined temperature, to yield an equivalent deterioration as vehicle on an approved
road cycle, works well in all the simulated condition. Their result underlined that static
ageing caused stronger dependence from temperature of the ageing process then that
predicted by the BAT model, but a lesser dependence on time, probably due to high

oxygen concentration of static ageing atmosphere 7.
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2 Experimental Project

The present work has the purpose to understand in deep of all the microscopic processes
associated to ageing, trying to find a correlation between phenomena occurred on vehicle
and accelerated ageing protocols. All these information could be useful for the future
definition of new ageing protocol, able to substitute an accelerated engine bench cycle,
ensuring a better correlation and reduced time and economic costs. In the first part of the
study, the focus was on the characterization of a fresh and aged TWC. The aim was to
study all the thermal effects occurring in the catalyst structure from the structural and
morphological point of view, using different techniques . Subsequently, an extensive
characterization of a TWC commercial technology was undertaken, using the technigues
optimized previously, covering different ageing conditions (on vehicle, on engine bench,
at laboratory). Moreover, in this step a functional characterization of the samples was
also performed. Using a synthetic gas facility, some efficiency tests were performed in
order to observe and study the progressive deactivation of the catalyst. In this way, it was
possible to interpret the relationship between structural modification and loss of
conversion efficiency?. The last part of the study was focused on one of the central
element for the catalyst functionality: the noble metal particles. In particular, the samples
were studied using techniques useful to understand the dimensions and distribution of the
noble metal particles in washcoat materials . A brief study about chemical ageing effects
was performed, in order to understand relationship with the results of the functional test.
After a complete characterization of these samples, a correlation between real and

laboratory aged samples was attempted.

2.1 Catalyst Technology

One important limitation of the studies available in the literature concerning TWC
catalysts is that they are typically performed on model materials especially prepared for
the purpose. This makes the transferability of the results to real commercial catalysts
questionable. In this work, the analysis were made on a commercial technology, which

has complex composition and high structural complexity due to the highly optimized
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formulation and production method. The technology chosen were commercial
formulations of TWC, based on double metals Pd/Rh technology. This is one of the most
recent and widely diffused formulations for gasoline engine catalyst due to the high
thermal resistance of Pd in oxidizing conditions (owing to the lower vapor pressure of
the PdO)*.

The first step of the study, concerned the optimization of the characterization protocol,
and it was performed on an experimental formulation, not in production, with a loading
of PGM of 70 g/ft® and ratio 0:58:12 (Pt:Pd:Rh) coated on cordierite cylindrical monolith
of 11, with channel density of 750 cpsi (channels/inch?). For the second part of the study
the technology chosen was a more recent one, a real commercial formulation, currently
in production, with a PGM loading of 60 g/ft, ratio 0:55:5 (Pt:Pd:Rh) and washcoat
loading of 2,9 g/inc®. The component was a cylindrical monolith of 0,551 (4.2” x 2.5”)
characterized by a high density of channels (900 cpsi) with hexagonal shape. All the
components were cored in order to obtain a cylindrical sample of 1.5” of diameter (Figure
3).

Figure 3: TWC full-scale ceramic monolith (60 g/ft3, 900 cpsi) and cored sample.
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2.2 Optimization of characterization methodologies.

As described before, one of the key-points of this work is to understand the processes
occurring during the thermal ageing of automotive catalyst material. To do this, the first
part of the project was focused on a complete characterization of a fresh and an aged
TWC, in order to test and optimize the measurement protocols. In this way, besides
studying the thermal behavior of this material, it was possible to optimize the analysis
conditions for all the techniques applied on the topic, as SSA, XRD, SEM, TEM and
Raman Spectroscopy. Three cored samples were prepared from a single fresh catalyst.
One of them was aged in a static oven, at 1000 °C for 15 h. This treatment was intended
to simulate the full useful life of the component. In fact, these arbitrary conditions
correspond to doubling the time of the standard static ageing cycle adopted by many
carmakers. Therefore, it represents a limiting case of severe ageing, near the end-of-life
condition for this type of component. TWCs usually work spanning both lean and rich
condition, but oxidant environments result more harmful for this material °. So, the use
of pure static air (totally lean condition) enhance the ageing phenomena, accelerating all

the thermal ageing processes.

2.2.1 Washcoat extraction method.

One drawback of studying real commercial catalysts instead of model systems is that the
largest part of the mass of commercial catalysts is constituted by the cordierite ceramic
support, which has only a mechanical function and which does not undergo significant
ageing phenomena. The interesting part of the catalyst is the washcoat, which represents
only 30-40% in weight of catalyst. For this reason, in the first part of this study a washcoat
extraction method was developed aimed at improving the sensitivity of the
characterization methods. In fact, the presence of the cordierite substrate may cause a
significant dilution of sample if the entire catalyst is milled. Therefore, a practical
procedure to separate the washcoat from cordierite substrate was tuned. This method is
based on the detachment of the material by thermal shock, performed soaking the sample

first in liquid nitrogen, then in water, repeating the operation ten times. Between the
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repetitions, the samples are blown with gaseous N. to remove water residues from
channels, to avoid formation of ice deposits, which can break the ceramic substrate. The
solid material extracted was recovered evaporating the water and drying the material in
oven. The powder obtained was weighted, as well as the sample before and after
extraction, to evaluate the efficiency of the process. Washcoat extraction process was
performed on four fresh and one aged samples to study also the reproducibility of the
method. Before that, the samples were axially broken to observe the internal appearance
before and after the process, and to obtain samples with the washcoat still coated on
cordierite for the SEM and SSA analyzes. These visual analyses were performed using
an optical microscope Leica S6D equipped with digital camera MC 170 HD. Scanning
Electron Microscopy (SEM) was performed with a Zeiss EVO50 XVP using source of
LaBes with an electron acceleration potential of 10 kV and 100 pA using a working
distance of 9.5-10 mm. The images were collected using the back-scattered electron

detector (BSD). The samples was metallized with Au.

2.2.2 Washcoat powder characterization.

Moving to the characterization of the washcoat powder, the composition of the fresh
sample was investigated with a semi-quantitative elemental analysis using X-ray
fluorescence (XRF) with a Panalytical Axios, which used an Rh tube source. To observe
the microstructural variation due to ageing, X-ray powder diffraction was performed
using a Rigaku MiniFlex 600. The pattern was recorded with a Bragg-Brentano flat
geometry, using a Cu-Ka radiation (A= 1.5406 A; 40 kV, 15 mA) at 0.02° in the range
5°<20<80° using a scanning velocity of 1°/min. A Micromeritics ASAP 2020 was used
to measure the specific surface area (SSA) according to the BET (Brunauer—Emmett—
Teller) equation. Before the analysis, the sample was outgassed in vacuum (< 50 um Hg)
at high temperature (90°C for 30 min-350°C for 90 min). Three series of BET analysis
were performed: one on the full material (washcoat supported on cordierite) one on
washcoat powder extracted and the last on the remaining ceramic support, coming from
the same samples. In this way, it was possible to evaluate the increase in the sensitivity

due to the elimination of the cordierite support and estimate the quantity of residual
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washcoat still present on ceramic residues. Powder Samples were also observed with
transmission electron microscopy (TEM) using a JEOL JEM 3010-UHR (LaBs source,
300 kV) equipped with an EDX systemX-Stream INCA-OXFORD useful to have a
compositional information of the observed area. Raman spectroscopy was employed in
order to understand if this technique could be useful in the determination of ageing effects
in this type of material. For this topic, the analysis was performed on the structured
catalyst, composed by washcoat on ceramic substrate. The first step was to determine the
best laser source for these samples. The system used is a Renishaw inVia Raman
Microscope with emission line at 442, 514, 785 nm, focused on sample with a 20x ULWD
objective. The idea was to make a mapping of a channel area, collecting a series of spectra
from defined points of a fixed area and try to reconstruct an image of the area based on

the intensity of the Raman signal.

2.3 Correlation between real and simulated ageing.

For the second part of the study, a step forward was made. A commercial technology,
currently in production, was characterized, using all the techniques optimized previously.
In order to understand the correlation between real and simulated ageing, samples of the
same technology coming from different origins were analyzed. The reference real
samples came from two vehicles equipped with 1.2 liter, 69 hp gasoline engines
compliant with the E6b emission standard, currently in production. The ageing mileages
were 25000 km and 60000 km (samples denoted as 25k and 60k in the following). A
sample came from an engine bench ageing cycle: In this case, the ageing protocol was
used to simulate a worst-case scenario, a catalyst aged at full useful life of the vehicle
(FUL) 160000 km, in severe driving condition. For the laboratory deactivation protocol,
two samples were cored from two fresh monoliths, and aged in different conditions. In
both cases, a tubular oven equipped with a heated gas line was used, in order to flux the
gases in the sample during the operation, with a peristaltic pump to add the water (Figure
4).
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Figure 4: Laboratory ageing system.

The temperature and the time of ageing were the same for both the samples: 1100°C for
7h, a company standard to simulate a highly aged catalyst condition. The temperature
and duration of this ageing protocol was based on literature research and on the wide
experience of CRF aftertreatment department about the ageing of this components.
According with the literature, the more detrimental environment of this type of catalyst
is the oxidant, in presence of water 87. For this reasons, two hydrothermal ageing
environments were chosen: the first extremely oxidant, performed in pure air flow (4
I/min), with 10% water. In the second case, a controlled atmosphere was used, flowing a
mixture of N2 used as carrier gas with 2% of O (4 I/min) and water (10%), in order to
evaluate the impact of different levels of oxygen. All the samples extracted from the fresh
monolith were degreened, before undergoing testing, in a static over at 650°C for 2h to
eliminate any possible residue of production intermediates. A summary of the samples
tested in this phase of the study is presented in Table 1.
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TWC 60 g/ft: Pd/Rh ID
Fresh sample Fresh
Vehicle aged - 25k km 25k
Vehicle aged - 60k km 60k
Engine bench aged FUL
Lab. Aged - 1100°C 7h air + H,0 AIR
Lab. AQEd -1100°C 7h 2% O, + N>+ H,0 2% O,

Table 1: Summary of the sample tested.

Also in this case, a complete visual analysis of the component was performed before the
ceramic support removal, using optical and electronic microscopy techniques, in order to
evaluate the visible effects of the ageing on the washcoat layer. Washcoat powder
extracted from these samples was analyzed using all the techniques optimized in the
previous step: SSA via BET equation on separated washcoat and on the full samples (to
evaluate the increase of sensitivity), XRF, XRD, TEM and Raman Spectroscopy.
Samples aged on the engine were in contact with numerous chemical species present in
engine out gases, so may have been subjected to chemical ageing process & The
contribution of these phenomena was evaluated performing a quantitative chemical
analysis on washcoat powder using inductively coupled plasma optical emission
spectrometer (ICP-OES) with an Agilent 720 ES. The samples were dissolved using a
nitric acid (HNQO3) solution 1:1 in water (100°C — 1h). The analysis were focused on the
three principal elements coming from the combustion of fuels and engine oil as P, Ca and
S.

2.3.1 Noble Metal Characterization Techniques

Noble metal particles sintering is one of the major deactivation pathways of automotive
catalysts, due to working condition of these components. The techniques optimized in
the previous step of the project were focused on the morphological modification of the
washcoat, due to thermal ageing. However, noble metals are present in very low
concentration (1-2 wt.%), which makes it very difficult to follow specifically their

evolution. The techniques adopted for the study of the washcoat are relatively insensitive
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to the changes happening at the metal particles level. For this reason in this part of the
study, metal particles were studied using specific methodologies in order to understand
the evolution of PGM, trying to determine their evolution in different ageing conditions.
In order to characterize the surface of noble metals FT-IR probe molecule experiments
were done, using CO as probe. Carbon monoxide is a very versatile molecule, widely
used to probe both oxidic and metallic phases °°. CO at gas phase typically present an
IR absorption band at 2143 cm™. The interaction with surficial active sites lead to the
appearance of absorption bands towards higher or lower frequency. In particular, the
highest occupied molecular orbital (HOMO) of CO has a slightly anti-bonding character.
So, the interaction with transition metal centers, thanks to the o-donation and w-back-
donation effects, involving the HOMO and LUMO of CO and the uppermost d states of
the metallic phase, change the IR absorption behavior of CO molecules, depending on
the type of bonds created with metallic active sites 1. Both positions of the bands and
their stabilities towards desorption at controlled temperatures, reflect the interaction
strength between the metal and the probe. Analysis of the IR-CO spectra and assignment
of the observed bands is guided by reference data, available for the metallic/oxidic phases
considered in this work. Washcoat powders were compressed in self-supporting discs
(~20 mg cm?) and placed in quartz IR cells suitable for high-temperature treatments and
FT-IR analysis at room (RT) and liquid-nitrogen temperature (LNT). In order to
characterize Lewis acid sites, i.e. Pd™ ions, at the surface of all the samples, ex situ
measurements of CO adsorption at RT was performed. Before the IR measurements, the
samples were pretreated, following two different protocols. The first one was a treatment
in vacuum at 400 °C for 30 minutes. The second one was an activation protocol through
oxidation and subsequent reduction of the material. The oxidation step was performed in
a static system using dry O, on the sample at 400 °C. Oxygen was used twice, at about
40 mbar for 15 min per each step: the first treatment was useful to remove reduced
species, possibly adsorbed on the surface; the second treatment was performed to ensure
the oxidation. The reduction step was performed in the same way as the previous one,
but the treatment was carried out in H,. Hydrogen was used twice at 40 mbar for 15 min
per each step. The double treatment was intended to ensure the reduction. Finally, the

sample was outgassed and cooled to RT in vacuum. Absorption/transmission IR spectra
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were run on a Perkin-Elmer FTIR System 2000 spectrophotometer equipped with a Hg-
Cd-Te cryo-detector, working in the range of wavenumbers 7200-580 cm™ at a resolution
of 2 cm?, with 60 scans. IR absorbance spectra were acquired on sample as-is, at
increasing coverage of CO (6CO), using increasing CO pressure up to 20 mbar, and after
a final outgassing. Infrared analyses at RT are not suitable to characterize the support,
because the interaction of CO with its surface sites is too weak due to low binding
energies involved. But to have a complete characterization of these materialist is worth
to understand whether the aging influences the oxidic support and the oxygen storage
capacity (OSC) of the material. To achieve this purpose analyses at LNT were performed,
following the same protocol of RT tests. All these measurements were performed at the

Chemistry Department of the University of Turin.

The distribution and the dispersion of noble metal particles in washcoat samples were
analyzed via pulse CO pulse chemisorption in a plug-flow reactor. These analyses were
performed at the department of Applied Science and Technology of the Politecnico of
Torino using a Thermo Scientific 1100 TPDRO equipped with a thermal conductivity
detector (TCD). The catalyst powder (200 mg) was placed in a quartz reactor, between
two quartz wool layers. A reducing pre-treatment was carried out in a 20 ml min-1 flow
of 5% H, in Ar, by heating the sample up to 300 °C with a 10 °C/min ramp and
maintaining this temperature for 120 minutes. CO chemisorption was performed at room
temperature, using He as carrier gas (20 ml min* flow) and sending pulses of 800 pl of a
mixture of 10% CO in He until saturation *2. A TCD detector was used to measure the
concentration of CO in the stream entering and leaving the reactor. Therefore, in order to
detect changes in CO concentration, He must be used as a carrier gas, since it has a very
different thermal conductivity. During the test He flows continuously and every 10-15
min a CO injection is made into the He flow. After a few minutes the detector detects a
signal related to the CO output (the presence of this gas lowers the average thermal
conductivity of the mixture) and then draws a peak. If there is chemisorption, the area of
the peaks gradually increases until it becomes constant, and by calculating the missing

area of the first peaks, the amount of CO chemisorbed on the sample can be calculated.
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Due to the low contrast between noble metal particles and the substrate, sometimes is not
possible to observe PGM nanoparticles with electron microscopy. It could probably due
to the low differences between atomic weight of Pd and the elements that compose the
porous support, Ce and Zr in particular, that lead to a similar behavior with the electron
probe of microscope. In order to observe the particles and follow their growth during the
ageing all the samples were observed using a new high resolution scanning electron
microscope: a FE-SEM TESCAN S9000G equipped with a FEG source Schottky type.
The detector is an In-Beam SE with a resolution of 0,7 nm at 15 keV, used in back-
scattering electron detection (BSD), due to high atomic numbers of elements involved,
in ultra-high resolution modality. The instrument is equipped also with an EDX detector
Ultima Max OXFORD with AZTEC software.

2.4 Functional Characterization.

In this part of the study, another set of cored samples were prepared, extracted from the
same monolith, in order to evaluate the catalytic performances of the components. The
samples were tested on a synthetic gas bench, a facility present in CRF in Orbassano
specifically thought for the functional testing of automotive catalysts (Figure 5). A
mixture of gases, with composition that mimics the engine out gases is fed through the
catalyst cored sample, which is placed in a heated metallic sample holder. The layout is

presented in Figure 6.
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Figure 5: Synthetic Gas Bench facilities in CRF (Orbassano)
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Figure 6: Synthetic Gas Bench layout.

The synthetic gas mixture is based on a carrier flow of N2, an inert gas which does not
participate into the catalytic reaction. All the gaseous species (CO, HC, NOy, SO;) pass
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through a mixer with a controlled flow, specifically calculated and measured with single
mass flow controllers in order to have the correct concertation of all the species in the
final gas mixture. The synthetic engine out gas is then pre-heated and water is added
during heating through a peristaltic pump, by injection in the hot gas stream. The catalyst
sample (1.5”x2.5”) is installed in a heated sample holder. The temperature is controlled
by two thermocouples placed before and after the catalyst and other two placed inside the
sample, one in a central channel and one in a lateral one. The gas mixture is analyzed
using a FT-IR FTIR Multi-gas Analyzer MKS 2030 HS for the simultaneous analysis of
all chemical species. The concentration measurements are recorded before and after the
catalyst, in order to evaluate the gas flux composition and its variation during the
reactions. For the testing of a gasoline engine catalyst, the synthetic gas mixture needs to
replicate the composition of that engine exhaust gases. However, the system is not
sufficiently fast to replicate the fluctuations between lean (oxidant) and rich (reducing)
conditions, so it works near the stoichiometric condition (A =1) in slightly lean

environment. The composition of the adopted gas mixture is presented in Table 2:

O, CO CO: HC NO H.O SV A
0,7% 15 % 10% 1875 600 1% | 50k h* 1,02
vol. vol. vol. ppm ppm vol.

Table 2: Synthetic Gas Mixture composition

The A value of the mixture is calculated from the concentration of CO, O and N, but is
further controlled by a A-sensor placed before the sample holder. HCs are a gas mixture
of short-chain hydrocarbons, ethylene-propylene-methane (3.5/1/1) defined after a

characterization of the HC content in the real gasoline engine out.

Two types of test were performed: the conversion efficiency and the evaluation of the
oxygen storage capacity. The conversion efficiency test consists in the evaluation the
effectiveness of catalytic converters in reducing a given gas emission. In this case, due to

the slightly lean environment of the gas mixture, the test was focused on the oxidation of
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CO and HCs. To evaluate the reduction of NOx the gas mixture needs to be slightly rich
(A<1), therefore NOx reduction was not analyzed in this study. The sample was mounted
in the holder and the system closed. The first step was to measure the initial composition
of synthetic gas mixture, sampling with the FT IR upstream respect the sample holder, in
order to verify the correctness of the concentration. After that, the sampling was switched
to the outlet side of the sample and the warming of the component started, using a ramp
rate of 30°C/min from ambient temperature to 500°C, measured before the catalyst. The
thermocouples inside and after the component are not reliable because the chemical
reactions occurred during the test are exothermic, so the sensor measure higher
temperatures. The FT-IR measure the progressive decrease of the concentration of CO
and HC, due to the oxidation reaction occurred inside the sample, in function of the
temperature. The test was repeated three times to control the variability of sample, and
the results presented are average values. The results are an efficiency curve for CO and
HC as a function of the increasing temperature. From this result is possible obtain another
important parameter for the evaluation of catalyst functionality: the light-off temperature
(T50), the temperature in which the catalyst reaches 50% CO or HC conversions 3. The
progressive deactivation of the catalyst increases this temperature. The second test
performed is an evaluation of the oxygen storage capacity (OSC). This test was
performed at constant temperature of 400°C. Reached that temperature a flux of 1% of
O (in nitrogen carrier) (A =1.04) was sent to the sample for 180 sec, in order to saturate
the component with oxygen. After that, all the residues of O not stored in the washcoat
were purged using a flux of pure N2. The OSC was evaluated fluxing for 180 sec. 7000-
8000 ppm of CO (A = 0.97) and measuring the residual CO concentration downstream
the catalyst (Figure 7). CO is oxidized by the O stored in the sample in the first phase,
so measuring residual quantity of CO that came out from is possible calculate the quantity
of CO oxidized and, consequently, the quantity of oxygen present inside the sample. Also
in this case the test was repeated three times to control the variability of the sample, and

the results presented are average values.
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Figure 7: OSC test time scheme.
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3 Result and Discussion.

3.1 Washcoat extraction method optimization.

For the first test of washcoat extraction, water at room temperature was used. During the

process, however, the formation of a thick layer of ice on the sample and in its channels

was observed. Despite a resting phase in water to allow its elimination, this makes the

method less effective in washcoat removal and causes a deterioration of the ceramic

structure, whose fragments mix with the extracted washcoat. To avoid this problem,

warm water (60 °C) was used reaching good yield of extraction. The separated dry

washcoat represents 20 ~ 30 % of the initial weight of the samples (Table 3). The quantity

of Cordierite debris in the final fine powder obtained after drying is very limited. Optical

microscopy confirms this result showing low presence of washcoat residues on Cordierite

after extraction in warm water (Figure 8).

Extraction

Initial Weight

Washcoat

Method (9) extracted (g) wt. %

Fresh sample A Llﬂlgqu\rlz: 23,028 1,745 7,6%
Fresh sample B l:l‘é”? el 1703 3715 21,0%
Fresh sample C hl%@ (SI\(I)2°(J.:, 17,825 5,990 33,6%
Fresh sample D l:l‘é”ﬁ el 17403 5,131 29,3%
Aged Sample hl%@ 6N02°(J_:, 13,273 3,310 24,9%

Table 3: washcoat extraction yield (wt. %) using water at room temperature (fresh sample A) and warm

water (fresh sample B, C, D and aged).
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Figure 8: Microscope images of the washcoat of a new TWC and after extraction in water at room
temperature (r.t.) and at 60°C.

Comparing XRD pattern of the washcoat powder extracted with this method and a pattern
recorded on a sample obtained grinding entirely the same TWC, in the same operative
condition the reduction of the contribute of cordierite is evident (Figure 9). This is very
important in order to be able to focus on washcoat modification. Cordierite is the major
component of the TWC monolith in weight and it is a highly crystalline ceramic material,
so in the diffraction pattern its peaks are very sharp and intense (black line). However,
these peaks overlap with other signals coming from the washcoat, which is characterized
by a very complex composition. It contains numerous phases and a great number of
dopants in low concentration but of great importance for its thermal behavior. The
washcoat is in general less crystalline, with a very small crystallite size. After extracting
the washcoat, a diffraction pattern subtracted of the cordierite interference (red line) can
be acquired, simplifying the interpretation and identification of the remaining peaks.
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Figure 9: Powder XRD pattern of full TWC (black line) and only washcoat after extraction (red line).

The results of specific surface area analysis on fresh and thermally aged samples, are
presented in Table 4. Three sets of measurements were performed: the first on a whole
TWC (fresh and aged), the second on the washcoat powder obtained from the same
samples and the last on the residual ceramic support. In general, the results highlight the
structural change that take place upon thermal ageing, with a decrease of the porous
structure due to sintering of the support material. The difference between BET values of
the fresh and aged sample is more pronounced in the pure washcoat samples as compared
to the full-TWC case. This effect is due to the dilution of these samples by the Cordierite,
which has a very low specific surface area (below 1 m?/g), but it represent its largest
component in weight. In this case, the part that effectively changes its surface area is a
small fraction of the total weight of sample, so the difference between fresh and aged is
lower. The SSA of the residual ceramic support is relatively high (20,7 m?/g) with respect
to the expected values. This can be due to residues of washcoat on the support, not

detached by the extraction. Considering the yield of washcoat extraction (25 ~ 30 % wt)
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and the relative SSA of washcoat, support and complete component, the quantity of
residual washcoat present on ceramic support can be evaluated to be about 5 ~ 7 % in
weight, explaining the BET results.

BET surface area (m?/g) Fresh Aged
TWC (washcoat + substrate) 50,9 33,8
Washcoat powder 114,0 54,4
Substrate 20,7 4,1

Table 4: Specific surface area results (BET method) obtained on whole TWC, washcoat powder and
residual support samples coming from fresh and aged components.

3.2 Washcoat morphological characterization.

The X-ray fluorescence elemental analysis, performed on the washcoat powder separated
from the fresh sample, shows that the washcoat material is mainly composed of Al, Ce
and Zr oxide and relevant presence of dopants Ba, Nd, and La oxides (Table 5). XRF has
also highlighted the good results of the washcoat extraction method, displaying low
concentration of Si and Mg, 0,4 and 1% respectively, elements present only in the
cordierite support.

A|203 ZrO; CeO, BaO Nd203 La,O3 SiOz MgO
58,7% 19,8% 12,7% 3,3% 2,3% 0,9% 0,4% 1,0%

Table 5: Results of x-ray fluorescence elemental analysis performed on washcoat powder sample. All the
value are expressed in weight % of oxide.

Moving to the comparison between fresh and thermally aged samples, the BET analysis
results presented above (Table 4), show an important reduction of the surface area of the
washcoat. In fact, it decreases by more than 50 % upon ageing. This effect is due to a

phase transformation from y-Al203, characterized by high porosity and high surface
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area, to other more thermodynamically stable forms of Alumina with lower surface area
(0, 0, a) with increasing rate at increasing temperature (see discussion of XRD below).
The sintering of particles leads to their growth, and to the elimination of pores. According
with literature, this phenomenon is associated to condensation of hydroxyl group residing
on adjacent particles, with a collapse of porous structure 2. Structural degradation in aged
sample is evident also in observing SEM images recorded on supported material, which
shows the formation of littles cracks in the washcoat layer due to shrinking of the

washcoat layer and thermal stress.

Figure 10: SEM images of fresh (left) and aged (right) TWC.

X-ray powder diffraction data (Figure 11) show that the support material of the catalysts
is mainly composed of the oxides of Al, Ce and Zr, confirming the XRF data. The fresh
material contains amorphous and/or low crystallinity phases, with small crystallite size,
which cause a broadening of pattern peaks and the not negligible background signal. The
pattern indicates the presence of a Ce/Zr mixed-oxide phase with cubic symmetry and
fluorite structure typical of CeO,, characterized by the presence of four reflections
corresponding to {111}, {200}, {220}, {311} planes 3. The very strong peak {111} at
29° can be attributed to a Ceo5Zr0.2s0, phase and the symmetricity of these peaks
suggests a good homogeneity of this phase # °. Alumina is present only as y polymorph,
typically the highly porous form of this oxide, characterized by a distorted spinel structure

and small crystalline grain, as evidenced by the broad peaks °. In this type of material,
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Ba was added in form of Witherite, Barium Carbonate, identified by peaks at 24 and 42°,
used as NOy storage compound, promoter for the water-gas-shift reaction and as stabilizer

of Ce-Zr oxides, going to integrate in the mixed oxide solid solution .
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Figure 11: XRD pattern of washcoat extracted from fresh TWC sample (green line) and aged sample (purple
line).

The XRD pattern of the aged sample (purple line) shows that the phase transitions
promoted at high temperature, led to a general increase of the crystallinity of the material,
with an increase of the intensity and narrowing of diffraction peaks. Ce-Zr mixed oxide
phase peaks display an increase of the intensity and sharpness, with a small shift of their

position but without loss in symmetry (Figure 12).
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Figure 12: Detail of fresh (green line) and aged (purple line) sample patterns focused on relative positions of
typical peaks of Ce-Zr mixed oxide phase.

This effect is probably due to a growth of crystal dimensions, without great change in the
crystalline structure of this phase. The Alumina support phase results totally converted
from y to a mixture of 8, 0 and a-Al,Os, identified by their typical peaks 8°, according to
the literature. BaCOs is converted to BaOs, testified by the loss of carbonate typical peaks.
The ageing promotes also the formation of LaAlO3 by the reaction between La,Os and y-
Al,Os, , which have the function of prevent sintering of the alumina inhibiting the a-
transformation reducing the reaction rate °, with characteristic peak at 18,8; 20,4 and
24,8° 1. No trace is observed of the typical peaks of PdO or Pd, at 34° and 40°
respectively 2in both diffraction patterns, probably because they are too diluted in our

sample.

TEM images corresponding to the fresh and aged samples are presented in Figure 13.
The Fresh sample shows darker zones, labeled by red circles, which were identified to be
Palladium particles using EDX analysis. They are finely dispersed in the sample with an
average size smaller than 5 nm. The aged sample displays larger crystals particles, with
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a well-defined crystallinity. Numerous darker zones are present in the aggregates, but
only a few of them are associated with the presence of PGMs, because sintering reduces
their dispersion in the sample. To identify them, the samples were scanned at low
magnification using the EDX detector. In the fresh sample, a constant low level of Pd is
observed, associated with the well dispersed nanoparticles observed at high

magnification.

Figure 13: TEM imagine of fresh and aged washcoat sample. Red circles in fresh sample image highlight the
PdO particles.

On the other hand, in the aged powder, numerous dark zones show no trace of Pd, and
we interpret them as thick aggregates of support oxides. A few dark spots instead display
a high level of noble metal, more than the average value of the fresh sample, so they are
identified as noble metal particles, with dimensions of 100 nm (Figure 14). In twenty
aggregates analyzed with this method, only two appear to contain Pd particles. Highly
dispersed noble metal particles undergo sintering processes at high temperature, with
aggregation occurring. This process occurs through migration of crystallites on the
surface of the support and their coalescence, forming larger agglomerations, more stable
from a thermodynamic point of view, but reducing the surface exposed to reactants *°.
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Figure 14: TEM image of aged simple. The zone labeled with red circle is the zone analyzed with EDX, which
identify the presence of Pd.

Raman Spectroscopy is a powerful technique in terms of sensitivity and applicability.
The technique has been used previously to characterize automotive catalysts. Boullosa-
Eiras et al. * have studied an Al,03/ZrO, system and they concluded that some bands
characteristic of a-Al,Os; formation can be observed. However, De Oliveira et al. °
demonstrated that these bands were in fact fluorescence peaks of alumina, due to its
electronic structure, and not vibrations. Oliveira proved also that they cannot be used as
markers of support ageing because their position in terms of Raman shift are dependent

by the laser excitation line used.
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Figure 15: Raman spectra recorded on full TWC material (washcoat+substrate, fresh and aged, using
different excitation wavelengths: A) 785 nm B) 442 nm C) 514 nm.

In order to discriminate fluorescence from real signals, we have adopted multiple
excitation wavelengths: 785, 442, and 514 nm. Spectra presented in Figure 15A, coming
from sample excited with 785 nm radiation, show a series of peaks above 1000 cm™ on
both the fresh and aged samples (Figure 15A inset) corresponding to the fluorescence
spectrum observed by De Oliveira and Boullosa and we will not analyze them here.
Below 1000 cm, 2 peaks are present: the first at 462 cm™, typical of the F2g Raman
active mode of a fluorite-structured material like Ce and Zr oxide 3. The second peak at
650 cm't is associated with the B2g Raman mode of PdO, which is the native form of this
noble metal in automotive catalysts 6. Their intensity are low, due to the presence of very
intense fluorescence peaks. Spectra recorded with the 442 nm laser (Figure 15B) display
a complicated trend, with the same peaks, confused in a high background signal, probably
due to fluorescence phenomena in the same region of the spectrum. Excitation radiation

at 514 nm provided the best results: well defined spectra, with very intense peaks at 462
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and 650 cm™, above all in the aged sample. Therefore, these signals can be used as
markers of thermal ageing of the material. Finally, we noted that none of the spectra at
different wavelengths display trace of the typical peaks of a-alumina (380 and 420 cmr
)¢ in the aged sample, which are probably confused in the high and complicated
background signal. Furthermore, some other peaks in the 100 ~ 350 cm™ range are
difficult to assign.

The intensity of the main peaks chosen as ageing markers changes significantly varying
the analysis position on samples. So, a series of Raman spectra were recorded by scanning
an area of the sample. A selected area of 40 x 20 um was divided in 27 (9 x 3) points
where laser radiation performed the excitation of sample, recording 27 spectra. These
operations were performed in two different points of fresh and aged TWC. All the spectra
were averaged, in order to compare the results of aged and fresh samples (Figure 16).
The difference between fresh and aged TWC are presented in figure 17: Raman spectra
of aged sample show higher intensity and sharper peaks. The peaks of Ce-Zr mixed oxide
are present also in the fresh samples, while PdO peaks appear only in aged samples, but
its position is constant in all the spectra. The Ce-Zr Raman band however, changes the
Raman shift slightly probably because the ageing process yields to a local change in the
composition of this solid solution, with modification of Ce/Zr ratio, or a growth of the
crystal. The increase of intensity of PdO peak is probably due to of metal particle growth

via sintering occurred during the ageing 2.
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Figure 16: Average Raman spectrum calculated starting form 27 spectra recorded in the selected area on
the aged sample.
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Figure 17: Comparison between average spectra recorded on samples fresh and aged sample, in two
different position.
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3.3 Commercial catalyst technology ageing and characterization.

Moving to fresh and aged commercial catalysts, Table 6 summarizes the result of the

washcoat extraction.

V (inc®) Washcoat Extracted (g) Yield

Fresh 4,42 4,57 36,9%

25k 2,65 2,58 33,6%

60k 2,43 2,81 39,9%

80k 2,41 3,04 43,2%

FUL 2,21 4,58 71,6%
110°C 7h - AIR 2,20 2,72 42,6%
110°C 7h - 2% O, 2,33 3,74 55,3%

Table 6: Summary of the yield of the washcoat extraction method (liquid N, + H;0)

Extraction yield was calculated considering the volume of the sample and the washcoat
loading value supplied. The yield seems to be linked to the ageing of the component. The
higher is the ageing, the higher is the quantity of washcoat extracted. This can be due to
a greater deterioration of the coating with a loss of the adhesion on the cordierite structure
caused by the thermal stress.

Before submitting the samples to washcoat extraction, was performed a visual analysis
using the optical microscope on supported catalysts. The effects of ageing are
immediately evident (figure 18). The washcoat progressively change its color and in the
case of FUL and lab-aged samples the coating is damaged, with presence of numerous
cracks and detachment of the material, likely due to the thermal stress.
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Figure 18: Optical microscope images of TWC sample A) Fresh B) 25k km C) 60k km D) engine bench FUL E)
1100 °C 7h—AIR F) 1100°C 7h — 2% O2.

Structural degradation is more evident observing SEM images recorded on the supported

materials (figure 19).
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Figure 19: SEM images of TWC Fresh, 25k km, 60k km, engine bench FUL, 1100°C 7h — AIR, 1100°C 7h - 2%
02.

SEM images shows the presence of cracks in the washcoat layer also in vehicle-aged
samples, not visible with the optical microscope. The Fresh washcoat displays a coarse
morphology, with numerous dark zones associated to the deep porosity of the alumina
support. This porous structure decreases with ageing, as it is possible to see in SEM
images at higher magnification that shows in the residual part more compact washcoat,
with lower dark zone, due to the sintering phenomenaZ.

Also for these commercial catalysts, the washcoat extracted from the fresh sample was
analysed using XRF. This material has a very complex composition: beside the alumina,

45



Ce-Zr oxides and PGMs, also numerous additives are present, typically metal oxides. The
XRF analysis result are shown in table 7:

ZrO, | CeO; | Y203 | BaO [ Nd:O3| Al,O3 F Pd La,O3z | HfO;

422 | 19,7 5,5 4,6 38 | 183 | 15 1 1 0,8

Table 7: Semi-quantitative result, expressed in wt%, of XRF analysis performed on washcoat extracted
from fresh TWC sample.

The sample shows the presence of a high content of Ce-Zr oxides, probably in order to
guarantee a solid oxygen buffer functionality, and to increase thermal stability thanks to
Zr. The analysis detects also presence of Ba and a series of rare earths elements, with the
function of stabilizing the support. In this case, La oxide, is present as stabilizer for the

solid solution of Ce-Zr mixed oxide *'.

Moving on the morphological characterization of the washcoat, The BET results are
presented in Figure 20 and Table 8, for the analyses on the full material and on the

washcoat powder.
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Figure 20: Specific Surface area analysis (BET equation) measured on full samples and washcoat powder
extracted from the same samples.
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SSA (BET equation) - m?/g Full Washcoat
Fresh 23,2 61,9
25k 14,4 47,2
60k 111 25
80k 12,1 20,4
FUL 6,3 15,8
AIR 5,7 22,6
2% 02 6,7 26,7

Table 8: Specific Surface area analysis (BET model) measured on whole samples and washcoat powders
extracted from the same samples.

The results highlight the structural changes that take place upon thermal ageing, with a
decrease of the porosity due to sintering of the support material. The full sample lab aged
with air has the worst SSA, and the engine bench aged and lab aged in controlled
atmosphere have similar values (less the 1 m?/g of differences). The analysis performed
on the washcoat powder are more sensible. The higher values enhance the differences
between the samples. In this case, the SSA value of the FUL sample are the lower, and
both the lab-aged samples are near the 60k km vehicle one. The difference between the
BET values of the full and extracted samples is probably due to the dilution by the
cordierite, which has a very low specific surface. In this case, due to the small gap
between the SSA of material, low differences in the quantity of cordierite present in the
FULL sample can change significantly the results.

In Figures 21 and 22 the XRD pattern recorded on the washcoat powder samples are

shown.
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Figure 21: XRD pattern of washcoat extracted from fresh (light blue), 25k km (yellow), 60k km (green), 80k
km (brown), FUL (blue), lab aged 1100°C 7h - AIR (red) and 1100°C 7h - 2% O2 (purple) TWC samples.
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Figure 22: normalized graph with peaks identification of XRD pattern of washcoat extracted from fresh (light
blue), 25k km (yellow), 60k km (green), 80k km (brown), FUL (blue), lab aged 1100°C 7h - AIR (red) and
1100°C 7h - 2% O2 (purple) TWC samples.

In general, the results are in agreement with XRD patterns recorded on the previous
technology and with XRF analysis, with a high amount of Ce-Zr oxides and an important
presence of whiterite, BaCOj;. The pattern does not highlight the presence of alumina
oxides. For the fresh sample, this is understandable, due to the crystallographic
characteristics of the y-ALOs: as discussed above, this polymorph typically has small
crystalline grain and a not negligible amorphous content, and its pattern is characterized
by low intensity peaks . In addition, also the aged sample patterns do not show peaks
associated to the other polymorphs of alumina, despite the higher crystallinity. This can
probably due to the relatively low concentration of the alumina phase in these samples.
Also in this case the Ce/Zr mixed-oxide phase display patterns with a cubic symmetry
and fluorite-structure typical of CeO- 3. The peaks become more intense and sharp with

increasing ageing, which led to general increases of crystallinity and crystal dimensions.
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The peaks of BaCOs decrease their intensity with the ageing probably due to the
progressive conversion to other forms during ageing (maybe BaO) or to the solution of
Ba in the crystal lattice of Ce-Zr oxides promoted by high temperatures. These peaks
totally disappear in the samples more aged on real engine, FUL,80k and 60k km, probably
because in that condition very high exothermic peaks can occur, which enhance this
process. In all the aged samples patterns a peak at 40° is present, associated to Pd 2. This
is caused by the progressive sintering of noble metal particles driven by the high
temperature, the environment and the presence of water 8, The processes of migration
and coalescence of PGM nanoparticles reduce the dispersion, but increase the dimensions
of crystallites, making visible in to XRD pattern. The peaks are not high and sharp enough
for the determination of crystal dimensions, but their presence is an important marker of
the deactivation of the catalytic material. The higher vehicle aged samples (60k-80k km
on vehicle, FUL on engine bench) display the presence of a peak at 22°, associated to a
Ca-Al phosphate. This compound is associated to chemical ageing process, due to the
accumulation of elements deriving from the combustion of fuels and engine oil and their
additives, containing P, Ca and Zn. These elements can form a glassy over layer on the
washcoat surface, constituted mainly of phosphates, or other compounds, and formed for
example upon reaction with washcoat components, in this case alumina. The comparison
between the lab-aged samples is interesting (Figure 23): the patterns are very similar,
with peaks with almost the same intensity and position. There is one important difference:
the peak of Pd in the sample aged in air is more intense compared to the pattern of sample
aged in controlled environment. This difference can be associated to the atmosphere
where the ageing takes place: air has a higher content of oxygen, so the environment is
more oxidant with respect to a flux with only 2% of O,. The extremely oxidant
atmosphere enhanced the sintering of noble metal particles, leading to the formation of

crystallite with higher dimensions.
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Figure 23: Comparison between XRD patterns measured on TWC aged sample in laboratory condition:
1100°C 7 h - AIR (red) and 1100°C 7h - 2% O (green).

TEM images recorded on fresh and engine bench FUL aged sample highlight important
morphological modifications of the washcoat material. The identification of the different
phases present was performed with the help of EDX. Figure 24 presents a series of TEM
images recorded on the fresh washcoat powder sample. The agglomerates are formed by
a series of polygonal little structures (figure 24A), but also other phases are present,
morphologically easy to identify. In figure 24B it is possible to see a massive stick-like
structure, over 1 um long. EDX analysis allows to identify this structure as Ba carbonate
phase. Being a fresh sample, this can be the form that whiterite was added to washcoat
during the preparation of the coating. It is possible to identify another component, a
lamellar flakes structures formed by very thin crystals, almost transparent to TEM (figure
24C). That structure was identified as Al,O3 phase using EDX detector. In figure 24D it
is possible to see a detail of the Ce-Zr mixed oxide structure. The crystals have regular
polygonal form with dimensions above of 10 nm. In this sample it was not possible

identify any Pd particles. Scanning the zones using the EDX detector the analyses
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displayed always a constant low level of Pd, probably because there are numerous little
particles, well dispersed.

Figure 24: TEM images of TWC washcoat powder from engine bench aged (FUL) sample. A) washcoat
powder aggregates B) residues of BaCO3 (red circle) C) Pd particles on Al203 crystal (red circle) D) Ce-Zr
mixed oxide crystals.

FUL aged sample (Figure 25) shows numerous differences. First of all the aggregates are
formed by large coarse circular structures (Figure 25A). The stick shape structures of
BaCO; disappeared. Some darker spots were detected in the matrix of the particles (figure
25B, red circles). Using EDX detector on the zones, the chemical analysis highlighted
high levels of Ba. These dark particles are probably residues of BaCOs that were not
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integrated from Ce-Zr crystal structure. Due to their high dispersion in the sample and
the very low dimensions of the particles (less than 5 nm) this phase is impossible to detect
with XRD, as can be seen in the relative pattern (Figure 22). In one of the aggregates
present in the sample, a dark particle with 100 nm of diameter was detected, placed on a
lamellar structure, maybe Al,O; (Figure 25C). EDX analysis allow identifying as Pd
particles, likely grown due to thermal sintering. Also the Ce-Zr oxide crystal are grown

in their dimensions (Figure 25D), showing a less regular shape.

Figure 25: TEM images of TWC washcoat powder from engine bench aged (FUL) sample. A) washcoat
powder aggregates B) residues of BaCO3 (red circle) C) Pd particles on Al203 crystal (red circle) D) Ce-Zr
mixed oxide crystals.
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Raman spectroscopy does not provides interesting result on that material. The spectra
recorded on fresh and FUL samples highlight only one interesting peak, with respect the

spectra recorded on previous material.
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Figure 26: Comparison between average Raman spectra recorded d on fresh (green line) and FUL sample
(red line), using a 514 nm of excitation radiation.

The peak, recorded at 650 cm*was associated to B2g Raman mode of PdO, native form
of this noble metal in automotive catalysis °, displays a higher intensity in the aged
sample, probably due to crystal growth of noble metal particles. It is more intense with
respect to the previous but it is surrounded by a very high background, with some broad
peaks very difficult to identify. The aged spectra presented in the graph was recorded
after an outgas treatment (100°C — 0.5 h) because the spectra previously recorded present
a very intense fluorescence, which cover all the possible other peaks. This phenomenon
is probably associated to the presence of carbonaceous residues in the sample, associated
to the oxidation process occurred during the engine bench cycles. The peaks are
interesting but it is difficult to associate them to a PdO particles dimensions, furthermore

the high background does not allow performing a mapping of the sample surface.
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3.4 Noble metals particles evolution.

In this chapter we will discuss the noble metal particles sintering phenomena, as probed
with different techniques. FTIR experiments with CO as particularly informative. The
first FT-IR measurements of CO adsorption at RT were performed on the washcoat
powder extracted from a fresh sample outgassed in vacuum at 400 °C for 30 mins. The
absorbance spectrum recorded in this condition does not show any trace of peaks
associated to the interaction between CO and noble metal particles, irrespective of the
pressure of CO sent to the sample. This lack of reactivity of the fresh catalyst was
interpreted as originating from the low severity of the surface outgassing protocol, which
did not clean the surface from foreign adsorbed species. Therefore, an activation
treatment was devised. In Figure 27 the measurements performed on the fresh sample

after the oxidation-reduction pretreatment described in Chapter 2 are presented.

o)
0,12 - 5 3
0,11 S
. > e I
0,10 <)
; N g coO
&

Absorbance (a.u.)

0,02

M 1 v 1 ' 1 v 1 ' 1 ' 1 o 1 ' 1 ' 1
2250 2200 2150 2100 2050 2000 1950 1900 1850 1800
Wavenumber (cm™)

Figure 27: FT-IR measurement of CO adsorption at RT on the fresh sample after 400°C - 0,5h oxidation-
reduction (O5-H;) pretreatment at increasing pressure of CO and after final degassing (black line).
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IR spectra show two peaks, with intensity that increases with the increase of pressure of
CO dosed to sample. The first one is around 2100-2000 cm™?, typical of the stretching
vibration of CO adsorbed in the on-top position on PdO site, and the second peak is around
2000-1700 cm™?, typical of CO stretching in bridge-bonded configuration between two
Pd°sites *°. Increasing the CO pressure, the peaks gain in intensity and show a progressive
shift to higher wave numbers, due to the increase of the CO coverage, which enhance the
dipole coupling %. Upon outgassing, the CO coverage decreases and this causes a red-
shift towards the original position. The relative amount of on-top vs. bridged carbonyls
can provide information on metal particles dispersion. However, the quantitative
determination of the distribution of CO between on-top and bridge positions is very
difficult and it was not possible on the collected data due to the overlap of the peaks.
However, qualitative trends could be estimated. Pd tends to form bridged carbonyls when
reduced, which are more stable than the linear ones . A high contribution of the linearly
bonded CO is an indication of a loss of dispersion of the Pd, because the proximity of
two Pd atoms is necessary to form bridges. Due to better results obtained with oxidation-
reduction pretreatment, it was applied to the successive samples, which has been exposed
to harsh environment (25k, 60k, 80 km, FUL, Lab-aged).

In figure 28 the IR spectra recorded at RT with increasing level of CO on a sample

prepared with 25k km washcoat powder are presented
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Figure 28: FT-IR measurement of CO adsorption at RT on 25k km sample after 400°C - 0,5h oxidation-
reduction (O,-H,) pretreatment at increasing pressure of CO and after final degassing (black dotted line).

The overall intensity of carbonyl bands is highly decreased, indicating a loss of Pd active
sites. This effect can be linked to sintering phenomena occurred at high temperature,
leading to a growth of noble metal particles and to a loss of surface of the porous support,
that could lead to an encapsulation of nanoparticles, making them completely
inaccessible to the probe molecule. These effects are enhanced on the sample aged on
vehicle for 60k km (Figure 29), where the absorbance peaks associated to CO adsorption
have completely disappeared.
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Figure 29: FT-IR measurement of CO adsorption at RT on 60k km sample after 400°C - 0,5h oxidation-
reduction (O,-H;) pretreatment at increasing pressure of CO and after final degassing (black dotted line).

Previous tests indicated the good correlation between the 60k km sample and laboratory
ageing 1100°C- 7h in hydrothermal condition (air) one. In order to verify this analogy,

the latter was analyzed using this technique, after O»-H> pretreatment (figure 30).
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Figure 30: FT-IR measurement of CO adsorption at RT on Laboratory aged 1100°C 7h — AIR sample after
400°C - 0,5h oxidation-reduction (O,-H,) pretreatment at increasing pressure of CO and after final degassing
(black dotted line).

The IR spectra recorded in this case do not have the same trend of 60k km one, but this
could be associated to the different condition that two sample has been exposed during
their ageing. Even in this case the stretching peaks of CO is not detectable, probably due
to successive sintering of noble metal particles, as seen above in 60k km sample. Given
the non-detectability of CO on metal particles on the 60k sample, the more aged samples
80k and FUL were not studied with this technique in order to avoid redundant and
unsuccessful analysis. Finally, it is worth noticing that the CO adsorption experiments
did not detect distinct peaks for CO adsorption on Rh, which is present on the catalyst
with 1:11 ratio with Pd, clearly too low for detection. This is a limitation of our study,
due to the great importance of Rh for NOx reduction functionality and to its peculiar

deactivation mechanism 22, which should be addressed with more sensitive methods.

The analysis performed at liquid nitrogen temperature (LNT) allow to detect the weaker

adsorption phenomena happening on the oxides of the washcoat.
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Figure 31: FT-IR measurement of CO adsorption at LNT on fresh sample after 400°C - 0,5h oxidation-
reduction (O,-H;) pretreatment at increasing pressure of CO and after final degassing (black dotted line).

Figure 31 shows the spectra recorded on the fresh sample. They show an intense peak in
the range 2200-2100 cm™, whose intensity increases with CO pressure. The peak red-
shifts from 2177 to 2155 cm™ upon increasing CO coverage due to chemical effect, i.e.,
on increasing CO adsorbed on the surface, the c-donation decreases. Consequently,
electron density in the slightly antibonding HOMO orbital of CO increases and the CO
stretching decreases. This peak is probably generated by the superposition of different
contributions of CO adsorbed on Ce** and Zr** cations, since their stretching vibrations
fall in this spectral region %. The convolution in one peak of these contributions, which
should be separated in the pure oxides, can be associated to a compositionally
homogeneous solid solution of the Ce and Zr oxides, with negligible contribution of
segregated pure oxide phases. At lower wavenumbers bands related to on-top (2086 cm™)
and bridged (1997 and 1940 cm™) Pd° carbonyls are present 2. Differently from
measurements performed at RT, at LNT the bridged carbonyl region shows complex

features with the presence of two bands. Typically the IR spectra of CO adsorbed on
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reduced Pd are interpretable on the basis of what occurs on the most stable Pd faces,
Pd(111) and Pd(100) %26, The peak at 1997 cm™* is assigned to bridged carbonyls on Pd
(100) faces, while the peak at 1940 cm™ is related to bridged species on Pd (111) face.
The band at 2086 cm™ (2060 cm™ for very low CO coverage) is related to linear
carbonyls on Pd (111) face. As observable at RT as well, the band of linear carbonyls is
asymmetrical due to a shoulder on the low wavenumber side. This shoulder is reasonably
due to the presence of defects such as edges, corners and kinks, on noble metal particle
surface #’. The stability of the carbonyl species during the outgassing (dashed lines in the
figures) further helps to discriminate between CO bonded to Pd and to the support. Pd
carbonyls are more stable than carbonyls of the support, since Pd0 bonds CO both by o-
donation and m-backdonation, while Zr and Ce cations bond CO exclusively via o-
donation and the related bands are completely removed by outgassing. These peaks
display the same behavior observed at RT in aged samples, with a progressive

disappearance of the signal due to sintering of noble metal particles.

The peaks associated to adsorption on the support material display a similar behavior: the
intensity decreases upon ageing, due to the sintering of Ce-Zr oxides. This phenomenon
causes not only a loss in intensity of the band but also a decrease in the chemical effect
that causes a shift to higher frequencies at maximum coverage with respect to the fresh

case, as can be seen in figure 32, which shows the spectra recorded on the 25k km sample.
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Figure 32: FT-IR measurement of CO adsorption at LNT on 25k km sample after 400°C - 0,5h oxidation-
reduction (O,-H;) pretreatment at increasing pressure of CO and after final degassing (black dotted line).

In the 60 k sample (Figure 33) a peak assigned to mono carbonyls on re-duced Ce®*
species appears at 2116 cm™. The assignment of this band to the carbonyls on the support
cation is corroborated by the low stability of the species, which are removed by
outgassing (dashed line in Figure 33). The appearance of this peak can be linked to the
effects of ageing: the high temperature sintering of these components hindered the Ce**
to Ce® redox reaction %, In addition, there may be a contribution of chemical ageing,
with Ce reacting with the phosphate compound present in the engine out gas, coming
from the combustion of engine oil additives, forming the very stable CePO,4 phase %°.
These effects lead to immobilization of Ce, hindering its participation to redox reactions

necessary for oxygen storage.
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Figure 33: FT-IR measurement of CO adsorption at LNT on 60k km sample after 400°C - 0,5h oxidation-
reduction (O,-H;) pretreatment at increasing pressure of CO and after final degassing (black dotted line).

The laboratory-aged (Figure 34) show a less intense peak associated to Ce**, probably
because in this case there is only the support sintering contribution. This sample has not
been in contact with chemical species deriving from the combustion, so the chemical
ageing effects in this case are not expected. As for the laboratory-aged sample, the
contribution of Pd°-CO at 2096 cm™? is quite evident. Moreover, it is worth to note that
in the 60,000 km sample Pd°-CO might be associated to the shoulder of the peak at 2116
cm!, the Ce**-CO band, which is absent for the laboratory aged one.
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Figure 34: FT-IR measurement of CO adsorption at LNT on laboratory aged 1100°C 7h — AIR sample after
400°C - 0,5h oxidation-reduction (02-H2) pretreatment at increasing pressure of CO and after final
degassing (black dotted line).

Moving to pulse CO pulse chemisorption experiments, before the measurement, a
reduction pretreatment was performed not only to activate the noble metal surface, but
also for to follow the H, consumption during the heating of sample, in order to record the
reduction peak and perform a TPR (Temperature Programmed Reduction) test. In figure

35 the TRP trend recorded on the fresh sample is presented.
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Figure 35: Temperature programmed reduction trend recorded on the fresh sample during heating from RT
to 400°C (10°C/min) in 20 ml/min flow of 5% H, in Ar.

The H; reduction trend displays a reduction peak between 100 and 150°C. The noble
metal is completely reduced over 300°C, so this temperature was chosen as set-point
temperature for the subsequent pre-treatment. TPR trend presents a first intense peak,
related to the reduction of highly dispersed PdO. The second positive peak at 280°C is
ascribed to the reduction of relatively stable PdO interacting with the Ce-Zr support.
Between them, a negative peak is present, due to a release of H, that could be attributed
to the decomposition of Pd-Hy, palladium hydride alloy *°. The results of the CO-pulse
experiment on fresh sample are presented in figure 36A-B, reporting the instantaneous

and integrated TCD signal (proportional to the CO concentration at the reactor outlet).
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Figure 36: A) TCD signal (mV) recorded during successive sending of pulses of 800 ul of 10% CO in He carrier
until saturation on fresh sample B) Value of integral of the peaks recorded.
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The first peaks are attenuated due to the chemisorption of CO on the surface of noble
metal particles, while successive pulses gradually increase until saturation of the
adsorption capacity of the metal, when the peaks reach a constant intensity. The CO
uptake was calculated from the integral of the peaks (Figure 4b). The dispersion of Pd
particles was calculated from the Pd:CO ratio. CO molecules can chemisorb on
superficial Pd atoms in linear or bridged form and the coexistence of both the
configurations was confirmed by IR spectroscopy. Since two IR peaks with similar
intensities appearing after exposing the catalyst to CO, were ascribed to the two CO
chemisorbed species, and considering their very similar extinction coefficient
(accordingly with literature), a Pd:CO ratio of 1,5 can be suitably assumed for
calculations %, Using this assumption, from the amount of chemisorbed CO it is possible
to calculate the number of Pd sites involved in the reaction and evaluate the ratio between
this value and the quantity of Pd present inside the sample, obtained from chemical
analysis (1% Pd in weight). The fresh sample exhibits a quite high palladium dispersion,
around 51%, expressed in terms of ratio between the moles of Pd involved in total CO
uptake and total Pd moles in the sample. This result indicate that the noble metal is
distributed on the support in very small particles, consistently with the absence of visible
Pd particles in the SEM observations reported in the following. In fact, an average metal
particle size of about 2 nm can be estimated from CO chemisorption *. For the 25k km
sample the situation changes significantly: the differences between the intensity of the
first peaks and the peaks at saturation become negligible and difficult to determine. To
increase the sensitivity a new test was done, performing the CO pulse manually using a
gas syringe in order to increase the concentration of signal peaks. Similarly, in this case
the adsorption is barely observable, but measuring the integral of the peaks it was possible

detect a little attenuation of first three peaks, as it can be seen in figure 37.
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Figure 37: Integrals of TCD signal peaks recorded during successive sending of pulse of 800 ul of 10% CO in
He carrier until saturation on 25k km.

The dispersion of Pd in this sample is decreased to 8% and for 60K catalyst, it is below
1%, although in the latter cases the CO uptake is too low to obtain reliable values (figure
38A). These results point out that the metal particles are sensitive to sintering during the
catalyst life cycle, as suggested by FT-IR measurement. The CO chemisorption test was
performed also on the sample laboratory-aged 1100°C — 7h in air, in order to verify the
correlation with the 60k km sample. Even in this case the data obtained do not allow to
evaluate the dispersion, which is below 1% (figure 38B). Due to the results obtained on
this sample, sample with higher level of ageing (80K and FUL) were not analyzed
because the sintering of noble metal was probably higher and the results obtained would

have been under the detection limits of the method.
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Figure 38: Integrals of TCD signal peaks recorded during successive sending of pulse of 800 ul of 10% CO in
He carrier until saturation on A) 60k km and B) laboratory-aged 1100°C-7h AIR sample.

The images recorded on FESEM-HR on different samples highlight the sintering
phenomena (figure 39).
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Figure 39: FESEM images of TWC sample A) Fresh B) 25k km C) 60k km D) 80k km E) FUL F) 1100°C 7h - 2%
02 G) 1100°C 7h — AIR.

The fresh washcoat displays a coarse morphology, with numerous dark zones associated
to the porosity of support. This porous structure disappears with ageing, as it can see in
following SEM images, which show a more compact washcoat, with lesser dark zones,
due to the sintering phenomena *. In all the aged samples images it is possible to observe
the presence of light little particles, dispersed in the washcoat support, not detected in
images recorded with previous SEM instrument. In order to identify this components a
series of EDX measurement, analyzing punctually this particles and recording a mapping

on whole samples were performed.
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Figure 40: EDX mapping recorded on SEM images of A) 60k km B) FUL samples.

The elements mapping performed with EDX detector highlight a high concentration of
Pd in correspondence of light particles (figure 40), and performing a single-point analysis
on this lighter zone, the spectra recorded highlight presence only of Pd, O and C (figure
41) where the dimensions of particles are sufficiently large to have no contribution from
support. In other cases, the intensity of the peak associated to Pd is higher than in the

spectrum recorded in the washcoat support area.
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Figure 41: analysis performed sampling a single light particle, detected in FUL sample.

Therefore, it is possible to identify these components as Pd/PdO particles, grown due to
sintering of catalytic material. In the fresh sample no particles were detected, but
performing EDX analysis in different sampling points, a constant Pd signal was recorded,
probably because there were numerous well dispersed small particles. This is in
agreement with the CO chemisorption analysis which highlighted a good dispersion of
very small particles, with diameters below 2 nm in the fresh washcoat sample. Once the
identification of noble metal particles in images recorded through this instrumentation
was confirmed, a series of diameter measurement was performed, in order to quantify the
particles growth process upon ageing. An example of the measurement performed is

present in figure 42.
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Figure 42: particles diameter measurements performed on 1100°C -7 h AIR laboratory aged sample.

In Table 9 are presented the minimum-maximum diameter value registered on samples

analyzed and the average value.

d min (nm) d max (nm) average (nm)
25k km 74 115 92
60k km 102 149 121
80k km 131 197 150
FUL 210 800 398
1100°C -7 h AIR 85 177 130
1100°C -7 h 2% O, 79 118 101

Table 9: Minimum, maximum and average value of noble metal particles diameter measured via SEM
software.
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The diameter of noble metal particles increases with ageing, overcoming 100 nm of
average value from 60k km sample. This is in agreement with FT-IR and CO
chemisorption results, which highlighted a high sintering of noble metal particles starting
from 25k km, with a great reduction of CO stretching signals and Pd dispersion, up to
60k km sample, which did not show sufficient results. With a particle diameter above
100 nm the interaction of CO is limited, not enough to have to a complete deactivation
of catalyst material, but leading to results below the detection limits of the applied
techniques. FUL sample is confirmed to be the worst case of the study, with Pd cluster
diameter up to 0.8 um. Particle dimensions measurements confirm also the previous
hypothesis about the laboratory-ageing environment. Comparing the XRD patterns
recorded on washcoat powder extracted from the catalyst aged with air and in presence
of low level of O, the peaks associated to Pd are higher in the first case, indicating a
higher growth of noble metal particles in presence of higher concentration of oxygen.
The diameter measurement confirms this result, with sample aged in low oxygen

condition that present clusters with lower dimensions, but anyway above 100 nm.

3.5 Chemical ageing contribution evaluation.

The chemical ageing effects detected in previous analyses were evaluated using ICP-
OES, focused on the principal elements coming from engine oil additives (Ca, P, and Zn)
and on S *. Fresh and laboratory aged samples show very low level of these elements,
below the detection limits of the instrument. Engine aged samples display increasing
levels of P and Ca, in particular for 60k, 80k and FUL, and this is consistent with XRD
results. S contribution is negligible, probably due to the very low level of sulfur content

in the automotive fuels required by the current regulations (Figure 43 — Table 10).
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Figure 43: quantitative results, expressed in wt%, of ICP-OES analysis performed on washcoat powder
samples.

Ca P S
25k km 0,09 0,07 0,003
60k km 0,37 0,26 0,02
80k km 0,38 0,29 0,02
FUL 0,41 0,37 0,02

Table 10: quantitative results, expressed in wt%, of ICP-OES analysis performed on washcoat powder
samples.

Phosphorus presence could be probably attributable to combustion products of a widely
used engine oil additive, zinc dialkyldithiophosphate (ZDDP), added as anti-wear and
antioxidant agent, which produces P»Os in the exhaust gas. Ca and Zn are associated to

several oil detergent additives 4.
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3.6 Functional characterization of catalysts samples.

In this chapter we will discuss the results of the tests of catalytic function of the samples.

Please refer to Chapter 2 for a description of the test apparatus and operating conditions.

Figures 44 and 45 present the efficiency curves for CO and HC oxidation.
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Figure 44: Efficiency conversion curve for CO oxidation.
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Figure 45: Efficiency conversion curve for HC oxidation.

Both the graphs highlight the effect of the catalysts deactivation due to ageing. The
conversion starts progressively at higher temperature, as long as the ageing increases. For
CO oxidation at high temperature, the reactions reach 100% conversion in all the
samples, although the FUL sample reaches full conversion only above 400°C. HCs are
harder to convert, in particular CHs, and the oxidation starts at higher temperature with
respect to CO in all the samples. FUL 60k and 80k km sample, all aged in real condition,
present an evident step of the curve above 300°C, with an almost flat region. This
behavior could be linked to a contribution of chemical ageing effect. Sintering of noble
metal particles reduce the contact between active site of active material and the reactant
present in the stream, leading to an increase of the activation energy of the reactions,
causing in turn an increase of the temperature at which they occur. The reaction between
the washcoat materials with substances coming from the engine out gas provoke series
of transformation (conversion in inactive compound, masking of catalysts surface) that,

added to thermal ageing effects, could lead to this particular this behavior in HC
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efficiency curves *. In Figure 46 and Table 10 the light off temperatures for the oxidation
of CO and HC, recorded during the efficiency tests are presented.

- I 750 CO
320 - I 750 HC

Fresh 25k km 60k km 80k km FUL AIR 2% 02

Figure 46: light-off temperature recorded during the efficiency tests for the oxidation of CO (black) and HC
(red)

The light off temperatures increase with the ageing for both the reactions. The differences
between CO and HC T50 are low, less than 10°C in almost all the sample tested, except
in the case of the engine bench FUL aged. The oxygen storage capacity decreases
significantly along the ageing, as it can be seen in Figure 47 and Table 11.
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Figure 47: Oxygen Storage Capacity (OSC) measured in all the samples.

T50 CO (°C) T50 HC (°C) OSC (mall)
Fresh 222.8 230,8 1221
25k km 258,6 262,2 608
60k km 273,3 281,0 326
80k km 278,8 282,8 205
FUL 292,9 312,4 53
1100°C 7h - AIR 283,2 286,0 350
1100°C 7h - 2% O 275,6 278,2 524

Table 11: Light-off temperature and Oxygen storage capacity measured on catalysts samples.

The OSC for the 25k km sample is half of that of the fresh one and it is furthermore

halved at 60k km. This phenomenon is linked to the redox properties of the oxygen
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storage components that were found to drastically change with increasing aging. Thermal

and chemical ageing of these components decrease their functionality 2. In terms of

performances, both the laboratory-aged samples are quite similar to the 60k km sample,

with almost equal light-off temperatures. The OSC of sample aged in controlled

atmosphere (2% Oy) is higher than air-aged and 60k km, resulting therefore less

representative. Observing the conversion curves, lab aged samples display the same trend

at low temperature, but above 300°C they do not show the same step present in the

engine-aged sample. This is consistent with the hypothesis that the step is caused by

chemical ageing. In fact, the laboratory ageing protocol is a purely hydrothermal process,

so it cannot simulate the effects of the chemical ageing.
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4 Results Discussion & Conclusions.

In the previous chapters we have described a series of convergent characterization studies
of a variety of samples aged with different protocols, both on vehicle and on the
laboratory. All the samples highlights a clear series of phenomena linked to the
deactivation of the catalysts: sintering of the oxide support, with loss of its porous
structure, crystal growth process of Ce-Zr oxides and growth of the noble metals
particles, with loss of homogeneity of their distribution in the matrix. The loss of
efficiency was quantified with a series of functional test, which highlight the increase in
the temperature of light off and the loss in the OSC of the materials upon ageing. The
growth of noble metal particles and the loss of dispersion in the washcoat material was
followed with different techniques, showing a significant sintering already in the less
aged sample (25k km), with the formation of large clusters with dimensions above 100
nm in both the 60k and h the laboratory-aged samples. These results are in agreement
with the results of FT-IR analysis, showing the progressive disappearance of the signals
associated to the interaction of the probe molecule (CO) with Pd active sites, and with
pulse adsorption results, that underline the progressive loss of dispersion of the
nanoparticles. Chemical ageing has an important role, in particular for samples aged on
real engines exhausts. Its contribution is evident from XRD patterns, with the presence
of the typical peaks associated to phosphates. Chemical ageing is also responsible for the
presence of the evident step in the HC conversion curves in all the higher aged samples
on real engines. FT-IR analysis at liquid N, temperature allowed to understand the
different contributions of thermal and chemical ageing on Ce-Zr mixed oxide. The high
temperature sintering of these components hinders the redox capability of Ce and reduces
the interaction with the engine out gases. The reaction with phosphorous compounds

present in engine out gas leads to the formation of redox inactive Ce®* phosphates.

The ultimate purpose of the studies presented in this thesis is the development of accurate
simulated ageing protocols, reproducing the ageing occurring with real vehicle usage. In
this respect, the data collected in this study constitute a reference frame which can be

used for the validation of proposed new ageing methods. In order to summarize the
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correlations between real and simulated ageing results, in the following is presented an
attempt to correlate some key observables parameters with ageing mileage (Figures 48-
52).
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Figure 48: Specific Surface Area value (BET equation) plotted vs. mileage of real vehicle samples.
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Figure 49: CO Light-off temperature plotted vs. mileage of real vehicle samples.
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Figure 50: HC Light-off temperature plotted vs. mileage of real vehicle samples.
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Figure 51: Oxygen Storage capacity plotted vs. mileage of real vehicle samples.
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Figure 52: Pd nanoparticles size (diameter) plotted vs. mileage of real vehicle sample.

The correlation between vehicle aged samples allow to estimate and “equivalent mileage”
for the samples aged with laboratory protocols. In particular, the plotted parameters show
that the proposed ageing protocol display results comparable with mileage around 40 and
80k km, depending on the parameter considered. For the SSA and light-off temperature
for CO and HC oxidation the estimated mileage in between 60 and 80k km, while for
OSC and Pd particles size the estimated mileage are around 40 and 60k km, probably
because these parameter are more affected by engine environment. The sample aged in a
low oxygen environment presents in general a good correlation with lower mileage
ageing, probably due to lower severity linked to the lower oxidant environment. The
lower equivalent mileage attributable to OSC value registered on real samples could be
linked to the chemical ageing contribution. As explained before, the reaction of Ce with
elements contained in engine out gas lead to formation of inert species, enabling to
participate to redox reaction useful to the oxygen buffer function. The chemical ageing

contribution remains the major problem of the accelerated ageing protocol performed in
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laboratory because is very difficult replicate the condition where take place. In addiction
also the growth of Pd nanoparticles results more severe in terms of correlation with
simulated ageing protocol, probably because the variable environment condition increase
the growth rate of PGM particles. The engine bench aged sample represents a limit case,
displaying in many cases result worse than expected, in particular in terms of particles
dimension. This is remarkable considering the fact that this protocol was originally
conceived as a full useful life condition testing method, representative of very high
mileage levels. On the contrary, they proved to be more detrimental compared to general
trend coming from the analysis of real vehicle samples. In order to understand the ageing
of the catalysts at very high mileage and improve the capacity to design representative
laboratory testing methods, further testing of high mileage real samples is needed. In
particular, samples coming from a vehicles with over 100k km of road accumulation were
expected for further characterization. All the information acquired during this
characterization will be employed to develop a new accelerated ageing protocol, using a
particular facilities specially developed for this topics. This instrument, called “Lab-Cat”,
allow to flux in a full-scale catalytic component a high quantity of a synthetic gas mixture
at high temperature, with a controlled and adjustable concentration, order to perform

ageing protocol in variable condition, similar to a real engine environment.
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5 Annex 1: Published material.
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