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Design of High-Throughput Experiments for Three-Way Catalysis
Tran Phuong Nhat Thuy
1720416

To meet the increasingly stringent legislation for the gasoline engine exhaust
emission, the exhaust aftertreatment systems need a breakthrough in the research and
development of three-way catalysts (TWCs). While the catalysis society has made
enormous efforts focusing on materials aspects for seeking the best or novel catalyst
formulations, the development in methodology aspects, especially high-throughput
(HTP) approaches, has just emerged to hold a great promise in that regard. Even though
HTP catalyst screening techniques have become a mature and well-established tools in
many catalytic systems, their applications in the TWCs have been hardly reported due
to both technical and material constraints. The diversity and complexity of the catalytic
system and reaction conditions necessitate a primary screening technique to quickly
and broadly screen a huge parametric space. This catalytic system also requires highly
accurate screening tools to distinguish the activity in a one-digit difference, signifying
the essential of implementing secondary screening with higher precision. Therefore, the
aim of this thesis is to design an integrated HTP screening protocol for the development
of the TWCs.

The upstream of the hierarchical HTP workflow is the primary catalyst
screening, which typically requires a fast and non-intrusive technique being capable of
truly parallelized screening, preferably based on an optical method. For that, a novel
chemiluminescence (CL) method was developed with special emphasis on high-
temperature gaseous catalysis. In Chapter 2, the proof of concept of the CL method
was formulated by thoroughly studying the CL behavior of the catalytic oxidation of
CO and CsHe by of Oz and/or NO, which are the major processes in a catalytic converter,
under both stoichiometric and non-stoichiometric conditions. In this stage, a CL
instrument was developed based on the cooperation among a gas mixer, a custom-made
CL analyzer using a photonmultiplier as a detector, and an on-line gas chromatography
(GC) for simultaneous analysis of the effluent mixture from the CL reactor. The CL
activity of these oxidation reactions was confirmed by temperature-ramping
measurements, where the CL intensity showed an exponential behavior against the
temperature irrespective of catalysts. Steady-state measurements demonstrated a linear
relationship between the CL intensity and reactions rate regardless of stoichiometry,
thus the CL intensity is a good measure of the reaction rate. The capability of the CL
method in rapid catalyst screening was confirmed by a good linear correspondence
between the CL intensity and the catalytic activity in CzHs oxidation by O> for a series
of Rh-based catalysts In Chapter 3, a CL imaging instrument was designed for
achieving primary screening of the TWCs. The CL imaging instrument was equipped a
reactor cell for gaseous catalysis and electron multiplying charged-coupled device
camera for single photon detection in the form of images. The CL imaging technique
exhibited the feasibility of a simple, straightforward, and rapid evaluation of catalytic
activity based on a good correlation between the CL intensity and the CsHe conversion.
In addition, the one-to-one correspondence of the CL intensity obtained from the single
and parallel measurement signified the great potential of the CL imaging technique in
HTP catalyst screening. Chapter 4 describes the HTP secondary screening of a
simulated lead TWCs library based on a HTP screening instrument featured with fully-
automated catalytic evaluation of 20 reactor channels in a wide range of conditions with
the aid of a quadruple mass spectrometer. The instrument allowed generation of a large



process-relevant dataset at high accuracy, which is satisfactory for the secondary
screening. Three-way catalytic reactions were conducted in 49 conditions over 20
catalyst samples, affording 980 data points in one operation. The obtained dataset is of
high quality and accuracy, and the catalyst performance (in terms of light-off
temperature and width of stoichiometric window) were found consistent with literature
data. The reaction conditions cover a wide range of temperature and air/fuel
equivalence ratio A, allowing the multi-aspect comparison of the TWCs.
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Figure 1. The developed high-throughput approach for three-way catalyst.
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Preface

The present thesis is submitted for the Degree of Doctor of Philosophy at
Japan Advanced Institute of Science and Technology, Japan. The thesis is
consolidation of results of the research work on the topic “Design of High-
Throughput Experiments for Three-Way Catalysis” and implemented during
October 2017-September 2020 under the supervision of Assoc. Prof. Toshiaki
Taniike at Graduate School of Advanced Science and Technology, Japan Advanced

Institute of Science and Technology.

Chapter 1 is a general introduction, which explains fundamental as well as
specific background of the research field, followed by the objective of this thesis.
Chapter 2 provides comprehensive understanding about the chemiluminescence
behavior of the catalytic oxidation of CO and hydrocarbon, then demonstrating the
potential of the chemiluminescence method on rapid catalyst evaluation. Chapter
3 reports the development of a chemiluminescence imaging instrument and its
feasibility in primary catalyst screening for high-temperature gaseous catalysis.
Chapter 4 describes a high-throughput screening protocol for a library of three-way
catalysts under wide range of reaction conditions. Finally, Chapter 5 summarizes
the important findings and conclusions of this thesis. To the best of my knowledge,

this work is original, and no part of this thesis has been plagiarized.

Tran Phuong Nhat Thuy
Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology

September 2020



Acknowledgements

| wish to express my sincere gratitude and deepest appreciation to my supervisor,
Associate Professor Dr. Toshiaki Taniike for his mentorship, encouragement, and
guidance during the past five years. His endless enthusiasm, passion in science and
working attitude has inspired me a lot in doing research. This work would never have

been completed without his great help and advisor.

To the members of my review committee: Assoc. Prof. Yuki Nagao (JAIST),
Assoc. Prof. Shun Nishimura (JAIST), Assoc. Prof. Dam Hieu Chi (JAIST), and Assoc.
Prof. Keisuke Takahashi (Hokkaido University), | would like express my grateful
appreciation for their valuable time to read this thesis, their insightful comments and

remarks to enhance the quality of this thesis from various perspectives.

| would also take an opportunity to express my sincere gratitude to Associate
Professor Shun Nishimura for his enthusiastic guidance and valuable advices in my

minor research project.

My special thanks also go to Senior Lecturer Patchanee Chammingkwan, Dr.

Ashutosh Thakur, and Dr. Toru Wada for their enthusiastic supports and advices.

| am heartily grateful to all members in Taniike laboratory for their kindness,

great help and accompany not only in research but also in daily life.

| also show my heartiest thanks for Toyota Motor Corporation for their

collaboration in doing the research.

I would like to thank the Ministry of Education, Cultures, Sports, Science and

Technology of Japan for their scholarship during my stay in Japan.



I would like to express my sincere thanks to Japan Advance Institute of Science
and Technology (JAIST) for giving me an excellence chance to join and do the most
advanced research here. | deeply appreciate JAIST officials and JAIST staffs for their

kind support all the time.

Lastly, | express my heartfelt gratitude to my family members for their

unconditional love, taking care and encouraging me all the time.

TRAN PHUONG NHAT THUY



Table of contents

Chapter 1: General INtrodUCTION..........coiiiiiiieie e 10
1.1. Exhaust emission and regulation............cccoveereiiriienese e e 11
1.2. Early automotive CatalySts .........cooiiiiieiiieie e 15
1.3, Three-Way CatalyStS.......ccviviiierieiie e 18

1.3.1. WOrking PrinCiple.......ccuveieiieie et 18
1.3.2. FOrMUIATION ..o 21
1.3.3. FULUIE PEISPECTIVES ....o.vitiiiiiicieeieeie ettt 24
1.4. High-throughput experiments in heterogeneous catalysis ...........cc.ccoovvevrvenene 25
1.4.1. Impact of high-throughput screening on catalysis..........ccccocvvvreiiniiniinnnen. 25
1.4.2. Primary SCIEENMING ......coveiieireeeeiiesteesieeeesteeste e ste e sraesteeaesreesreeneesreeeeans 28
1.4.3. SECONUArY SCIEENING ...cveeveeireereeiesteerie et e steete st e ste et esreeae e e steeeesreenneens 35
1.4.4. High-throughput screening in automotive catalysts ..........c.ccocvevririviiennnen. 37
1.5. PUrpose Of the theSIS........cooiiiiiiice e 38

Chapter 2: Understanding chemiluminescence in catalytic oxidation of CO and

)70 [0 T0r= Vg 10 LRSS SRR 45
2.1, INEFOTUCTION ...ttt 47
2.2. EXPErIMENTAl ....c..oiiiiiiiiieee e 50

2.2.1. MALEIIAIS ..o 50
2.2.2. INSIUMENTAL ..o 50
2.2.3. CatalYtiC tESE .. ueiiiciiccieee e 53
2.3. ReSUItS and dISCUSSION.........ccuiiiiiiiiiieiieieie et 57
2.4, CONCIUSIONS ...ttt bttt bbb 70

Chapter 3: Development of Chemiluminescence Imaging Instrument for Rapid
Catalysts Screening in Gas-Phase Reaction: A Case Study of Hydrocarbon Oxidation



L INETOAUCTION ettt e e e et e e ettt e e e e e e e e e e e eeeeeaans 76

3.2, EXPEIIMENTAL ......ooiiiiicc et 79
3.2 L MIALEIIAIS ... s 79
3.2.2. Catalyst CharaCterization...........ccoceieeriesieiiese e 79
3.2.3. INSTFUMENTAL ... 79
3.2.4. CatalYiC tEST .. vveiiieie sttt 81

3.3. ReSUItS aNd AISCUSSTON.........cviiiiiiieiiiirieseeisie e 83

3.4, CONCIUSIONS ...ttt 97

Chapter 4: High-throughput screening of a three-way catalyst library for automotive

1 0] 0] 10711 o] 01 USSR 100
4.1, INEFOUUCTION ...ttt 102
4.2, EXPErIMENTAl .......ooiiiiiiie et st 104

4.2.1. Establishment of the simulated lead TWC library..........ccccoovvviinnnnnn. 104
4.2.2. CatalySt Preparation.........coccoveeriereneni s 105
4.2.2. High-throughput screening System ..........ccccevieiveiesiene e 106
4.2.3. CatalYLIC TEST ...vieieciece e 109
4.3. ReSUILS and diSCUSSION ........evirieiiiieieeieiesie ettt 111
4.4, CONCIUSIONS ...t 124

Chapter 5: General summary and CONCIUSIONS............ccoouiiiiriiieiese s 129
5.1. SUMMArY OF the theSIS ........coiiiiiiie s 130
5.2. General conclusions and PerspeCtiVeS..........cccvcveiveveiieeceece e 131

List of Publications and Other AChievements ...........cccoviiiiiiiiicin e 133



Chapter 1

Chapter 1

General introduction

10



Chapter 1

1.1. Exhaust emission and regulation

After the World War I1, the motor vehicle manufacturing industry has witnessed
a steady growth, amounting up to 98 million units produced worldwide in 2018 [1].
According the data reported in the first half of 2019, approximately 90% of global
vehicles sale is internal combustion engine vehicles, which are mainly powered by
gasoline [2]. Air quality deterioration caused by engine exhaust emission has then
occurred as an inevitable consequence. In principle, the energy for the internal
combustion engine vehicles is generated through the controlled combustion of gasoline,
which is predominantly comprising hydrocarbons (HCs) such as paraffins, cycloalkane,
olefins, and aromatics. The process yields complete combustion products of CO2, water
as well as incomplete combustion products of CO (1-2 vol.%), unburned HCs (500—
1000 vppm), and low level of partially combusted oxygenates such as carboxylic acids,
aldehydes or ketones [3]. During the combustion, NOx (100-3000 vppm) was also
formed as a result of thermal fixation of N2 in the atmosphere at high temperature [4].
Three major pollutants contained in the gasoline engine exhaust are therefore CO, HCs,
and NOx. CO has been best known for its toxicity to human health as just a few
thousands ppm is lethal [5]. The toxicity level of HCs varies depending on the type of
HCs. Benzene, for example, has been well-known as a carcinogen, and 80% of benzene
in the atmosphere comes from the gasoline engine exhaust [6]. Alkenes can react with
NOx to generate secondary pollution such as tropospheric ozone and photochemical
smog [7]. Among NOx, NO> is the most toxic as it can damage lung tissues and interfere
with oxygen transport in blood via reaction with hemoglobin [8]. The interaction
between HCs and NOxy in the gasoline engine exhaust promoted by sunlight is primarily
responsible for the photochemical smog, which is severe air pollution in many urban

areas [9,10].
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Chapter 1

Legislation requirement

The first global action to raise the environmental awareness on the control of
gasoline engine exhaust emission was initiated in 1970, when the US congress passed
the comprehensive federal law called Clean Air Act (CAA) to regulate exhaust emission
from the internal combustion engines. The CAA required the reduction of 90% of CO
and unburned HCs by 1975 and 50% NOx by 1976 [11]. Initially, the automotive
industry adopted this legislation by means of implementing several modifications in
engine design and control technology to lower the exhaust emission. Despite some
achieved emission improvements, these efforts could not alone satisfy the 1975 US
Federal and Californian emission limits. As a result, a catalytic converter, which
converts the pollutants in gasoline engine exhaust into less harmful compounds by

catalyzing their redox reactions, was considered as the most efficient way forwards.

Since then to now, the continuing growth of the number of vehicles as well as
the advancement of catalyst and engine technology has resulted in more and more
stringent emission regulations. Figure 1.1 illustrates the annual changes in the emission
standards for non-methane HCs and NOx in the US, implying that the exhaust emission
control is one of the most rapidly developing technologies. The most updated standards
are the California low-emission vehicle (LEVIII) and the Federal US Tier 3, which are
described as the cumulative amount of non-methane HCs and NOx per km with the
automotive catalyst durability of 150000 miles or 15 years. The Tier 3 regulation
requests a decrease on the emission of these gases to 0.018 g/km by 2025,

corresponding to over 99.5% reduction of CO, HCs, and NOx [12,13].
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Figure 1.1. Fleet average non-methane hydrocarbons and NOx emission standard in the
low-emission vehicles (LEV Il1) and Tier 3. The graph is plotted based on the data from

Ref. [13].

The legislation requirement for automotive emission has become stricter also in
other continents. The United Nations Economic Commission for Europe (ECE)
instituted the Urban Driving Cycle ECE-15 in 1970 to describe the typical usage of
vehicles in European cities [14]. At that time, the first base directive 70/220/EEC was
introduced to set the emission standards for CO and HCs. The directive was then
consolidated as 91/441/EEC in 1991, forming the EURO I, which was the first
mandatory European vehicle emission standard [15]. In 1997, the New European
Driving Cycle (NEDC) was updated and consisted of four repeated ECE-15 urban
driving cycles and one Extra-Urban driving cycle, resulting in the EURO Il standard.
Most recently, the NEDC was replaced by EURO 6 in 2014, in which vehicular CO,
none-methane HCs, and NOy emission targets were set as 1.000, 0.068, and 0.060 g/km,

respectively. The overview of EURO standards is given in Table 1.1 [15,16].
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Table 1.1. European standards for gasoline fueled vehicles (g/km) [15].

Year CO HCs HCs+ NOx NOx

EURO1 1991 272 - 0.97 -
EURO2 1996 2.2 0.5

EURO3 2000 23 0.2 - 0.15
EURO4 2005 1.0 0.1 - 0.08
EUROS 2009 10 0.1 - 0.06
EUROG6 2014 10 0.1 - 0.06

In China, the China’s Ministry of Environmental Protection released the final
China 6 light-duty vehicle regulations in 2016, phasing over two steps: China 6a
regulations enforced in 2020, which was based on the EURO 6, and China 6b enforced
in 2023. China 6a sets CO, non-methane HCs, and NOy emission targets of 0.700, 0.068
and 0.060 g/km, respectively. The regulation is much more tightened in China 6b,
where the CO and HCs emission limits lower by 50% and NOx lower by 40%.
Furthermore, China 6b also limits the N2O emission level of 0.020 g/km [11,17]. In
2020, the Government of India has finalized their decision on the emission regulation
to leapfrog from EURO 4-equivalent directly to EURO 6-equivalent standards. In the
last updated regulation, the exhaust emission from light-duty gasoline automobiles is
targeted using the modified NEDC as CO of 0.100 g/km, non-methane HCs of 0.068
g/km and NOx of 0.060 g/km [14,17]. These targets are very challenging and certainly

require significant improvement in automotive catalysis technology.

From the overview of the legislation requirements for vehicle exhaust emission
in different continents, it is clear that the regulations became globally more stringent in

dealing with the rising levels of hazardous atmospheric pollutants due to rapid growth
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of global vehicle sales, while the worldwide efforts to lower the emission is advancing.
In order to meet the newest regulations, it is required for the reduction of more than
99.5% of pollutants in tail pipe emission. This challenging task would emphasize the
significance of continuous development of novel and highly durable automotive

catalyst materials for the catalytic converter.

1.2. Early automotive catalysts

The motor vehicle manufacturing industry started to consider the development
of an exhaust aftertreatment system in order to meet the increasingly stringent emission
legislation, which could not be satisfied only with the engine modifications. During the
adoption of the first CAA in 1970s, the main target of the catalytic converter was to
achieve complete combustion of CO and HCs. On the other hand, the engine
manufacturers employed a non-catalytic exhaust gas recirculation technique for NOx
removal: A certain amount of the exhaust containing N2, CO, and H20 was recycled
into a combustion chamber. This strategy helps improve the heat capacity and thus
reduce the combustion temperature, leading to less thermal NOyx formation [11]. For
CO and HCs oxidation in the catalytic converter, base metal oxides and platinum group
metals (PGMs) were proposed as two good candidates. Base metal oxide catalysts,
basically containing nickel, cobalt or copper, are cost-effective and readily available;
however, they were found very sensitive to lead- and sulfur- poisoning and exhibited
insufficient thermal durability [18,19]. The PGMs were attractive due to their excellent
oxidation activity, despite their high cost and limited availability. According to a study
of Kummer group in 1975 on the comparison of these two candidates for automotive

catalysts, the PGMs were much more active in CO and HCs oxidation compared to the
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base metal oxides [20]. Even though the low activity of the base metal oxides could be
compensated by increasing their amount with a larger reactor volume, this solution
would cause a space issue for the engine exhaust underfloor piping. During that period,
considerable efforts were made to enhance the oxidation activity of base metal oxide
systems, especially Cu-based catalysts; however, their usage as primary automotive

catalysts for vehicle emission control has been hardly commercialized so far.

In the case of the PGMs, their mechanical and catalytic deterioration during the
operation necessitated the use of supports and an immobilization method thereon. For
this, y-Al.03 was employed to disperse the active metal species due to its high surface
area and relatively good thermal stability. However, the sintering of y- Al>O3 to a lower
surface area was noticed after aging at high temperature (typically 900 °C), leading to
the burial of the active species and preventing the access of the exhaust to them. These
naturally resulted in a loss of catalytic activity [3]. Enormous research had been
conducted toward minimizing the sintering of y-Al,Oz and understanding its
mechanism. It was found that proper incorporation of oxides such as La;Os, CeO> or
BaO during the preparation process exhibits an outstanding stabilizing effect on -

Al>O3 and significantly slows down the sintering [21,22].

In parallel with the studies on the choice and combination of catalytic
components as well as the suppression of deactivation, another important issue that the
engine manufacturers had to address was how to position the catalyst in the exhaust.
The most conventional method was to use the beaded catalysts where stabilizing oxides
and active species were loaded on y-Al2Os support. At that time, this conventional
reactor design worked to attain sufficient CO and HCs removal efficiency. One

considerable concern was the attrition of the beads induced by their motion against each
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other under the gas flow and vibration of the vehicles. The occurrence of gas bypass
also led to poor performance [3,19]. This issue was addressed by using a ceramic
honeycomb monolith with a multi-channel structure (Figures 1.2a,b) [23]. A thin layer
of y-Al,O3 containing well-dispersed active metal species and stabilizers is deposited
onto the channel walls, that is referred as a washcoat layer (Figure 1.2c). The high
surface area of the washcoat enables high conversion despite low residence time. The
monoliths are basically made of cordierite (2MgO-5Si02-2Al,03), a low thermal
expansion ceramic material, which is able to provide sufficient mechanical strength and
cracking resistance under thermally stressed conditions. This honeycomb design
exhibits several advantages, including improved heat and mass transfer rates, low-
pressure drop, increased flexibility in reactor design, and high adaptability to an exhaust
manifold. Thus, the honeycomb monolith configuration was recognized as the optimal

physical structure for the catalytic converters.

(@ {e) Monolith wall
— / N
. Va

Monolith wall

Monolith —»- Catalyst
wall washcoat

Single monolith channel with
catalysed washcoat (front view)

Figure 1.2. Catalytic converters with a honeycomb monolith configuration: (a)

Cordierite honeycomb monolith, (b) SEM micrographs of a wash coated monolith, and
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(c) schematic images of a wash coated monolith. The figure is reproduced from Ref.

[17].

In summary, the first-generation automotive catalysts were composed of Pt and
Pd as catalytic active components, y-Al.Oz as the support, CeO2, La,O3 or BaO as the
stabilizer for the support. A ceramic honeycomb monolith was washcoated by the

catalysts.

1.3. Three-way catalysts

1.3.1. Working principle

In the early 1980s, the emission regulations for NOx became more tightened and
it became obvious that the non-catalytic exhaust gas recirculation system itself would
not meet the demand of over 90% NOx conversion. At that time, Rh was recognized as
an excellent catalyst for NO/NO: reduction [24-27]. A bimetallic Pt/Rh catalyst then
became predominated in automotive catalyst formulations, and a double-catalyst bed
design was employed for the conversion of all three pollutants. The engine operated
under slightly fuel rich condition, creating reducing atmosphere for NOy reduction by
CO and HCs in the first Pt/Rh-containing bed. Subsequently, the second bed was
supplied to oxidize the residual CO and HCs by air [28,29]. During practical operation
of the double-catalyst bed, NH3 was formed as a by-product of NO reduction in the first
bed, then the re-oxidation of NHz occurred in the second bed, eventually leading to
lower NO conversion at the end of the pipe [25]. This issue prompted the automotive
industry to develop a single-catalyst bed capable of simultaneous removal of all three
pollutants, so-called “three-way catalysts” (TWCs). A typical automotive catalyst

design is schematically demonstrated in Figure 1.3.
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Three-Way Catalyst (TWC) Design
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Figure 1.3. Schematico cut away of a three-way catalytic conventer. The figure is

reproduced from Ref. [3].

The uniqueness of the TWCs is that it works mainly around stoichiometric air/fuel
(A/F) ratio that is suitable for the oxidation of CO and HCs and the reduction of NOx.

The three-way catalytic converters require three major components [19]:

i) Electronic fuel injection

i) Two O sensors placed at the inlet and outlet of the catalytic converter to
measure the Oz content of the feed and the effluent.

iii) A feedback control loop to adjust the amount of fuel entering in the
catalytic converter to keep the exhaust composition around the stoichiometric

point. The signal from the O sensors is used for the feedback.
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The stoichiometric value of the A/F ratio ((A/F)sticn.) is determined as follows: Octane
(CsHag) is selected as a representative species for gasoline, its complete combustion by

air is described by the following equation:.
CgH,g + 12.5 0, - 8C0, + 9H,0
The (A/F)stoich. IS then defined as:

AR _ Mass of air 147
( / )stowh. - Mass Of fuel ~ .

The ratio between the real feed and the stoichiometric feed is called the A/F equivalence

ratio or lambda (A):

a= A
(A/F)stoich.

Figure 1.4 describes typical performance of the TWCs at different A/F ratios as
well as A values: At A <1 (A/F < 14.7), the exhaust is fuel rich or O deficient, then the
NOx reduction by HCs and CO readily occurs, whereas the CO and HCs oxidation are
not completed due to the lack of O2. At A > 1 (A/F > 14.7), the exhaust is fuel lean or
O excess, then the oxidation reactions are predominant while the NOx reduction is

sacrificed.
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Figure 1.4. Typical performance of a three-way catalyst as a function of A/F ratio as
well as A value (A/F equivalence ratio). Green line demonstrates the stoichiometric
condition, correponding to A/F = 14.7 and A =1. The figure is reproduced from Ref.

[17].

1.3.2. Formulation

The chemistry on the TWCs has been acknowledged as one of the important
subjects in the field of environmental catalysis [30]. Today the TWCs typically consist
of: 1) a honeycomb monolithic substrate made of a cordierite (2MgO-5SiO2-2Al>03) or
stainless-steel, ii) high-surface-area y-Al.O3 as the support, iii) an oxygen storage
material, iv) catalytic components (Pt, Pd and Rh), and/or v) a promoter. As the detailed

description on the substrate, support and active species were provided in former parts,
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this section will focus on a unique component of the TWCs, that is the oxygen storage

material.

The A/F ratio adjustment in gasoline vehicles is essential as the operation of the
TW(Cs is only performed in close proximity to the stoichiometric point. The O2 sensor
and the feedback control loop themselves are not sufficient as a slight oscillation of the
exhaust composition around the stochiometric point is frequently observed. This is
mainly due to the response time of the O2 sensor and a time lag in the feedback system.
Therefore, it is necessary to auxiliarily supply a small amount of O, to complete the
oxidation of the unreacted CO and HCs under fuel-rich conditions. Conversely, it was
also essential to consume Oz when the exhaust goes slightly oxidizing. This was
accomplished by the development of an O buffer material, which was so-called an
oxygen storage component (OSC) to buffer the gas composition perturbations [31,32].
CeO2 was found to have a proper redox response and has been the most commonly used
OSCs in the modern three-way catalytic converters. CeO; is able to store/release O
with respect to the oxidizing/reducing conditions due to the Ce**/Ce* redox cycle.
Under the shortage of O2 (A < 1), CeOz is reduced to Ce20s. This in turn supplies Oz to
oxidize CO and HCs. When Oz becomes excess due to the perturbation, Ce2O3 is

recovered to CeO,. The whole process is described in Figure 1.5.
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Fuel lean
(oxygen rich)

CO + CeO, — Ce,0,+ CO,  Ce,0,+ 0, — CeO,
C,H, + CeO, — Ce,0,+ CO, + H,0  Ce,04+ NO, — CeO,+ N,

Figure 1.5. The function of CeO> as an oxygen storage component under a redox
condition in the automotive exhaust application. The figure is reproduced from Ref.

[33].

The early implementation of the CeO»-containing TWCs showed that the
interaction between noble metal and CeO: is lost during the thermal ageing and this
triggers the catalyst deactivation [34]. The catalyst deactivation was associated with the
two different phenomena: i) sintering of noble metal particles resulting in a loss of metal
surface area, and ii) sintering of CeO- resulting in a deterioration in the oxygen storage
capacity [35]. To address this issue, extensive efforts have been made to enhance the
thermal stability of CeO2 based on finding stabilizers/promoters, and ZrO; appeared to
be the most efficient [35,36]. The presence of ZrO, prevents the occurrence of
undesirable reactions between CeO;, and Al,O3, avoiding the deterioration of Ce**/Ce>*
redox couple due to the formation of the undesired CeAl,O3 mixed oxide [35-37].
Moreover, the incorporation of the smaller isovalent Zr** (ionic radius of 0.84 A) into
the CeO; lattice (ionic radius of Ce** is 0.97 A) generates defective sites which greatly
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promote the mobility of O2 from the bulk to the surface of CeO». The diffusion rate of
02 was consequently improved, leading to the enhanced reducibility of Ce**. Therefore,
the oxygen storage capacity of CeO2-ZrO2 mixed oxide is much higher than those of

pure CeO2 [37-39].

Besides the most important role as an O buffer, CeO-based oxides also offer
various benefits for the TWCs, such as i) promoting the metal dispersion, ii) improving
the thermal stability of the y-Al.Osz support by preventing its sintering, and iii)

promoting the CO removal via oxidation with lattice Oo.

1.3.3. Future perspectives

Nowadays, the stringent level of the emission regulations has been continuously
rising due to the rapid increase in the number of vehicles. Therefore, the advancement
of the automotive catalyst technology is further required to meet developing legislation
worldwide. This fact makes the research on the TWCs remains a hot topic, as evidenced
by hundreds of publications and patents released annually. The research on the TWCs
not only provides significant contribution to the automotive industry, which is one of
the largest economic sectors by revenue in the world, but also brings enormous benefits
in the science of catalysis. It also carries out a great mission of environmental protection
via catalysis. The methodology and strategies of catalyst tailoring, promoting, and
stabilizing could be applied not only for the improvement of the TWCs but also for
other catalyst systems, thus it helps to broaden the horizon of the catalytic research.

Major future targets of this hot research topic could be summarized as follows [22,29]:
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i) Widening the operating window to provide more working space for the TWCs,
and make the catalyst more tolerant to the oxygen perturbation in the exhaust
during vehicle operation.

i) Reducing or even replacing the loading of PGMs while maintaining the
performance based on the usage of promoter.

iii) Reducing or replacing the usage of rare and expensive Rh in the TWC
formulations by improving the catalytic performance of Pt or Pd in the NOy
reduction. The development and enhancement of Pd-only TWCs were also
proposed [40,41].

iv) Improving the thermal stability as well as the lifespan of the catalysts.

v) Enhancing the selectivity of NOx reduction toward N2 as the only product.
This target is based on the observation that a considerable amount of N2O as a

by-product was formed during the NOx reduction in the TWCs system.

1.4. High-throughput experiments in heterogeneous catalysis

1.4.1. Impact of high-throughput screening on catalysis

In 1970, industrial chemist Joseph J. Hanak, who is best-known for the

successful synthesis and application of composition spreads or gradient libraries at the

RCA-Laboratories Princeton [42], raised a controversial question about the real

efficiency of the conventional approaches for the discoveries of new materials. One of

his most famous quotes was that [42]: «...the present approach to the search for new

materials suffers from a chronic ailment, that of handling one sample at a time in the

processes of synthesis, analysis and testing of properties. It is an expensive and time-
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consuming approach, which prevents highly-trained personnel from taking full
advantage of its talents and keeps the tempo of discovery of new materials at a low
level.” His statement is also critical in the field of heterogeneous catalysis, where the
efficiency and speed of conventional approaches for catalyst preparation and evaluation
are not satisfactory. While the knowledge could help scientists in experimental designs
or objective identification, the parameter space to be explored is large even in the most
well-understood catalytic reactions. Thus, in order to make discoveries, the scientists
must navigate these unpredictable complex and diverse space to a limited database. This
action could probably work for the optimization of known systems, where the synthesis-
structure-property relationships were well-established. However, it would be inefficient
for the optimization of systems where such relationships were not established due to
the complexity of the relationships and simply due to the novelty of the systems. The

latter scenario is far more dominant in the field of heterogeneous catalysis.

The research and development of the chemical and refinery industry have been
facing the raising economic pressures of higher efficiency and productivity in an
environmentally responsible manner. For that, the implementation of combinatorial or
high-throughput (HTP) catalyst screening (these two terminology can be used
interchangeably) becomes indispensable. HTP catalyst screening is a methodology that
large and diverse catalyst libraries are parallelly produced, processed and evaluated for
their performance in a HTP fashion. This approach was first addressed by Hanak in
1970, when he questioned about the above-mentioned issues of the traditional
approaches. At that time, Hanak also introduced an integrated workflow for materials
development with the following four major aspects: i) finish the preparation of an entire
multicomponent system in just one experiment, ii) employ a simple, rapid, non-

destructive and all-inclusive method for chemical analysis, iii) properties testing using
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a scanning device, and iv) computer data processing. This workflow is a root for many
research and development works for HTP catalyst screening today. However, his works
went unnoticed for 25 years until a famous publication of Schultz et al. in 1995
reinitiated the HTP approach to materials discovery, including heterogeneous catalysts
[43]. The concept of HTP catalyst screening had then started to broadly spread in the
field of catalysis. In 1999, Jandeleit et al. published the first comprehensive review on
the combinatorial approach in catalysis [44]. This review covered 207 publications on
the developments and applications of a broad variety of HTP technologies, thus
documenting the explosive growth of HTP catalyst screening as a new paradigm of the

chemical and refinery industry.

Nowadays, HTP catalyst screening has been recognized as an indispensable tool
for the catalysis research to accelerate the discovery of novel catalyst materials while
optimizing the reaction conditions with minimal cost operation, time, and human
intervention. HTP catalyst screening could also help better understanding about science
of catalysis in several ways: The significant acceleration of the catalyst research could
enhance the chance for the discovery of new or even unexpected catalysts, which
possibly provide a breakthrough in our knowledge on that catalytic system. In addition,
recently HTP catalyst screening techniques have been coupled with data science to
explore trends and patterns hidden in big data, thus offering valuable strategy for the

development of catalysts.

The workflow of the research and development in HTP catalyst screening
(toward commercialization) generally consist of three distinct stages, which are

illustrated as a hierarchical workflow in Figure 1.6.
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Stages of Catalyst Discovery & Optimization

Precision of Data A

1° Screen (Lead Discovery)

20 Sercen (Optimization) /

3e Screen
(Pilot Plant)

Number of Formulations

Figure 1.6. Hierarchical workflow of high-throughput catalyst screening. The figure is

reproduced from Ref. [45].

1.4.2. Primary screening

The first stage is known as primary screening. This stage is dedicated for the
broad screening of a large and wide-ranging parameter space of the catalysis. The
ultimate target of this stage is to discover truly novel and promising catalysts (so called
“leads”). While HTP researchers pursue to maximize the quality of the data and
minimize the simplification of the catalytic conditions in primary screening, the
substantial amounts of performed experiments make it challenging to acquire quality
data at the conventional laboratory level. However, in some circumstances, to attain a
sufficient throughput, one does not screen for the exact targeted properties, but rather
screen for properties that are easier to achieve in HTP fashion instead [46,47]. The
accuracy and throughput are balanced in a reasonable way so as to enhance the chance

of success while reducing the risk of false negatives or positives. Qualitative trends
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within the data are acquired in primary screening to remove some classes of catalysts

from diverse libraries and to recognize potential leads to grow to a catalyst champion.

Optical screening techniques have been extensively employed in primary
screening of heterogeneous catalysts due to their broad applicability, high speed, simple
instrumentation, ability for in-situ analysis, non-invasive feature, and no requirement
of sampling [48-51]. Typical examples of optical screening techniques for catalysts
include infrared (IR) thermography [48,49,52-54] and laser-induced fluorescence

imaging (LIFI) [48,55,56].

IR thermography is a truly parallel screening method applied for the rapid
evaluation of the catalytic activity in exothermic reactions, where the temperature of
the catalyst surface correlated with the reaction rate. The working principle of the IR
thermography is based on the relationship between the radiation energy and the
temperature of the catalyst surface, which is described in the following modified Stefan-

Boltzmann equation [48]:
q=eocT*

where q is the radiation energy emitted on the catalyst surface, T is the absolute
temperature, e is the temperature- and composition-dependent emissivity of the catalyst
surface, and o is the Stefan-Boltzmann constant. The Stefan-Boltzmann equation shows
that the radiation energy is extremely sensitive to the catalyst temperature, thus IR
thermography can detect a very small temperature deviations. Olong et al. have
employed emissivity-corrected IR-thermography (eclRT) for the HTP screening of 207
catalyst in low-temperature soot oxidation [52]. The reliability of the obtained results
was confirmed by a conventional thermal gravimetric analysis as both two techniques

showed that the combination of Cu, Ce, Ag, and Co catalysts exhibited the best
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performance for low-temperature soot oxidation. Weidenhof et al. utilized ecIRT for
the rapid parallel screening of a library of HCs/NO oxidation catalysts [57]. One critical
fact of the IR thermography as a tool of catalyst screening is that the visualization of
reaction heats by IR thermography normally gives no information about the chemical

composition of the product mixture.

Laser-induced fluorescence imaging (LIFI) is a powerful screening technique
featured great sensitivity and high spatial and temporal resolutions [55,56,58]. The LIFI
works based on the destruction or formation of chemical bonds that cause the
modification of fluorescence properties of molecules. The region above the catalyst
surface is irritated with an external laser source, allowing the detection of the
fluorescence intensity of products and/or reactants by a charge-coupled device (CCD)
camera, thus florescence imaging could be simultaneously acquired. Su and Yeung
made pioneering works on the development of the LIFI as a HTP catalyst screening
technique by taking the selective oxidation of naphthalene as an example [55,56]. They
demonstrated that the LIFI technique can allow the in-situ screening of 15 binary
vanadia-based catalysts in just 15 seconds. An obvious pitfall of the LIFI lies on its
working principle that it requires a change of the fluorescence properties of molecules
during catalytic reactions. Indeed, such reactions are limited especially in term of

practical catalysis [48,49,59].

Chemiluminescence imaging

Chemiluminescence imaging has been recently emerged as a promising HTP
optical screening technique in analytical-related fields. CL is the light emission, mainly

in the visible or near-IR region, during the relaxation of excited molecular species

30



Chapter 1

produced in the course of a redox reaction [59-61]. The first application of the CL
method in heterogeneous catalysis was reported by Breysse et al. in 1976 [59]. The
authors found that the catalytic oxidation of CO on ThO; surface was accompanied by
a specific luminescence, and the luminous intensity was proportional to the reaction
rate. At that time, this important finding was mainly applied to fabricate sensors for gas
detection [62,63]. This is because the CL-based optical sensing system has many
advantages, such as high sensitivity, fast response, low natural background, no external
excitation source, and simple instrumentation [64,65]. In spite of such advantages, the
CL method had not been used as a catalyst screening technique until 2007, when Zhang
et al. established a proof of concept for a CL imaging screening method. They used CL
imaging for rapid evaluation of the activity of five supported gold catalysts in low-
temperature CO oxidation [66]. They found that the brightness of the spots in the CL
image was well correlated with the catalytic activities of the corresponding catalysts.
This work is acknowledged as a pioneering study on the application of the CL method

in HTP catalyst screening.

Figure 1.7 illustrates a typical catalyzed oxidation process taking place on a

solid surface, which could be divided into five steps:

(1) Diffusion of reactant (R) and oxidant (O) gases to the catalyst surface.
(2) Chemisorption of R and O (denoted as Rad and Oag).

(3) Interaction between Rag and Oaq to generate ROagd.

(4) Desorption of RO4q from the catalyst surface.

(5) Diffusion of product RO to the gas phase.
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Figure 1.7. Oxidation reaction on a catalyst surface. The figure is reproduced from

Ref. [62]

The CL emission is then generated through two basic mechanisms: i) Radiation from
excited species (luminescence is generated during the produced excited species
decaying to the ground state; and ii) recombination radiation (the desorption of RO4q is
combined with annihilation of excitons, then the recombination of electrons and holes

results in luminescence).

The choice of catalytic reactions is important to apply the CL method for
catalyst screening. The key requirements for a reaction to produce light are described

as follows:
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i) The reactions must be exothermic to generate sufficient energy for the
formation of an electronically excited state.

ii) The reaction exotherm needs to be efficiently transferred for the formation
of an electronically excited state. If the energy is dissipated in a form of heat
via vibration and rotational energy, the CL will not be emitted.

iii) Deactivation process of the excited species must be favorable to the photon
emission rather than other competitive non-radiative processes (e.g. molecules
dissociation, intramolecular energy transfer, intermolecular energy transfer,
and so on). The different routes for losing energy of an excited species are

summarized in Figure 1.8.

/I\
AB + light

Chemical reaction with
other species CﬁAC +B

Figure 1.8. Different excited-state decay processes. The figure is reproduced from

Ref. [67].
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As demonstrated by the work of Breysse [59], the CL intensity exhibits a linear
correlation with the reaction rate. On the other hand, the reaction rate is a function of
the reactant concentration, thus the CL method is applicable for quantitative analysis.
The advantages of the CL method that makes it promising in HTP primary catalyst

screening can be summarized below:

1) High sensitivity: The detection limit of the CL method in the gas phase
could reach the level of picomoles if the efficiency of the chemiluminescence
reaction is sufficiently high.

i) Truly parallel, non-invasive, and able for in-situ measurement.

iii) Simple instrumentation: To develop a HTP-CL screening measurement,
the only requirement for the instrument is a transparent window of the
reaction cell. The CL signal could be easily imaged by a CCD camera.

iv) Free from external radiation sources, scattering and background
luminescence.

v) Able to identify a product mixture and provide selectivity information
based on spectroscopic separation of reactions: The CL efficiencies and
spectral shapes of the CL depend on the kinds of reactants, chemical

processes and even catalysts.

To date, Zhang et al. has been only the group who attempted to employ the CL
method in relation to catalyst screening. In fact, their conscious choice of the catalyst
library (gold-based catalysts) and reaction (low-temperature CO oxidation) could
significantly minimize challenges: CO oxidation is one of the most extensively used
model reactions in gas-phase catalysis without any by-products and without multistep
processes. The catalysis occurred in the temperature range of 140-180°C, which is
regarded as relatively low in the field of catalytic gas-phase reactions. Moreover, in the
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low-temperature conditions, the CL emission is not contaminated by the thermal
radiations from the catalysts or even from reactor substances (so-called black-body
radiation). Therefore, the CL method as an optical technique in HTP primary catalyst

screening remained largely unexplored.

1.4.3. Secondary screening

The main tasks of the secondary screening are optimization and/or validation,
rather than discovery, to generate reliable trends within the data as well as champion
catalysts. The accuracy level of screening techniques employed in this stage should be
at least as high as conventional methods. The significance of more realistic reaction test
and precise catalyst synthetic protocols is also noticed in this stage. The demand of
highly accurate and qualified data is often met by slowing down the screening and
reducing the number of tested catalysts. Based on these requirements, the development
of HTP secondary screening is often oriented to automated or parallel synthetic
techniques at a laboratory scale and parallel reactor systems applicable for various

reactions.

It must be noted that the input of secondary screening is either the leads obtained
from primary screening process or others. The latter can be seen in some circumstance,
where one can go directly to secondary catalyst screening when precision and quality
of the data are more critical than the amount and broadness. When the secondary
screening is connected with the leads generated from primary screening, its main
purposes will be the validation of these leads and/or optimization to create champion

catalysts.
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Gas chromatography (GC) and mass spectrometry (MS) are often the choice of
screening techniques in this stage. MS is a mature and widely employed methodology
for HTP screening of a complex gas mixture in a sequential manner. Cong et al.
successfully demonstrated the potential of MS as a HTP screening technique in CO
oxidation by O2/NO using a library containing 120 metal catalysts [68]. Reactants and
products were sampled directly above the catalysts and injected to the mass
spectrometer, where the sequential analysis took a minute per sample. Wang et al.
developed a HTP screening system for catalyst libraries that were produced by primary
screening in aldol condensation of acetone by incorporation of an 80-pass reactor and
a multistream mass spectrometer containing an automated 80-way valve [69]. Each
reactor was connected to a capillary and the effluent gas mixture was individually
transferred for analysis via the 80-way valve with a sampling time of 1-10 s. The HTP-
MS screening system allowed sequential analysis of 80 reactors in 80 seconds to 13
mins. The requirement of sampling and sample withdrawal process could be regarded

as the main drawback of MS toward HTP screening.

GC has also been acknowledged as a versatile screening technique in
heterogeneous catalysis [70-76]. Hoffmann et al. developed a 49-channel parallel
reactor for HTP screening of methane oxidation catalysts under conditions close to
conventional ones [76]. A two-GC setup with a hot column and a cold column was
connected to a three-way valve via capillaries attached to the outlet of each channel,
allowing sequential analysis of 42 different catalysts at two different temperatures. A
fast serial GC detection as a HTP secondary catalyst screening technique in the direct
amination of benzene to aniline was demonstrated by Desrosiers group, allowing the

screening of around 25000 catalyst samples per year [70]. A considerable challenge in
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the application of GC to HTP catalyst screening is the long sampling time, which will

be an obstacle for kinetic as well as catalyst deactivation studies.

1.4.4. High-throughput screening in automotive catalysts

As described in section 1.1, the increasingly stringent regulation on the
automotive emission has served as one of the major impulses for the engine
manufacturers and automobile researchers to keep searching for more efficient TWCs,
especially better low-temperature activity and higher thermal durability. These goals
have been pursued for a long period of time by many research groups worldwide with
diverse strategies and directions, typically including: i) Optimization of the washcoat
formulation by variation of different parameters (the choice of catalyst supports, the
type and loading of noble metals, the type and loading of a promoter, and etc.); ii)
appropriate synthesis methods (co-precipitation, impregnation, sol-gel, micro-emulsion,
and so on); and iii) optimization of process conditions (calcination temperature, aging
condition, and etc.) [77-80]. Likewise, it is obvious that the research and development
of the TWCs needs to deal with a huge parametric space. In most of literature, the
evaluation of newly generated catalysts is done successively from one catalyst to
another, and the evaluation itself for each catalyst is time-consuming. This is because
in laboratory scale, the performance of TWCs is often analyzed based on its light-off
temperature (i.e. the temperature of 50% or 80% of reactants conversion) and the width
of the operation window. The experiments to acquire these information need to be done
separately. Considering these backgrounds, it is undoubtedly true that the HTP

screening is indispensable in the research and development of the TWCs.
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Despite the explosive growth of HTP catalyst screening techniques, attempts of
applying a HTP approach in the research and development of TWCs has been relatively
scarce. Some possible reasons could be: i) costs; ii) the requirement of online and time-
resolved analytical techniques for all reactants and products; and iii) the lack of data

acquisition in an automated sequence of process conditions.

To date, hte Aktiengesellschaft, one German company, has been the only group,
who successfully applied a HTP approach in automotive catalyst screening [80-82].
Their testing unit consisted of a reactor block consisting of identical 48 channels and
operated at isothermal conditions with the temperature range from 100 to 575 °C. The
unit works in a way that reactant gas mixture is supplied to one channel selected at a
time, and then the gas effluent is switched to a line for MS analysis. The same protocol

is applied for other channels in a sequential mode.

1.5. Purpose of the thesis

The research and development of automotive catalysts need a breakthrough to
meet the current and future emission targets. Enormous efforts have been devoted for a
long period of time and worldwide in the materials aspect, especially for the
optimization of the washcoat formulation via systematic variation of individual
parameters in a huge parametric material space. The exploration in the materials aspect
is moving forward when grouping these parameters and viewing them as a single page,
but the whole picture of materials design for automotive catalysts is seemingly

approaching saturation.

The ultimate purpose of this thesis is to develop a new approach for the research

and development of automotive catalysts, more specifically the TWCs based on a
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methodology aspect. Witnessed by the impressive growth of HTP catalyst screening
techniques with substantial contributions in acceleration of catalyst discovery and
optimization, | believe that similar achievements could be acquired when applying HTP
catalyst screening in the field of three-way catalysis. Considering the large and diverse
parametric space, the implementation of primary screening is essential to narrow down
the library. Furthermore, since considerable endeavors have been made to enhance the
catalyst performance at the level of one digit, the more detailed investigation in the
secondary screening is also essential. Therefore, | aimed at designing and proposing
HTP techniques and protocols for primary and secondary screening of the TWCs for

the first time.

Major qualifications associated with the development of techniques in primary
screening are fast, non-invasive, reliable, and truly parallel. Primary screening based on
optical techniques exhibited a great potential in this regard, but it has just started and
still remain an interesting field of the research. As reviewed in previous sections, even
though already-established optical screening techniques are elegant, there is still a need
for more straightforward, sensitive, simple, and in-situ screening techniques. | aimed to
solve this challenge by the development of a novel HTP chemiluminescence (CL)
imaging technique for oxidative catalyst screening with special emphasis on the
application for high-temperature reactions. Since all elemental reactions occurring in
the TWCs are sufficiently exothermic, the CL method is found relevant for detecting
these reactions at the best time resolution of 1 s. To conduct secondary screening, a
HTP screening instrument which consists of 20 parallel fixed bed reactors coupled with

mass spectrometer was employed.
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Abstract

A chemiluminescence (CL) instrument was developed to understand the CL behavior
of catalytic oxidation of CO and hydrocarbons, which are major processes occurring in
catalytic converters. The instrument is based on the cooperation among a gas mixer, a
custom-made CL analyzer, and an on-line gas chromatography. The concept of the CL
method was formulated by thoroughly investigating the CL emission during the
catalytic oxidation of CO and CzHs in the presence of O and/or NO under both
stoichiometric and non-stoichiometric conditions. All the oxidation reactions were
found to be CL-active, where the CL intensity increased exponentially with the
temperature. The steady-state measurements showed good linearity between the CL
intensity and the reaction rates, suggesting that the CL emission is a direct product of
the reactions. It was also found that the CL intensity per CO2 production was different
among the reactions, most plausibly due to both/either the presence of multiple CL
processes and/or the difference in the heat of the reactions. Based on the linear
correlation between the CL intensity and the reaction rate, a feasibility study was

successfully demonstrated for rapid catalyst evaluation in CzHs oxidation.

Keywords: Chemiluminescence method, catalytic oxidation of CO and hydrocarbons,

reaction monitoring, catalyst screening.
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2.1. Introduction

Environmental concerns due to automobile exhaust emission have become
increasingly serious and widespread in the modern society [1,2]. The automobile
exhaust gas is predominantly composed of CO, hydrocarbons (HCs), and NOx, which
are difficult to be simultaneously eliminated as the oxidation of CO and HCs favors
fuel-lean operation conditions, while the removal of NOx prefers fuel-rich atmosphere
[3]. A great deal of efforts have been made to promote the abatement of CO, HCs, and
NOyx, among which a three-way catalysts (TWCs) is one of the most extensively
employed techniques owing to its ability to synchronously convert these pollutants to
less harmful compounds via catalytic oxidation of CO and HCs by O and/or NOx [2,4—
6]. Since regulations of automobile emission are getting increasingly stringent, the
development of more efficient catalysts is highly desired with special emphasis on low-
temperature activity and high-temperature stability. This purpose needs to be greatly
aided by various screening techniques designed for rapid evaluation of the performance
of catalysts. They are exemplified by infrared (IR) thermography [7-14], Fourier
transform IR imaging [15-19], laser-induced fluorescence imaging [20-22], and mass
spectrometry [23-25], while few techniques are applicable for the catalytic converters.
Further efforts have to be put forward not only for the acceleration of the discovery of

novel catalyst materials but also for the diversification of the toolbox.

Recently, a chemiluminescence (CL) detection method has acquired great
attention in materials screening [26-29]. CL is the emission of electromagnetic
radiation by the relaxation of excited molecular species in the course of a redox reaction
[30-32]. The detection of the CL emission from redox reactions taking place on the
surface of a solid catalyst has been recognized as a promising technique for rapid
screening of heterogeneous catalysts due to its high sensitivity to low reagent
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concentrations and other advantageous characteristics: The CL method is potentially
applicable to a wide variety of catalytic reactions without any external irradiation source
as only the reaction mediates the light emission. Moreover, the CL method can provide
spectroscopic separation of reactions based on the fact that the CL spectrum depends
on the kind of reactants, chemical processes, and even catalysts [33]. In addition, the
CL instrument requires only a transparent window for the reaction cell, thus a large
number of catalysts arranged in an array could be simultaneously and in-situ evaluated
through parallel imaging at the best time resolution of 0.1 to few seconds. The
utilization of the CL method in the heterogeneous catalysis was pioneered by Breysse
et al., then followed by Wang et al. for the detection of the CL emission during the
catalytic oxidation of CO on thoria (ThO2) and titania (TiO2)-supported gold
nanoparticles [27,30]. The former group found that the luminescence was ascribed to
the light emission by the catalytic oxidation, and the latter group reported that the CL
intensity was linearly correlated with the catalytic oxidation rate of CO. The group of
Lu reported the evaluation of solid base-catalyzed aldol condensation reactions based
on a direct correlation between the number of specific basic sites and the CL intensity
[34]. Later, they also discovered that the intensity of the CL emission in diethyl ether
oxidation on the surface of TiO2 nanoparticles was proportional to the concentration of
oxygen vacancies of TiO,. Based on this finding, they proposed the CL method as a
simple and facile alternative to conventional X-ray photoelectron spectroscopy for

quantifying the concentration of oxygen vacancies [35].

In Chapter 2, | attempted to understand the CL behavior of the catalytic
oxidation of CO and HCs in relation to the catalytic converters. The concept of the CL
method was established by correlating the CL emission with the reaction rate for CO

and CsHe oxidation in the presence of O2 and/or NO under both stoichiometric and non-
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stoichiometric conditions. Then, a feasibility study was demonstrated for rapid catalyst
evaluation based on the CL intensity. These were achieved by a custom-made CL
instrument equipped with a reaction cell for gaseous catalysis and synchronized with a

gas mixer and a gas chromatograph (GC).
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2.2. Experimental
2.2.1. Materials

Catalyst samples were prepared by wet impregnation. y-Al203 (PURALOX
SCFa100, SASOL, BET surface area of 106 m?/g), CeO, (HSA-20, RODIA, BET
surface area of 133 m?/g), monoclinic ZrO, (RC-100, Daiichi Kigenso Kagaku Kogyo,
BET surface area of 99 m?/g), SiO, (Aerosil 50, EVONIK, BET surface area of 61
m?/g), and TiO, (Aeroxide P25, EVONIK, BET surface area of 55 m?/g) were used as
support materials. A specified amount of support powder was impregnated with an
aqueous solution of Rh(NO3)., followed by evaporation to remove the solvent. The
solid was dried at 120 °C for 15 h, and calcined in air at 500 °C for 2 h. The Rh loading
of the catalysts was fixed at 1 wt%. Catalyst powder of ca. 80 mg was pressed into a

self-supporting disk of 10 mm in the diameter, and then used for CL measurements.

2.2.2. Instrumental

A schematic layout of the developed CL instrument is shown in Figure 2.1. The
system consists of three major components: A gas mixer (MU-3200, HORIBA, Ltd.),
a custom-made CL analyzer (Tohoku Electronic Industrial Co., Ltd.), and a GC
apparatus (GAS100, J-SCIENCE LAB Co., Ltd.) equipped with a thermal conductivity

detector (TCD).
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Figure 2.1. Schematic representation of the chemiluminescence instrument: (a) The

whole system, and (b) the reaction cell unit.

The composition of the reaction gas mixture and its flow rate are controlled by
the gas mixer and continuously supplied to the reactor cell. The gas mixer contains six
mass flow controllers corresponding to six gases: CzHs, NO, CO, CO2, Oz, and N2/He.
The specific flow volume of each gas can be regulated by setting its volume percentage
over the whole flow volume of the gas mixture. He was used as the balance and carrier

gas.

The CL analyzer consists of two major units: a detection unit and a reaction cell
unit. The detection is performed using a photon multiplier based on single photon
counting in the detection range of 300—850 nm at a time resolution of 0.1 to 10 s. To

minimize the thermal noise, the photon multiplier is thermoelectrically cooled using
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Peltier cooling elements. The cooling elements can be considered as a heat sink, where
the heat produced by these elements is dissipated by circulating cold water. The reaction
cell unit is basically made of stainless steel, and comprised of a viewport, a cell body
with gas ports, an electrical plate heater, and an optical filter. A catalyst in the pellet
form is placed in the center of the cell and closed with a quartz viewport (inner diameter
of 38 mm, outer diameter of 70 mm) sealed with a nickel gasket. The detectable CL
emission is supposed to happen mainly from exposed surfaces of the pellet. The use of
the pellet form aimed to restrict the gas diffusion into the bulk, thus providing a
consistent situation for the CL and GC-TCD measurements. The viewport is covered
with a UV/IR cut filter (¢ = 110 mm, cutoff wavelengths of 400 and 650 nm) to prevent
the over exposure of the photon multiplier and to cutoff infrared thermal radiation,
which becomes evident when the measurement is carried out over 250 °C. The heating
is done using the electrical heater fixed under the cell body, and the cell temperature is
programmable in the range of 50-400 °C. A thermocouple is placed beneath the cell
body to control the temperature. The gas temperature at the inlet and outlet of the

reaction cell is recorded through two in-line thermocouples.

The composition of the effluent gas is analyzed by the on-line GC, which
contains three main columns. Column 1 (Porapak QS 170 °C) is used for the CO2, N20O,
CsHs, H20 (group A) detection; column 2 (Porapak Q 170 °C) is used to separate group
A gases from Oz, N2, CO (group B), and column 3 (MS-13X 300 °C) is used for the
detection of group B gases. The concentration of each gas was calibrated using a
standard gas mixture (N2, CO, O, CzHs, N2O, CO>), containing individual gases at 1000
ppm and balanced with He. The NO conversion was derived based on the total yield of

N2 and N2O.
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The CL instrument also equips a safety management system to prevent potential
accidents during operation. The CO and NO gas cylinders are placed in a cabinet,
whereas the gas mixer, CL analyzer, and GC-TCD are placed inside a fume-hood. Gas
detectors, whose detection limits are 50 and 25 ppm for CO and NO, respectively, are
attached to the cabinet and the fume-hood. When the leakage happens, the gas supply
and the operation of the gas mixer are automatically shut down, while the cabinet and
hood are blown by N2 until reaching the safety level. Similar automatic suspension acts

by electric loss, earthquake, and so on.

2.2.3. Catalytic test

The CL behavior of four elemental reactions was investigated under
stoichiometric conditions. These reactions are shown in Scheme 2.1 together with the
corresponding heat of reactions [36,37]. Table 2.1 summarizes the feed compositions
for these four reactions. The reactions were carried out based on a temperature program,
which is illustrated in Figure 2.2. A catalyst pellet was first calcined at 400 °C under
dry air in the reaction cell, followed by cooling to 50 °C. A reaction gas mixture at a
specific composition was introduced in the cell at 200 mL/min, and the temperature was
ramped from 50 °C to 400 °C at 16 °C/min, during which the CL intensity was
monitored. Following this, steady-state measurements were performed at 400 °C and
350 °C, where the CL and GC data were acquired at individual feed compositions. The
feed program was fully synchronized with the temperature program to realize full

automation.
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2CO + 0, — 2CO; AH=-588 kJ/mol (1)
2C3Hs + 902 — 6CO; + 6H20 AH =-2058 kJ/mol  (2)
2NO +2CO — Nz + 2CO; AH=-769 kJ/mol  (3)
18NO + 2C3Hs — 9N2 + 6CO; + 6H20 AH =-3684 kd/mol  (4)

Scheme 2.1. Elemental reactions which were examined in this study.
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Figure 2.2. Employed temperature program.

54



Chapter 2

Table 2.1. Feed stream composition for elemental reactions®.

RUN? CO O2 CsHs NO
(ppm)  (ppm) (Ppm) (Ppm)
1 8000 4000 - -
CO oxidation by O2 2 12000 6000 - -
3 18000 9000 - -
4 - 9000 2000 -
CsHs oxidation by O 5 - 18000 4000 -
6 - 27000 6000 -
7 2000 - - 2000
CO oxidation by NO 8 4000 - - 4000
9 8000 - - 8000
10 - - 500 4500
CsHs oxidation by NO 11 - - 700 6300
12 - - 800 7200

2The steady-state measurements were performed in all of the conditions. The ramping
experiments were performed using conditions 3,4,9,12 for the individual elemental
reactions.

The CL measurements were also performed when elemental reactions were
combined on the basis of the stoichiometric mixture. They are termed two-way
conditions when three reaction gases are mixed (Runs 13-21, Table 2.2) and three-way
conditions when four gases are mixed (Runs 22-24). For example, Runs 13-15
correspond to the combination of CO and CsHe oxidation, Runs 1618 correspond to
the combination of CO oxidation and NO reduction, and etc. The effect of the air/fuel
equivalence ratio (A) on the CL response was also examined, where the O
concentration was varied while the concentrations of the other gases were fixed constant
(Runs 25-29). It must be noted that all the reactions were performed in a dry condition
to minimize excessive complications. The presence of water vapor needs to be

considered in the future for more practical operation.
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Table 2.2. Feed stream composition for combined reactions.

Run  CO (ppm) Oz (ppm)  CsHe (ppm) NO (ppm) CO2 (ppm)* A

13 8000 13000 2000 - - 1.0
14 12000 24000 4000 - - 1.0
15 18000 36000 6000 - - 1.0
16 10000 4000 - 2000 - 1.0
17 16000 6000 - 4000 - 1.0
18 26000 9000 - 8000 - 1.0
19 - 9000 2500 4500 - 1.0
20 - 18000 4700 6300 - 1.0
21 - 27000 6800 7200 - 1.0
22¢ 3250 3500 500 750 5000 1.0
23¢% 6500 7000 1000 1500 10000 1.0
24* 13000 14000 2000 3000 20000 1.0
25¢ 13000 7000 2000 3000 20000 0.5
26" 13000 10000 2000 3000 20000 0.7
27° 13000 16000 2000 3000 20000 1.1
28 13000 18000 2000 3000 20000 1.3
29% 13000 21000 2000 3000 20000 1.5

“ COz2 was also introduced as an environmental gas for more practical operation.
b dir/fuel equivalence ratio
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2.3. Results and discussion

In previous studies, the CL method was mostly employed for reactions which
occur at moderate temperatures, whereas its characteristics at higher temperatures
(typically over 250 °C) have been hardly reported. Thus, prior to the CL measurement,
the background radiation was recorded in a ramping mode in the absence of a catalyst
under dry air or pure N2. The corresponding intensity curves are represented in Figure
2.3a. It was found that the background radiation was negligible when the measurement
temperature was below 300 °C, while it increased exponentially with the temperature
from 300 to 400 °C. Importantly, the presence or absence of O never affected the
intensity of the background radiation, which was evidenced by the intensity ratio in the
two distinct atmospheres (Figure 2.3a). This fact revealed that the radiation was neither
based on the luminescence from O, (e.g. 10, — 30,) nor the oxidative combustion of
contaminants on the substance. Rather, it is attributed to the thermal radiation emitted
from the stainless-steel substance (the thermal radiation from the substance more or less
exists at a lower temperature, but its wavelength is longer than the cutoff wavelength
of the filter below 300 °C).

10 2 10

(@) (b)

[=2] =]
\
- -
()]
Idry air"IN;

Background under N,

Bare reactor

Intensity (x 105 cps)
o
5]

Intensity (x 105 cps)

2 b — Background under dry air 2 F Masked reactor
v, /
0 ) L L 0 0 L N
50 150 250 350 50 150 250 350
Temperature (°C) Temperature (°C)

Figure 2.3. Background radiation: (a) Under different atmospheres, and (b) after

masking the reactor cell with an aluminum plate (under N>).
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In order to suppress the thermal radiation, the stainless-steel substance of the
reactor cell was masked by an aluminum plate. The radiation was compared before and
after this modification under N2 (Figure 2.3b). Since the emissivity of aluminum
(0.032-0.15) is much less compared to that of stainless steel (0.80-0.87) [38,39], the
introduction of the aluminum mask successfully reduced the intensity of the
background radiation. The level of the reduction was roughly five times at 400 °C, and
this was close to the ratio of the emissivity between the two substances. Thus, the

thermal radiation as the main source of the background radiation was confirmed.

The CL behavior of the four elemental redox reactions was first investigated in
a ramping mode. The temperature was increased at 16 °C/min while the gate time was
setto 1s,i.e.3.75 times acquisition at each °C. The background was separately acquired
using the same catalyst under He, and it was subtracted from the raw CL intensity. Thus
acquired CL curves for the Rh/CeO; catalyst are represented in Figure 2.4. All the
reactions were found to be CL-active. The CL intensity showed an exponential behavior
against the temperature for the four elemental reactions, and this was similar for the
other catalysts. The exponential dependence of the CL efficiency on the temperature
was analyzed based on the Arrhenius plot and expressed in the form of the activation
energy (Figure 2.5). It was around 38-42 kcal/mol irrespective of the elemental
reactions, whereas the activation energy of CO oxidation by O, for instance, was
reported in the range of 22-37 kcal/mol [40,41]. It was considered that the temperature
dependence of the CL intensity arises from the combination of the temperature
dependence of the reaction rate and that of the CL efficiency. The CL efficiency denotes
the combined efficiency of generating a molecule in an excited state and its transition
to the ground state through light emission [42]. When the CO oxidation by O, was taken

as an example, the CL intensity increased from 100 count per second (cps) at 300 °C to
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2 x 10* cps at 400 °C, while the CO conversion was improved only by ca. 30 % in this
temperature range. This fact clearly indicated that the CL efficiency played a major role
in the exponential increase of the CL intensity: The CL method becomes more sensitive

at a higher temperature.

(a) (b)

Intensity (x 10% cps)
[\%)
Intensity (x 10% cps)
[\

50 150 250 350 450 50 150 250 350 450
Temperature (°C) Temperature (°C)

(c) (d)

Intensity (x 10* cps)
N

Intensity (x 104 cps)
N

50 150 250 350 450 50 150 250 350 450
Temperature (°C) Temperature (°C)

Figure 2.4. Chemiluminescence of four elemental reactions in the ramping mode: (a)

CO oxidation by O, (b) CsHe oxidation by O, (c) CO oxidation by NO, and (d) C3Hs

oxidation by NO. A Rh/CeO- pellet (ca. 80 mg) was used in all the reactions.
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Figure 2.5. Arrhenius plot of the CL intensity: (a) CO oxidation by O, (b) CsHe
oxidation by O, (c) CO oxidation by NO, and (d) C3He oxidation by NO. A Rh/CeO,

pellet (ca. 80 mg) was used in all the reactions.

Next, the CL measurements were performed in the steady-state mode, where the
CL intensity of the four elemental reactions was recorded and compared with the
reactant conversion and the CO. yield, which were determined by the online GC
measurement. The reactant concentrations were altered at individual stoichiometric
conditions, while the feed volume was fixed at constant. Figures 2.6 and 2.7 summarize
the results obtained at 350 °C and 400 °C for Rh/CeO:s. It was found that the conversion
and yield were nearly constant at different reactant concentrations for all the elemental
reactions: The reaction rate was proportional to the reactant concentration. To be
important, the CL intensity increased linearly through the origin against the reactant

concentration. The consistency between the CL intensity and the reaction rate suggested
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that the CL emission is a direct product of the elemental reactions, and the detection of

the CL emission could be considered as equal to detecting the reactions. In order to

further validate this hypothesis, the possibility of an indirect CL process was excluded

by conducting additional experiments, where extra Oz, CO2, and NO were added to the

reaction feed and the CL intensity was observed. In Figure 2.8, the CL intensity is

shown as a function of the extra concentration of Oz, CO2, and NO in the CO oxidation

by O>. It became clear that the CL emission was never promoted by the presence of the

extra gases in the feed, which excluded the indirect emission via energy transfer, and

validated that the CL emission in these reactions is a direct process.
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Figure 2.6. Results of the chemiluminescence measurements in the steady-state mode

at 350 °C: a) CO oxidation by O, b) CsHe oxidation by O, ¢) CO oxidation by NO,

and d) CsHe oxidation by NO. Chemiluminescence intensity (m), reagent conversion

(m), and product yield (m). A Rh/CeO- pellet (ca. 80 mg) was used in all the reactions.
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Figure 2.7. Results of the chemiluminescence measurements in the steady-state mode

at 400 °C: (a) CO oxidation by Oz, (b) CsHs oxidation by O, (c) CO oxidation by NO,

and (d) CsHs oxidation by NO. Chemiluminescence intensity (m), CO conversion (m),

CsHs conversion (=), NO conversion (), and CO: yield (m). A Rh/CeO- pellet (ca. 80

mg) was used for all the reactions.
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Figure 2.8. Effect of the Oz, CO2 and NO addition on the chemiluminescence intensity
in the CO oxidation by O». To the stoichiometric feed (CO = 18000 ppm and O2 = 9000
ppm), an extra oxidant (O2/NO) or CO was supplied. The chemiluminescence intensity

was recorded in a steady state at 400 °C using a Rh/CeO pellet (ca. 80 mg).

In Figures 2.6 and 2.7, the slope of the linear dependence corresponds to the CL
emission per reactant concentration. It is interesting that the slope was different among
the four elemental reactions, following the order of CO/O2; < CO/NO < C3He/O2 =
C3He/NO. Considering that the CL emission is production-based, the CL efficiency of
the individual elemental reactions was estimated by the normalized CL intensity in term
of the CO; yield rate at 400 °C (expressed as photon per CO2 molecule in Table 2.3).
The CL efficiency would become identical among the four reactions only when the

process of the CL emission was identical (actually not). It was found that the order of
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the photon emitted per CO2 molecule was consistent with the order of the slope values
in Figure 2.7. It is known that the CO oxidation by O2 occurs in the order of i) CO
adsorption on catalyst surfaces, ii) Oz dissociation into O adatoms, and iii) CO + O —
CO> [43]. The CL emission must be attributed to the step iii). In the case of the CO
oxidation by NO, by-production of N2O was confirmed by GC. Besides, the heat of
reaction in CO/NO was greater than that in CO/O. Accordingly, the higher CL
efficiency in CO/NO compared to that in CO/O. was likely explained by the presence
of multiple CL processes and/or the greater heat of reaction in CO/NO. Similar

explanation must hold for the far greater CL efficiency in CsHe/O2 and C3Hs/NO.

Table 2.3. CL efficiency of the four elemental reactions.

Reaction Photon per CO2 molecule? Sensitivity” (nmol)
CO oxidation by O 23x10%+6.5% 72
CsHg oxidation by O 8.7x10+3.1% 19
CO oxidation by NO 48x101+4.7% 35
CsHg oxidation by NO 9.0x10+29% 19

2 Estimated based on the CL intensity (in cps) and the corresponding CO: yield rate
(molecule/s).
b Estimated based on the CL efficiency and the noise level.

The detection limit of the CL method was also estimated. Figure 2.9 illustrates
the raw steady-state data of CO oxidation by O> at 400 °C, where the noise of the CL
signal at was observed as around 1000 cps. Based on the photon per CO2 molecule, the

amount of the reaction to overcome the noise level was calculated based on the

following equation:

o 1000 counts
Sensitivity = =72 x 10°mol = 72 nmol

-14 23
23 % 10~ counts % 6 X 1043molecule

molecule mol
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Figure 2.9. Raw CL intensity curve of the steady-state measurement for CO/O; at

400 °C.

The sensitivity of the CL method in detecting other reactions was similarly
calculated based on their corresponding CL efficiency and the noise level. The results
are summarized in Table 2.3, where the obtained sensitivity is in the range of 19-72
nmol. This high sensitivity and in-situ detection without sampling dictated a great

potential of the CL method in catalysis sensing.

Followed by the understanding of the CL behavior for the individual elemental
reactions, the CL measurement was applied to more complicated reaction systems
(termed two-way and three-way conditions, Table 2.2). The CL behavior was examined
in two-way stoichiometric conditions, where the CL intensity was measured in the
steady-state mode at 400 °C for Rh/CeO2 while varying the reactant concentrations.
Figure 2.10 summarizes the CL intensity for the three types of the two-way systems: i)
CO and CsHe oxidation by O, ii) CO oxidation by Oz and NO, and iii) CsHs oxidation
by O, and NO. In order to consider potential interference among different elemental

reactions, the CL intensity was estimated as the sum of the CL intensities of two
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elemental reactions. Quantitative agreement was found between the measured and
estimated CL intensities, suggesting that the CL emission was still a direct process of
individual elemental reactions even when they were combined. From this fact, it was
considered that the performance of a catalyst can be estimated by comparing the CL
intensity with the theoretical maximum intensity that is calculated based on the full
conversion of all gases. The CL measurements were then performed in the three-way
conditions. Figure 2.11a plots the CL intensity when the reactant concentrations were
scaled, keeping the stoichiometric ratio (A = 1). Similar to the two-way conditions, the
CL intensity linearly increased along the reactant concentrations. The CL behavior was
also investigated in the three-way conditions under rich/lean atmosphere. Figure 2.11b
depicts a relationship between the CL intensity and reactant conversion as a function of
A. It was found that the CL intensity decreased in a rich condition (A < 1), while kept
almost constant in a lean condition (A > 1). This result is reasonable in a sense that the
oxidation (or more roughly saying, CO. production) is the main cause of the CL
emission: In a lean condition, the conversion of CO and C3Hs was nearly constant so
that further addition of O did not add the CL emission. In other words, the CL method

is not suitable to detect NO reduction in a lean condition.
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Figure 2.10. CL intensity in two-way conditions: (a) CO and CzHs oxidation by O, (b)

CO oxidation by O and NO, and (c) CsHe oxidation by O, and NO. The measurements

were performed at 400 °C using Rh/CeO: pellet (ca. 80 mg). The stacked columns

correspond to the estimated CL intensity as a sum of the CL intensities of two elemental

reactions.
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Figure 2.11. Results of the chemiluminescence measurements in three-way conditions
at 400 °C: (a) The reactant concentration were scaled at A =1, and (b) the air/fuel
equivalence ratio (A) was altered at a fixed fuel concentration. Chemiluminescence
intensity (m), CO conversion (m), C3He conversion (=), and NO conversion (=). A

Rh/CeO: pellet (ca. 80 mg) was used.

Lastly, the utilization of the CL method was demonstrated for rapid catalyst
screening. Employing a series of Rh catalysts with different support materials (SiOo,
CeOq, ZrO2, Al203, TiO2) and pristine SiO2 as an inactive reference, the CL intensity
after background subtraction was compared in the oxidation of CsHs by O at 400 °C
where [C3Hs] = 6000 ppm (Figure 2.12). A good correlation was found between the CL
intensity and the CsHs conversion: The CL intensity increased according to the catalyst
activity in the order of Rh/SiO2 > Rh/Al;0O3 > Rh/CeO, > Rh/ZrO, > Rh/TiO > SiOx.
These results further supported the CL as a promising technique for rapid catalyst

screening.
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Figure 2.12. Correlation between the chemiluminescence intensity and the performance

of different Rh catalysts in CsHg oxidation by O at 400 °C.
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2.4. Conclusions

In order to explore chemiluminescence (CL) as a potential technique for rapid
catalyst screening in catalytic converters, the CL behavior of catalytic oxidation of CO
and CzHe by O2 and/or NO under both stoichiometric and non-stoichiometric conditions
was thoroughly studied. It was found that the CL emission became more intensive at a
higher temperature due to the exponential temperature dependence of the CL efficiency.
The linear correlation between the CL intensity and the reaction rate in a steady state
revealed that the CL emission is a production-based process; therefore, the detection of
the CL emission could be regarded as equal to the detection of the reaction. This was
true even when elemental reactions were combined for more practical two-way and
three-way conditions. The feasibility of the CL method for rapid catalyst screening was
successfully demonstrated in the CsHe oxidation by O» using a series of Rh-based
catalysts, where a good linear correlation between the CL intensity and the CsHe

conversion was observed.
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Chapter 3

Development of Chemiluminescence Imaging Instrument for
Rapid Catalysts Screening in Gas-Phase Reaction: A Case

Study of Hydrocarbon Oxidation
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Abstract.

Herein, | describe the development of a chemiluminescence (CL) imaging instrument
to realize rapid catalysts screening for high-temperature gas-phase reactions. The CL
instrument was designed by combining a reactor cell for gaseous catalysis and an
electron multiplying CCD camera for single photon detection in the form of images. It
was employed for imaging the CL emission over catalysts during the oxidation of CzHs,
which is one of the major processes in catalytic converters for automotive emission
control. Under steady-state conditions, the reaction rate was linearly correlated with the
brightness of a catalyst (quantified as the CL intensity) from its continuously captured
CL image, confirming the ability of the CL imaging method to detect the reaction. The
feasibility of the CL imaging method in rapid catalysts screening was confirmed
through a linear correlation between the reaction rate and the CL intensity over five
different oxide-supported Rh catalysts. Finally, when the five catalysts were imaged at
once in parallel CL imaging measurements, the obtained catalyst ranking based on the

CL intensity was found consistent with their corresponding catalytic performance.

Keywords. Chemiluminescence imaging, parallel catalyst screening, high-temperature

gas-phase reaction.
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3.1. Introduction

The development of a performant heterogeneous catalyst relies on the
exploration of a large parametric space of catalyst formulations and process conditions
by repeated cycles of catalyst preparation and catalyst evaluation. Such a development
is significantly aided by a variety of combinatorial preparation methods [1-5], while
simple and straightforward techniques for rapid screening of heterogeneous catalysts
are still limited by the product analysis [6-8]. It is known that several heterogeneously
catalyzed gas-phase reactions accompany the emission of chemiluminescence (CL),
which is attributed to the light emission due to the relaxation of excited molecular
species produced in the course of exothermic reactions [9-12]. The detection of CL
emitted from the surface of solid catalysts during chemical reactions is regarded as a
potentially powerful technique for rapid screening of heterogeneous catalysts.
Conceptually, the CL detection requires a reactor cell equipped with only a transparent
window and a light detection unit. A variety of catalysts arranged in an array could be
simultaneously and in-situ evaluated through imaging at typical time resolution of
seconds. The application of the CL imaging technique for rapid screening of
heterogenous catalysts was pioneered by the group of Zhang [13]. They deposited an
array of five supported Au nanocatalysts on a ceramic chip, and applied the CL imaging
during the oxidation of CO at 160 °C. They found that the CL intensity from the five
catalysts well correlated with their activity, which was separately determined based on
gas chromatography (GC). In a subsequent publication by the same group, the CL
emission from 16 catalysts were successfully imaged [14]. Despite these promising
results, the potential of the CL imaging technique has not been investigated for gas-
phase catalysis other than the low-temperature CO oxidation. Especially, the feasibility

of the technique in high-temperature reactions has to be evaluated, where the thermal
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radiation from the reactor, as well as from catalysts is expected to overlap with the CL
emission in terms of both the intensity and the wavelength. Examples of important high-
temperature reactions include the reactions of the three-way catalytic converters, the
oxidative coupling of methane, and dry reforming, which typically require a

temperature above 350 °C for successful operation.

In Chapter 2, | attempted to understand the CL behavior of catalytic oxidation
of CO and CzHs in the presence of O, and/or NO in relation to the catalytic converters.
Reactions were performed under both stoichiometric and non-stoichiometric conditions,
typically at 400 °C. The CL emission was in-situ captured using a photon multiplier,
and an on-line GC determined the composition of the effluent gas. At a constant
temperature, a linear relationship between the CL intensity and the reaction rates was
prevailed [12], which suggested that the CL emission was a direct product of these
reactions. Moreover, a good correlation between the CL intensity and reactant
conversion in CsHe oxidation by Oz with a series of oxide-supported Rh catalysts
enabled the ranking of catalyst activity. Thus, Chapter 2 validates that the detection of
CL emission is powerful to detect high-temperature reaction, and therefore it has the
potential for rapid screening of heterogeneous catalysts. Accordingly, this chapter aims
to develop a parallel catalyst screening instrument on the basis of CL-based array
imaging. The CL imaging instrument was developed to capture the CL images of
catalyst samples during a high-temperature reaction by an ultra-sensitive, low light
electron multiplying charged-coupled device (EmCCD) camera. It can be connected to
a gas mixer and a GC for continuously supplying the reactant gas mixture and analyzing
the composition of the effluent gas. This chapter explains all the technological

advancements in developing the CL imaging instrument using C3zHe oxidation as a case
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study. The screening results of a series of oxide-supported Rh catalysts with the

developed instrument are also discussed.
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3.2. Experimental
3.2.1. Materials

Oxide-supported Rh catalysts were prepared by wet impregnation, in which five
different oxide supports were employed: y-Al,03 (PURALOX SCFal00, SASOL, BET
surface area of 106 m?g), CeO, (HSA-20, RODIA, BET surface area of 133 m?%/g),
monoclinic ZrO, (RC-100, Daiichi Kigenso Kagaku Kogyo, BET surface area of 99
m?/g), SiO2 (Aerosil 50, EVONIK, BET surface area of 61 m?/g), and TiO2 (Aeroxide
P25, EVONIK, BET surface area of 55 m?/g). A specified amount of support powder
was impregnated with an aqueous solution of Rh(NOs)2, followed by evaporation to
remove the solvent. The solid was dried at 120 °C for 15 h and calcined in air at 500 °C

for 2 h. The metal loading of these catalysts was fixed at 1.0 wt.%.

3.2.2. Catalyst characterization

The oxide-supported Rh catalysts were characterized by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). XRD patterns of the fresh
catalysts were recorded on Rigaku SMARTLAB at a voltage of 40 kV and a current of
30 mA using Cu Ka (1.5418 A) radiation. A step scan mode was employed in the 20
range of 15-70° at the speed of 2°/min and the step size of 0.01°. TEM observation was

performed on Hitachi H-7650 operating at an acceleration voltage of 100 kV.

3.2.3. Instrumental

The developed CL imaging instrument is illustrated in Figure 3.1, which consists

of two major units: A detection unit and a reaction cell unit. In the detection unit, the
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CL signal emitted during the reactions is continuously imaged by an EmCCD camera
(iXon Ultra 888, Andor Technology Ltd.) that is capable of detecting single photon
events without an image intensifier. The employed EmCCD camera exhibits superior
sensitivity by maximizing quantum efficiency of > 95% (a measure of a camera’s ability
to capture valuable photons and to subsequently convert them to photoelectrons) and
minimizing system noise. Moreover, the EmCCD camera has image resolution of as
high as 13 um. An UV/IR cut filter (cutoff wavelengths of 400 and 650 nm) is attached
to the camera lens to cutoff infrared thermal radiation, which becomes evident when
the measurement is carried out over 250 °C. The reaction cell unit is basically made of
stainless steel and symmetrically equipped with gas ports (gas inlet/outlet). An Al block
was placed inside the reactor to minimize the thermal radiation from the reactor
substance. A catalyst is positioned in the center of the cell and closed with a transparent

quartz viewport (inner diameter of 38 mm, outer diameter of 70 mm).

Electron multiplying charged-coupled device
(EmCCD) camera

+ Single photon sensitivity

camera

1
1
1
1
1
i
+ Quantum efficiency of > 95% }
1
+ Resolution of 13 pm i

1

1

1

Figure 3.1. Developed chemiluminescence imaging instrument.
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CL images were continuously captured for every 10 s, where the exposure time
of the EmCCD camera (the period during which the EmMCCD collects light prior to
readout) was set as 5 s. The employed camera has a 1024 x 1024 sensor format and 13
pum pixel size. A catalyst bed of 10 mm in diameter occupies approximately 464 pixels
in an image. A time series of CL images were analyzed by ImageJ software. Here, the
time-resolved CL intensity is given by the analysis of an image at a certain moment,
where the intensity is averaged over the pixels within the circular area of the catalyst
sample. Then, the CL intensity at each condition is derived as the average of the time-

resolved CL intensity for all the images captured during the corresponding condition.

3.2.4. Catalytic test

The catalytic oxidation of C3Hs in the presence of O was implemented under
different stoichiometric conditions (Table 3.1). A catalyst was first in-situ calcined at
400 °C under dry air in the reaction cell. Following this, steady-state measurements
were performed at 350 °C, where the CL images and GC data were acquired at the
individual conditions (Runs 1-4). When multiple catalysts were evaluated at the same
time, both the total flow rate and the concentration of reactant gases were increased to

acquire sufficient CL intensities during the reaction (Runs 5-8).
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Table 3.1. Feed stream composition of CsHs oxidation by O under stoichiometric
conditions.?

Run® 02 (%) CsHs (%)  Total flow rate (mL/min)
1 0 0
2 0.9 0.2
3 1.8 0.4 100
4 2.7 0.6
5 0 0
6 45 1.0
7 6.0 15 400
8 9.0 2.0

2 He was used as a balance gas and carrier gas.
b Runs 1-4 for single-catalyst measurements and Runs 5-8 for multiple-catalyst
measurements.
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3.3. Results and discussion

The series of synthesized oxide-supported Rh catalysts were characterized with
XRD and TEM. The XRD patterns of oxide-supported Rh catalysts are presented in
Figure 3.2. Figure 3.2a shows the XRD pattern of Rh/CeO: catalyst, in which all the
diffraction peaks are consistent with the characteristic peaks of well-crystallized
fluorite-type phase of CeO, (JCPDS card 04-0593). The XRD pattern of Rh/ZrO>
(Figure 3.2b) illustrates that the crystal structure of the catalyst is purely composed of
the monoclinic phase (JCPDS card 36-0420). The XRD patterns of the Rh/TiO are
shown in Figure 3.2c, in which bicrystalline structure comprising of anatase (JCPDS
card 21-1272) and rutile (JCPDS card 21-1276) phases was evident. In case of Rh/Al,Os
catalyst (Figure 3.2d), all the diffraction peaks can be indexed to the cubic structure of
v-Al203 (JCPDS card 29-0063). A broad diffraction peak at 26 of 23° was evident in
the XRD pattern of Rh/SiO> (Figure 3.2¢), typically attributed to the amorphous SiOx.
The most important finding in Figure 3.2 is that Rh phases were not detected by XRD
for any catalysts, indicating the fine dispersion, and very small metal particles due to
the small amount of Rh loading (1 wt.%). This observation is in good agreement with

the Rh-impregnated automotive catalysts in literature [15-19].
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Figure 3.2. XRD patterns of oxide-supported Rh catalysts: (a) Rh/CeO>, (b) Rh/ZrO,,

(c) Rh/TiOz, (d) Rh/AILOs, and (€) Rh/SiOx.

TEM images of the Rh-based catalysts are shown in Figure 3.3. No explicit Rh
can be visually identified on the TEM images of Rh/CeO; (Figure 3.3a), Rh/ZrO;
(Figure 3.3b), and Rh/Al,O3 (Figure 3.3d) due to the low metal loading and the high
dispersion on the surface of the supports, which is consistent with the XRD analysis

results. In case of Rh/TiO. and Rh/SiO., small Rh nanoparticles of approximately 1-2
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nm as well as their agglomeration were observed, which is probably attributed to the

low surface area of the supports. To recall, the BET surface area of CeO2, ZrO, TiO,,

Al;03 and SiO; are 133, 99, 55, 106 and 61 m?/g, respectively.

Figure 3.3. TEM images of oxide-supported Rh catalysts: (a) Rh/CeO2, (b) Rh/ZrO,,

(c) Rh/TiO, (d) Rh/AILOs, and (€) Rh/SiOx.

In order to demonstrate the feasibility of the CL imaging technique in detecting
the reaction, steady-state measurements were performed at 350 °C, where the
concentration of reactants in the fixed feed volume were altered at individual
stoichiometric conditions. To be comparable, a Rh/CeO; catalyst with a bed diameter
of 10 mm (equivalent to 80 mg) was employed, as the same catalyst was used in Chapter
2 to understand the CL behaviour of the reaction using a photon multiplier. Figure 3.4a

shows the representative images captured by the EmCCD camera during Runs 1-4 in
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Table 3.1. It is evident that the catalyst surface could be clearly observed in the CL
images at different reactant concentrations as a bright center spot. The brightness of the
catalyst surface at 0 ppm and the two bright dots at the positions of the gas inlet and
outlet are attributed to the thermal radiation from the catalyst surface and the stainless-
steel substance of the reactor cell. The thermal radiation from these substances was
higher than that from the aluminum block (emissivity of aluminum, CeO., and stainless
steel are 0.032-0.15, 0.60-0.47, and 0.80-0.87, respectively) [12,20-22]. The
brightness of the catalyst surface was found to increase from left to right (Figure 3.4a)
along with the increase of the concentration of the reactants, suggesting that not only
the thermal radiation from the catalyst but also the CL emission due to the catalysis
could be imaged. The light intensity was extracted from the continuously captured
images using the ImageJ software and plotted against the reaction time and the CzHs
concentration in Figure 3.4b. The extracted CL intensity from the images directly
reflected the alternation in the feed concentrations, shown as the stepwise increase of
the CL intensity. Figure 3.4c shows a quantitative relationship among the reactant
concentration, the CL intensity, the CsHs conversion, and the CO- yield. First of all, the
conversion and yield were nearly constant and identical at different feed concentrations,
indicating that the reaction rate increased proportionally to the reactant concentration
at the full selectivity for CO.. Importantly, a linear relationship was obtained between
the CL intensity and the reactant concentration in Figure 3.4c. The correlation between
the extracted CL intensity and the reaction rate suggests that the CL imaging

measurement can be regarded as an effective tool for detecting the gas-phase rection.
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Figure 3.4. Results of chemiluminescence imaging in C3Hs oxidation over 80 mg of
Rh/CeO> catalyst with a bed diameter of 10 mm at 350 °C: (a) Images captured at
different concentration of CsHs, (b) plot of the raw intensity against the time and C3Hs
concentration, and (c) development of chemiluminescence intensity (m), CsHs

conversion («), and CO> yield (#) along with the CsHe concentration.

From the results of the steady-state measurements, the detection limit of the CL
imaging technique was determined. Since the CL emission is regarded as a production-
based process, the CL efficiency of the C3Hs oxidation reaction was estimated based on
the CL intensity (in cps) and the corresponding CO- yield rate (in molecule/s), which
was 1.3 x 107 + 14.0 % photon per CO, molecule. On the other hand, the noise of the
CL signal at 350 °C was around 70 cps (Figure 3.5). The amount of the reaction to
overcome the noise level was then calculated to be approximately 90 nmol, which is

comparable to the detection limit (19-72 nmol) of the photon multiplier employed in
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the CL study in Chapter 2. Thus, high sensitivity of the CL imaging technique was

assured.
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Figure 3.5. Noise level of steady-state CL imaging measurement at 350 °C.

Next, the impact of focal length adjustment on CL imaging was investigated.
For the distance of 300 mm between the catalyst bed of 10 mm diameter, and the
EmCCD camera having a 1024 x 1024 sensor format and 13 pm pixel size, the
approximate focal length was calculated as 21 mm. Consequently, the camera lens
(Xenon 0.95/17) with the focal length of 17 mm was replaced by a new lens (Xenon
0.95/25) with the focal length of 25 mm. Figure 3.6 shows the effect of focal length
adjustment on the CL imaging in C3Hs oxidation at the highest reactant concentration
(i.e. Run 4 in Table 3.1) over the Rh/CeO; catalyst at 350 °C. The distribution of CL
intensity profiles obtained through the center of the catalyst became narrower within
the catalyst area with the appearance of brighter edges when the new lens was used
(Figure 3.6b vs. Figure 3.6a). The intensity error percentage within the catalyst area
also decreased from ca. 13% to 9%. Moreover, the CL signal with improved intensity
was acquired by the new lens (Figure 3.6c), which could be attributed to the less
contribution from the substrate radiation when the image focus was enhanced.
Therefore, the Xenon 0.95/25 lens was employed for all the subsequent measurements.
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Figure 3.6. Effect of focal length adjustment on chemiluminescence imaging. The
imaging was performed in CsHe oxidation ([C3Hs] = 6000 ppm) at 350 °C over a
Rh/CeO: catalyst using (a) old lens (Xenon 0.95/17), (b) new lens (Xenon 0.95/25), and
(c) comparison of chemiluminescence intensity development along with the CsHe

concentration at 350 °C over the Rh/CeO; catalyst using the two different lenses.

The CL imaging techniques was then utilized for catalyst screening. Employing
a series of different oxide (SiO2, CeO2, ZrOz, Al20s3, TiO2)-supported Rh catalysts, CL
imaging measurement was performed in C3He oxidation at the CsHe concentration of
6000 ppm and 350 °C. The CL intensity after background subtraction was plotted
against the CsHe conversion for all catalysts (Figure 3.7). A one-to-one correspondence
between the CL intensity and the conversion was obtained: The CL intensity increased
according to the CsHs conversion in the order of Rh/CeO2 > Rh/SiO2 = Rh/ZrO, >
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Rh/TiO2 > Rh/Al203. The deviation from the linear correlation could be potentially
explained by many factors, such as cataluminescence, surface plasmon resonance,
diffusion length of reactants, and even errors. The former two factors were not likely as
the same Rh nanoparticles were employed. The highest activity of Rh/CeO, compared
to other oxide-supported Rh catalysts are in consistent with literature results, which can
be explained via the reaction mechanism of C3He oxidation. In Rh/CeO- catalyst, the
impregnated Rh interacts with CeO, and promotes the reduction of Ce** to Ce3* to form
oxygen vacancies in close vicinity to the Rh particles, which would improve both the
lability and mobility of lattice oxygen of the support. The transfer of additional
activated oxygen from the support to the adsorbed CsHs would enhance the catalyst
activity [15,23]. These results supported the CL imaging as a good technique for rapid

catalysts screening.
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Figure 3.7. Correlation between the chemiluminescence intensity and the performance
of different oxide-supported Rh catalysts in CsHe oxidation ([C3Hs] = 6000 ppm) at

350 °C.
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Toward the rapid screening of multiple catalyst samples, the size of the catalyst
bed was minimized to increase the number of catalysts to be simultaneously screened.
The CL response upon decreasing the size of the catalyst bed was examined by
conducting CsHe oxidation at 350 °C using a catalyst bed of 1 mm in diameter. Figure
3.8a shows the CL image taken during the reaction as well as the vertical and horizontal
intensity profiles crossing the catalyst. It can be seen that the 1 mm catalyst bed
remained sufficient for the CL imaging. Figure 3.8b plots the CL intensity extracted
from the continuously captured CL images over 1- and 10-mm catalyst beds along with
the reactant concentration. It was observed that the catalyst background remained
unchanged while the CL signal was enhanced by 9-20 % when the size of the catalyst
bed was decreased from 10 to 1 mm. Considering the fact that the CL emission
happened mainly on the topmost surface of the catalyst [24,25], the enhancement of the
CL emission could be attributed to more chemiluminescent reaction per area when the

size of the catalyst bed was decreased.
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Figure 3.8. Effect of catalyst bed diameter on the chemiluminescence imaging. (a) The
imaging was performed in C3Hs oxidation ([C3Hs] = 6000 ppm) at 350 °C over a
Rh/CeO, catalyst with the bed diameter of 1 mm and (b) comparison of
chemiluminescence intensity development along with the CsHs concentration at 350 °C

over the Rh/CeO- catalyst with two different bed diameters.
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To conduct parallel catalysts screening using the developed CL imaging
instrument, an aluminum multicell having five identical wells (diameter of 1 mm, depth
of 5 mm) was fabricated. It must be noted that the high flowrate was employed in the
parallel CL imaging measurement to minimize the effect of concentration distribution
in the reactor cell on the CL emission among five positions. As can be seen in Figure
3.9, at flow rate of 100 mL/min, the significant deviation in the CL emission can be
clearly observed among five wells filled with same amount of catalyst. When the flow
rate increased to 400 mL/min, such the deviation could be effectively suppressed.
Furthermore, in considering the effect of contact time when increasing the flow rate,
Table 3.2 summarizes the catalyst bed parameter and the corresponding calculated
contact time in single and parallel CL imaging measurements. The difference in the
contact time is not significant among two measurements and the values are within the

typical contact time range for three-way catalytic tests (0.004-0.07 seconds [26]).
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Figure 3.9. Effect of flow rate on the intensity distribution in the multiple cell: (a) 100
ml/min; (b) 400 ml/min. Five wells in the multiple cell were filled with same amount

of Rh/CeOQ catalyst and subjected to CzHs oxidation at 350 °C.
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Table 3.2. Catalyst parameters of single and parallel chemiluminescence imaging

measurement
Single measurement Parallel measurement
Catalyst bed diameter (mm) 10 1
Catalyst bed height (mm) 0.1 5
Number of catalyst 1 5
Flow rate (mL/min) 100 400
Contact time (second) 0.047 0.029

Prior to the parallel CL imaging measurement over the fabricated multiple cell,
it was essential to determine the dispersion of the CL intensity among the five wells,
for which the following experiments were conducted: Two catalysts, namely Rh/SiO>
and Rh/TiO2, which, according to Figure 3.7, displayed a clear difference in
performance, were chosen to fill the multicell separately. The five wells were filled
with the same amount of a catalyst, and the multicell was placed at the center of the
reactor as shown in Figure 3.10a. The CL imaging in CsHs oxidation by Oz was
performed at four different CsHe concentrations and 350 °C under a total gas flow rate
of 400 mL/min (Runs 5-8, Table 3.1). The experiments were repeated four times for
each catalyst, and the obtained CL imaging results are reported as the average of these
four runs in Figures 3.10b,c. It was noticed that the five identical wells exhibited the
dispersion of the CL intensity which was maximum 3.7% with respect to the average
intensity for both catalysts. According to the heatmap visualization of CL intensity in
Figure 3.10b, the dispersion patterns did not follow any general trend or regularity
among different measurements for both of the catalysts, excluding the possibilities of
instrumental errors, such as non-uniform gas flow, a temperature gradient, and so on
[27]. On the other hand, all five wells gave good linearity between the CL intensity and
CsHs concentration irrespective of the catalyst (Figure 3.10c). This observation

indicates that the dispersion of the intensity was originated from the unavoidable
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internal heterogeneity when filling the wells with catalysts. When the same
measurement was performed for a single cell, similar dispersion, as well as error
percentage, were observed. Besides, considering the smallest deviation in the CL
intensity emitted over different Rh catalysts in Figure 3.7 (ca. 7.0 % between Rh/SiO>
and Rh/Zr0O,), the maximum dispersion of 3.7% in the intensity among the five wells
obtained in this preliminary screening can be regarded as sufficiently small. Thus, it
was believed that such a small deviation in the CL emission among the five wells could

provide reliable screening results for different catalysts.
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Figure 3.10. Results of parallel chemiluminescence imaging in CsHe oxidation over
Rh/SiO2 and Rh/TiO; catalysts at 350 °C: (a) Illustration of the multiple cell and catalyst
positions, (b) heatmap visualization of chemiluminescence intensity acquired at
different C3Hs concentrations, and (c) development of chemiluminescence intensity

along with the CsHe concentration at different positions. For each catalyst, the
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chemiluminescence intensity in Figure 3.10b,c was taken as the average value of four

measurements to examine the reproducibility.

Lastly, the utilization of the CL imaging instrument was demonstrated for
parallel catalyst screening. The multiple cell was randomly filled with oxide-supported
Rh catalysts and subjected to the CsHs oxidation by O at 350 °C. The measurement
was repeated several times over different multiple cells with randomized catalyst
position to exclude the position-dependent behavior of the CL emission. The average
CL intensity and the corresponding standard deviation of several CL imaging
measurements for each catalyst was plotted against the CzHs conversion in Figure 3.11.
It was found that the catalyst ranking based on the CL intensity was in good agreement
with those based on CsHe conversion, following the order of Rh/CeO2 > Rh/SiO; =
Rh/ZrO, > Rh/TiO2 > Rh/Al;Os3. These results confirmed the feasibility of the CL

imaging instrument in parallel catalyst screening.
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Figure 3.11. Correlation of CsHe conversions with CL intensities in screening
measurement for each Rh catalyst
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3.4. Conclusions

In summary, to establish a parallel screening technique for high-temperature
gas-phase catalysis, a chemiluminescence (CL) imaging instrument was designed and
demonstrated in CsHe oxidation reaction over Rh-based catalysts. Technical insight
about the optical analytical system was provided via a thorough investigation on the
effect of camera lens on the image quality and thus sensitivity of the method. From
steady-state measurements, a linear correlation between the reactant concentration and
the average intensity extracted from continuously captured CL images was obtained,
suggesting the ability of the CL method to detect the high-temperature gas-phase
reaction. The feasibility of the CL imaging instrument for rapid catalyst evaluation was
successfully demonstrated based on a good correlation between the CL intensity and
the CsHe conversion. The one-to-one correspondence of the CL signal of Rh catalysts
obtained from the parallel measurement and their corresponding catalytic activity
signified the potential of the developed CL imaging instrument in high-throughput

catalyst screening.
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High-Throughput Screening of a Three-Way Catalyst

Library for Automotive Applications
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Abstract

The continuous development of more effective three-way catalysts (TWCs) to meet the
global strict exhaust emission regulations enlightens the importance of efficient catalyst
screening. Herein, a high-throughput (HTP) screening protocol for a library of the
simulated lead TWCs was established with the aid of a previously developed HTP
screening instrument. Three-way catalytic reactions were performed over 20 catalyst
samples in 7 temperatures and 7 air/fuel equivalence ratios (1), affording 980 data
points in one fully automated operation. The obtained process-relevant and widely
distributed dataset enabled a multi-aspect comparison study of the TWCs to extract

knowledge for the catalyst design.

Keywords: High-throughput catalyst screening, three-way catalysts, multi-aspect

comparison.
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4.1. Introduction

The increasingly tighten regulation of the automotive exhaust emission has
served as an impulse for the continuous development of more efficient three-way
catalysts (TWCs). This goal has been pursued mainly via materials aspects, such as
optimization of the washcoat formulation (catalyst supports [1-3], type and loading of
noble metals [4-6], type and loading of promoters [7-10]); appropriate synthesis
methods [11-14] (co-precipitation, impregnation, sol-gel, etc.); and optimization of
process conditions (calcination temperature and aging condition [15-17]). It is likely
that the research and development of the TWCs need to deal with a huge and diverse
parametric materials space. On the other hand, the evaluation of newly generated TWCs
has been implemented successively from one catalyst to another based on their light-
off temperature (i.e. temperatures of 50% or 80% of individual reactant conversion) and
the width of operation window [18-20]. The experiments to acquire this information
need to be performed separately. Owning to the huge parametric materials space and
time-consuming evaluation process, it is undoubtedly true that the automotive exhaust
aftertreatment system market calls for an establishment of a high-throughput (HTP)

screening protocol to accelerate the optimization and discovery of the TWCs.

To date, hte Aktiengesellschaft has been the only group who has successfully
developed a HTP screening technique for automotive catalyst screening [21-23].
According to the authors, the scarcity of the study on the application of HTP screening
techniques for the TWCs might be due to: i) costs; ii) the requirement of online and
time-resolved analytical techniques for all reactants and products; and iii) the lack of
data acquisition in an automated sequence of process conditions. The testing unit of
their HTP screening instrument consisted of a reactor block bearing identical 48
channels and operated at isothermal conditions with the temperature range from 100 to
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575 °C. The reactor operates in a fast-switch fashion, in which reactant gas mixture is
supplied to one channel selected at a time, and then the gas effluent is switched to a line
for product analysis by mass spectrometry. The same protocol is applied for other
channels in a sequential mode. As a consequence of the sequential operation, it takes
time for each single channel to reach a steady state. Thus, the HTP screening instrument
in hte Aktiengesellschaft is rather proprietary and mostly used for catalyst screening at

a few fixed conditions.

In a previous publication, our group has successfully developed a HTP catalyst
screening instrument for heterogeneously catalyzed gas-phase reactions [24]. This
instrument realizes automatic evaluation of 20 catalysts at a series of predefined
conditions in a parallelized fixed-bed reactor configuration with the aid of an auto-
sampler and a high-speed quadruple mass spectrometer (QMS). QMS is particularly
advantageous for product analysis of a complex gas mixture with great ability to
provide time-on-stream data. Herein, a HTP screening protocol for a library of the
simulated lead TWCs was established with the aid of the previously developed HTP
screening instrument. A library of 18 simulated lead TWCs comprising of three noble
metals as active species (Rh, Pd, Pt) and six metal oxides as catalyst supports (SiOz,
Al2O3, TiO2, ZrOz, Ce0,-ZrOz, and CeO.) were prepared and evaluated for their
performance in 49 different conditions, resulting in 980 process-relevant data points in
one fully automated operation. Multi-aspect comparison of the simulated lead TWCs
was carried out to deduce the common features of good/poor catalysts and thus enable

knowledge extraction for the catalyst design.
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4.2. Experimental
4.2.1. Establishment of the simulated lead TWC library

Simulated model TWCs generally composed of two main components: noble
metals as the main active component and metal oxide supports to disperse and carry the
noble metals. Platinum group metals (PGM) have been well-known to be excellent
oxidation catalysts; however, the utilization of Ru, Ir, and Os is rarely reported due to
their formation to volatile oxides [20,25]. Rh, Pd and Pt were left as clear choices and
have long been employed in the TWCs since their introduction. Rh is the most active,
yet the most expensive among the three PGMs, and approximately 80% of global Rh
demand is for TWCs. Therefore, Rh is usually specified to promote NO reduction, while

Pt and Pd are considered as metal of choice to promote the oxidation of CO and C3He.

The catalyst supports employed in TWCs must at least meet the following
criteria: high accessible specific surface area, good thermal and chemical stabilities, and
high mechanical strength. Based on these criteria and surveying from literature [26-30],
six metal oxide supports were employed, which are y-Al.03 (PURALOX SCFal00,
SASOL), SiO2 (Aerosil 50, EVONIK), TiO2 (Aeroxide P25, EVONIK), monoclinic
ZrO2 (RC-100, Daiichi Kigenso Kagaku Kogyo), CeO2 (HSA-20, RODIA), and CeO;-

ZrO- (Toyota Corp.).

v-Al20s is the first and the most popular support for the TWCs due to its high
surface area (BET surface area of 106 m?/g) compared to other transitional Al.O3 and
relatively good thermal stability [19,28]. SiO2 (BET surface area of 61 m?/g) can also
be used in the TWCs owning to its advantage of high tolerance towards sulfur poisoning
[31,32]. TiO2 is just as SiO> also has excellent inhibiting effect to the potential sulfur

deposits on the catalyst surface. This study employed Evonik Aeroxide P25, which is a
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flame-made multiphasic TiO> containing anatase, rutile and a small amount of
amorphous TiO2 [33], as it mostly used for high-temperature catalytic applications due
to its higher surface area (BET surface area of 55 m?/g) and greater thermal stability
compared to the other types of TiO2 [32]. ZrO. is more chemically inert than the
classical supports (e.g. Al203 and SiOz), and monoclinic ZrO> is widely employed in
TWCs [30,34,35] due to its great thermal stability at up to 1170 °C. Commercially
available high-surface-area monoclinic ZrO, RC 100 (BET surface area of 99 m?%(g)
was selected as a catalyst support. The major advantage of CeO; in the TWCs lies on
its excellent oxygen storage capacity, which is due to its ability to switch between Ce**
under oxidizing conditions and Ce®" under reducing conditions. Also, CeOz can
promote the dispersion and reduction of noble metals. Herein commercial HAS CeO>
(BET surface area of 133 m?/g) was selected as it exhibits significantly highest level of
thermal stability among other type of CeO. [36,37]. Zirconia is usually added to CeOz,
generating mixed oxide CeO>—ZrO> to improve the thermal stability, reducibility and
sulfur tolerance of CeO, [19,28]. CeO,—-ZrO, (BET surface area of 56 m?/g) with 50—

60 wt% of CeO- has been used extensively as support for the TWCs.

4.2.2. Catalyst preparation

Catalyst samples were prepared by a wet impregnation method. A specified
amount of support powder was impregnated with an aqueous solution of a metal salt
(Rh(NO3)2, PdCI, or PtCl,-Sigma Aldrich). The solid was dried at 120 °C for 15 h,
followed by the calcination at 500 °C in air for 2 h. The metal loading of these catalysts

was 1.0 wt.%.
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4.2.2. High-throughput screening system

A schematic layout of the previously developed HTP screening instrument [24]
IS shown in Figure 4.1. The instrument consists of a gas mixer, a flow distributor,
reaction tubes, an electric furnace, an autosampler, and a quadrupole mass spectrometer

(QMS).
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Figure 4.1. Schematic representation of the HTP screening instrument for gas-phase

reactions. The figure is reprinted with the permission from Ref. [24].

The composition of the reaction gas and its flow rate are adjusted by the gas
mixer (MU-3200, HORIBA, Ltd.). The specific flow volume of each gas is regulated
by setting its volume percentage over the whole flow volume of the gas mixture. Ar
was used as the balance and carrier gas. The testing unit comprises 20 reaction channels
placed in an electric furnace. The equal flow distribution into the 20 reaction channels
is constantly acquired with the aid of capillary tubes (inner diameter of 0.2 mm, length

of 1000 mm) as a flow distributor. The validation test of uniform gas distribution was
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performed by supplying 200 mL/min of Ar gas through all 20 reaction channels, then
the flow rate at the outlet of each channel was recorded several times. The results in
Figure 4.2a indicate that the average flow rate of the effluent gas was 10
mL/min/channel for all the 20 reaction channels with negligible deviation, confirming
the equal flow distribution. Similar experiments were performed in the presence of a
catalyst bed (Rh/CeOy) at different amounts (Figure 4.2b). It was confirmed that the
usage of the capillary tubes provided persistently uniform flow distribution regardless

of the supplied flow rate, presence of catalyst, and catalyst amount.
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Figure 4.2. Validation of gas distribution in the HTP screening system. (a) Without

catalysts; (b) with different amounts of catalysts and quartz wool.
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The temperature of the electric furnace could be programable up to 1000 °C.
The uniform temperature distribution is achieved by a symmetric and circular design
with radiant heating: The heating is uniformly done by three-zone proportional-
integral-derivative temperature controllers. The catalyst beds are placed in the middle
of the center zone with the aid of inert quartz wool. When the same temperature is
applied for the three zones, the other two zones will buffer the temperature perturbation
of the catalyst beds. A reaction tube is made of inert quartz. Its internal diameter for
inlet and outlet parts are 4 mm and 2 mm, respectively. A catalyst bed is fixed at the

middle of the tube.

The autosampler contains 20 fully automated sampling lines. Each sampling
line is individually connected with the outlet of each reactor channel by a solenoid valve,
allowing rapid switch between different reactor channels for sequential analysis. Gas
from the sampling line is then transferred to QMS for analysis. The sampling time for
the effluent gas of one channel was set at 1.6 s, and the evacuation time to clean the
sampling line was 7.0 s, resulting in 172 s for one running round. The full automation
of the HTP system is realized by synchronizing the gas mixer, temperature program of

the reactor, and the QMS measurement.

The uniformity of the sampling was examined by a blank measurement of a feed
containing CsHe and carrier gas Ar at the volume ratio of CsHe/Ar = 3/7 and flow rate
of 10 mL/min/channel. The average relative pressure of CzHs over Ar among 20
channels was obtained as 0.426 + 0.0172 (Figure 4.3), confirming the uniform sampling

of the HTP instrument.
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Figure 4.3. Validation of uniform sampling in the HTP screening instrument.

4.2.3. Catalytic test

The three-way catalytic test was performed with a simulated exhaust gas
containing CO (13000 ppm), CsHe (2000 ppm), NO (3000 ppm), CO2 (20000 ppm), O2
(7000-18000 ppm), and Ar (balance). 18 channels were assigned to the above-
mentioned 18 catalysts. The remaining 2 channels were used for blank and a
reproduction test with a Rh/CeO: catalyst. The height of the catalyst bed was unified at
10 mm. The flow volume was fixed at 10 mL/min/channel, corresponding to the
volume-based contact time of 0.75 s. The programmed sequence of the reaction
conditions is shown in Figure 4.4. First, catalysts were activated at 600 °C under a
continuous flow of pure Oz for 1 h. Then, the temperature was stepwise decreased from
600 °C to 400, 350, 300, 250, 200, 150 and 100 °C (Figure 4.4a). At each temperature
step, the O2 concentration was stepwise varied from 18000 to 7000 ppm, corresponding
to the variation in the A value from 1.3 to 0.5 (Figure 4.4b). Each condition was held

for 30 min, corresponding to 10 rounds of QMS evaluation for the 20 channels. The
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data of the first 2 rounds were not taken into account due to potential instability of the
flow system. The data reported was the average of 8 rounds. The combined variations
in the temperature and the O concentration led to 49 conditions per catalyst and 980

data points for 20 catalysts in a single automated operation.

(a) 20 (b)
G 500 | o 18000
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0 . . . 6000 . . . . . .
0 500 1000 1500 0 30 60 90 120 150 180 210
Time (min) Time (min)

Figure 4.4. (a) Temperature program and (b) Oz concentration program for the catalytic

tests. The data labels in Figure 4.4b are the corresponding A values.
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4.3. Results and discussion

The reproducibility of the HTP screening instrument was assessed by mounting
two reactor channels with the same Rh/CeO: catalyst for the catalytic test. Figure 4.5
depicts the reproduction results in terms of temperature- and A-dependent behaviors of
CO, CzHs and NO conversion obtained from these two channels. In the region of
interest (i.e. > 80% conversion), negligible deviation (< 2%) among two channels was

obtained, confirming good reproducibility of the evaluation with the HTP screening

instrument.
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Figure 4.5. Reproduction test for two reactor channels mounted with the same amount

of Rh/CeO: catalyst. (a) Effect of temperature at A = 1 and (b) effect of A at 400 °C.

To deduce qualitative tendencies within the obtained dataset, the visualization
of the whole data was conducted by means of scatter plots, where the behaviors of CO,
CsHs, and NO conversion were illustrated with respects to temperature and A (Figure
4.6). One can see that CO conversion is regarded as the simplest process since
datapoints of 0 conversion are rarely observed (Figure 4.6a). However, the complete
removal of CO remained the most challenging as evidenced by the lowest density of

100% conversion datapoints. Contrarily, CsHe conversion showed the best performance
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in this regard (Figure 4.6b) based on its highest density of 100% conversion among
three processes. In addition, the heavy concentration of 0% and 100% datapoints in the
scatter plot for C3Hs conversion demonstrated that the process is the most sensitive to
the temperature. In Figure 4.6c, the datapoints of NO conversion is the most scattered
and widely distributed along the value from 0-100%, indicating that the process

exhibited the most apparent catalysts- and condition-dependent behaviors.

The scatter plots also allow quick determination of two important parameters in
three-way catalysis, including light-off temperature (Tso-lowest temperature at which
80% conversion is achieved) and the effect of A values. For example, CO oxidation
generally started to light-off at around 200 °C under stoichiometric and fuel-lean
conditions (A > 1) as 80% of CO conversion started to be observed at this temperature.
CsHs oxidation and NO reduction exhibited 50 °C slower light-off compared to CO
oxidation. In term of the response to the variation in A, more than 80% of CO and C3Hs
conversion mainly came from A > 1, indicating that these two processes are favorable
in the fuel-lean conditions. In case of NO removal, more than 80% conversion was
obtained mainly at A < 1, signifying its preference for working under fuel-rich

atmosphere.
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Figure 4.6. Visualization of all data by scatter plots for (a) CO conversion; (b) CsHe

conversion; and (c) NO conversion. The color bar indicates the A value.

In literature, the evaluation of the light-off performances has been mostly
limited at one specific value of A (mostly at stoichiometric condition [14,18,38-43]),
mainly due to the high cost and long time frame of the experiments. However, in the
real operation, the engine is usually operated in a slightly flue-rich mode for enhanced
power [44]. Under this condition, the removal of CO and CsHe becomes more difficult
due to the lack of the oxidants, which would result in the slower light-off. For example,
Figure 4.7 compares the light-off curves for CO conversion over Pd/SiO. catalyst
obtained under fuel-rich (A = 0.9) and stoichiometric (A = 1.0) conditions. It can be seen
that the Tgo increased from 340 to over 400 °C in response to the switching of the

exhaust environment from stoichiometric to reducing condition. In addition, the
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technologies for lean-burn gasoline targeting at removing NO in the presence of O
exceeding the concentration of reductants have been regarded as immature and still
required significant efforts. On the basis of the above discussions, it is true that a study
on the light-off behavior of the TWCs should be conducted not only under

stoichiometric but also under fuel-rich/lean conditions.
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Figure 4.7. Light-off behavior of Pd/SiO> catalyst for CO oxidation with respect to

stoichiometric and fuel-rich conditions.

Herein, the implementation of HTP screening for a library of TWCs over a wide
range of reaction conditions allows the catalyst evaluation and comparison in various
aspects, which include the light-off behavior for CO, CsHe conversion under
stoichiometric and fuel-rich conditions, light-off behavior for NO conversion under
stoichiometric and fuel-lean conditions, and the width of operation window at typical
working temperature of the TWCs (i.e. 400 °C), resulting in total seven aspects (Figure
4.8). It is worthy to emphasize that the multi-aspect comparison study of a TWCs library

was done for the first time.
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Figure 4.8. List of 7 aspects for catalyst comparison employed in this study.

The results of catalyst evaluation in 7 aspects are summarized in Figure 4.9. The
red dashed line in each figure represents the upper limit in the typical range of each
aspect based on literature. Particularly, TWCs are generally characterized by Tego at
around 250-350 °C [19], meaning that those having Tgo within this range are regarded
as performant/good catalysts in term of light-off performance. Following this definition,
most of the employed TWCs in this study are good catalysts as their Tgo are mostly less
than 350 °C (Figure 4.9a-f). In term of W, TWCs are featured by W values in the range
of 0.1-0.2 [2,45-50]; therefore, except Pd/SiO», all the TWCs are performant catalysts
in this regard (Figure 4.9g). Based on the above observations, herein the good/poor
catalysts were preferentially selected based on their relative ranking rather than their

absolute performance.
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and (g) Width of operation window (W) at 400 °C.
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Table 4.1 summarizes the performance ranking of 18 TWCs with respect to the
7 aspects listed in Figure 4.8. Therein the four best and worst catalyst in each aspect
were labeled as orange and blue color, respectively. In general, the group of good
catalysts varied among aspects; however, we can observe clearly that Pd/SiO, and
Pd/TiO> always exhibited poor performance in all seven aspects. The table provides a
significant insight into the choice of catalysts for a specific purpose. For example, when
one seeks for good catalysts to efficiently remove CO in the exhaust, Pd/CeO2, Rh/CeOy,
Rh/Ce0,-ZrO, and Rh/SiO- are the choices. When NO removal become the point of
focus, one can consider the usage of Pt/CeO2-ZrO2, Pt/ZrO2, Rh/SiO; and Rh/TiOz. The
performant catalysts with respect to the exhaust environment can also be acquired from
Table 4.1. For example, the catalysts that can work efficiently under fuel-rich condition
are Pd/Ce0O», Rh/CeO- and Rh/SiO> as they can effectively remove CO and CzHs even
when the O is deficient. On the other hand, Pt/CeO,-ZrO, and Pt/ZrO, are good
catalysts under fuel-lean conditions due to their good activity to remove NO when O

become excess.
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Table 4.1. Comparison of 18 TWCs in seven aspects. In each aspect, the best and worst

four catalysts are highlighted as orange and blue colors, respectively.

CsHsconversion  CO conversion ~ NO conversion
Catalyst (%) (%) (%)

A=10 A=09 A=10 A=09 A=10 A=12
Pd/Al:Os X
Pd/CeO:
Pd/Ce02-Z1O: X
Pd/Si0: X X X X X X X
Pd/Ti0O: X X X X X X X
Pd/ZrO:
Pt/Al>Os
Pt/CeO:2 X
Pt/Ce02-Zr0O2
Pt/Si0: X X X
Pt/TiO- X X X X X X
Pt/ZrO-
Rh/AlLOs
Rh/CeO: X
Rh/Ce02-ZrO:
Rh/SiO.
Rh/TiO2 X
Rh/ZrO:

In order to demonstrate how to extract knowledge for the catalyst design from
the multi-aspect comparison of the TWCs library, the aspects of CzHs oxidation under
fuel-rich condition and W at 400 °C were randomly picked as examples. In the catalyst
ranking based on W given in Figure 4.10, one can see that M/CeQO»-ZrO; catalysts
exhibited great W while all M/TiO. tended to give small W. In general, the explanation

for the catalyst performance of TWCs was done mainly via the effect of noble metal,
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effect of supports and/or synergy effect generated from the metal-support interaction
[26]. From the selection of best/worst catalysts in Figure 4.10, it seems that the support
is the most impactful factor for W. As a result, the comparison among six supports was
performed, where the W of each support was obtained by taking the average of the W
from three TWCs containing that support. In Figure 4.11, the catalysts supported on
Ce02-ZrO> exhibited the best performance, which could be explained by the great
oxygen storage capacity (OSC) as well as the great thermal stability of the support. The
low W values obtained from M/TiO> is plausibly due to the intrinsically low OSC and
the open structure of the support which lead to the migration of the surface metal to the
bulk of TiO2 during high temperature reduction [51,52]. Consequently, the metals are

buried inside the bulk of the support, resulting in a loss of the adsorptive and catalytic

properties.
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Figure 4.10. Catalyst ranking based on W at 400 °C.
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Figure 4.11. Comparison of W at 400 °C among different catalyst supports.

Another example of the knowledge extraction from the multi-aspect comparison
in Table 4.1 is the removal of CsHe under fuel-rich conditions. Figure 4.12 provides the
catalyst ranking based on Tgo for CsHe conversion at A = 0.9. One can observe that the
group of best four catalysts with outstanding light-off performance (Tgo <240 °C) are
dominated by Rh-catalysts, which includes Rh/CeO,, Rh/SiO2> and Rh/TiO..
Meanwhile, Pt- and Pd-catalysts dominated the group of worst catalysts. Therefore, the
classification of best/worst catalysts in this aspect was mainly based on the noble metals.
As a consequence, the average Tgo of each noble metal was obtained from the Tgo of six
catalysts containing that metal loaded on six different supports and then compared in
Figure 4.13. The light-off performance order of Rh > Pd > Pt was observed, which
consistently followed the level of C3Hs poisoning effect on metal surface. It has been
approved that CsHe has strong adsorption property, and the poisoning by CsHs

adsorption is one of the main cause for the catalyst deterioration under CzHs-rich
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atmosphere [4]. Among three noble metals, Rh exhibited great tolerance for CsHs
poisoning, while this phenomenon frequently occurs on the Pd and Pt surface when

CsHs become excess.
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Figure 4.12. Catalyst ranking based on Tgo for CsHe conversion under fuel-rich
condition (A = 0.9).
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Figure 4.13. Comparison of Tgo for CsHe conversion under fuel-rich condition (A =

0.9) among different noble metal.

121



Chapter 4

Lastly, an attempt to extract knowledge on the synergy effect of metals-supports
interaction on the catalyst performance of the TWCs, which is normally demonstrated
as the strong metal-support interaction (SMSI), was made. SMSI plays an important
role in catalytic performance of the TWCs: The supports can enhance the dispersion of
metals and suppress their sintering/agglomeration during high-temperature thermal
aging (typically > 800 °C) [26,27] [53] , whereas metals can improve the redox
performance and OSC of the supports [54,55]. However, the negative effects of the
SMSI are also evidenced via the inward diffusion and encapsulation of metals into the
supports at high temperature (> 900 °C) [55,56]. The SMSI in TWCs are mostly
observed between platinum-group metals (Rh, Pt, Pd) and y-Al.O3, CeO2 supports [26].
Theoretically, Pt/Al.Oz and Rh/Al>Oz are prone to rapid sintering during heat treatment
at > 700 °C [57-59]. At such the high temperature, Rh also reacts with y-Al.O3 to form
an irreducible oxide phase [60]. In case of Pd/Al.Os, Pd are generally covered by a thin
layer of an aluminate phase, leading to the formation of a core-shell structure during
the calcination at > 550 °C [61]. Herein the heat treatment of the catalyst was done at
600 °C, thus the SMSI in M/AI>Oz catalyst system are not expected to be observed,
which is evidenced by the insignificant variation in catalyst performance between these
three catalysts in all 7 aspects according to Table 4.1. On the other hand, the SMSI
effect can be clearly demonstrated in the M/CeOz system: Rh/CeO; and Pd/CeO; appear
as the performant catalyst under fuel-rich conditions, whereas Pt/CeQO is not present in
top best catalysts in any aspects. It has been well-approved that the noble metals interact
with CeO via the strong M-O-Ce bonds, and the order of the affinity of the noble metals
with CeO> was investigated by Hosokawa et al. and reported as Rh = Pd > Pt: Rh and
Pd could retain their M-O-Ce bonds even after calcination at 800 °C, while Pt can keep

the Pt-O-Ce bond at below 500 °C [62]. In addition, the impregnated Rh and Pd can
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promote the reduction of Ce** to Ce3* to form oxygen vacancies in close vicinity to the
metal particles, which would improve both the lability and mobility of lattice oxygen

of the support [63,64].
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4.4. Conclusions

The previously developed high-throughput (HTP) instrument was proven to be
a good tool for rapid screening of various three-way catalysts (TWCs). The catalytic
tests were performed over 20 catalyst samples, including 18 simulated lead TWCs, 1
blank and 1 repeated catalyst for reproduction test, at 7 temperatures and 7 values of
air/fuel equivalence ratio (1), resulting the acquisition of 980 datapoints in fully
automated fashion. The obtained dataset is of high reproducibility, and the catalyst
performance (in terms of light-off temperature and width of operation window) were
found consistent with literature data The reaction conditions covered a wide range of
temperature and A, allowing the catalysts comparison in many aspects for the first time.
Knowledge extraction from the HTP data was demonstrated for the width of operation
window at 400 °C and rich burn CsHs, in which M/CeO-ZrO, was found as a good
choice to increase the W value, while Rh-containing TWC is performant for rich burn
CsHs. The HTP screening instrument yields process-relevant dataset, which can drive

a rational approach to the development and optimization of the TWCs.
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5.1. Summary of the thesis

Three-way catalysts (TWCs) have been one of the most satisfactory and
effective techniques to control automotive exhaust emissions due to their capability of
simultaneously catalyzing the conversion of pollutants into less harmful compounds.
The development of more efficient TWCs has long remained a hot topic in
environmental catalysis as a result of the increasingly stringent legislation on
automotive emissions. Tremendous efforts have been devoted to achieving this target
mainly via materials aspects, while the methodology for the evaluation of the newly
generated catalysts are not sufficiently devised. As the TWCs are multi-component
systems and their performance needs to be evaluated in a variety of potential conditions,
it is obvious that the research and development of the TWCs need to be supported by
high-throughput (HTP) experiments. In this dissertation, HTP techniques and protocols

for primary and secondary screening were designed and implemented for the TWCs.

For the primary screening, non-invasive and truly parallel optical methods are
regarded ideal. Herein, a chemiluminescence (CL) method was proposed and developed
to realize rapid catalyst evaluation in high-temperature gaseous catalysis. Chapter 2
provided a fundamental study on the principle and potential of the CL method in
detecting redox reactions in a catalytic converter. The proof of concept of the CL
method was established by thoroughly examining the CL behaviors of catalytic
oxidation of CO and CsHe by O2/NO as well as their combinations towards three-way
catalysis. All the reactions were found to be CL-active and exhibited linear relationships
between the CL intensity and the reactions rate regardless of air/fuel stoichiometry. The
CL method is also recognized as a straightforward technique since the CL emission was

found as a direct and production-based process. The development of a CL imaging
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instrument towards HTP catalyst screening was then realized in Chapter 3. The
potential of the CL imaging instrument for rapid catalyst screening was successfully
established based on a good correlation between the brightness of spots in the CL image
and the corresponding catalytic activity of Rh-based catalysts in CsHs oxidation.
Moreover, the one-to-one correspondence of the CL signal obtained from the single and
parallel measurements signified the great applicability of the CL imaging instrument in
HTP catalyst screening. After the successful establishment of the CL imaging method
as a promising and powerful optical technique for HTP primary catalyst screening, in
Chapter 4, the HTP secondary screening of the TWCs was described using another HTP
screening instrument which enables automatic catalyst evaluation in a predefined set of
conditions and had been separately developed. The three-way catalytic tests were
performed for 20 catalysts samples over a wide range of temperatures and air/fuel
equivalence ratios, resulting in total 980 data points in one fully automated operation.
The high quality of the obtained dataset was verified based on their consistency in

catalytic performances with the literature results.

5.2. General conclusions and perspectives

| believe that the research conducted in this dissertation would make a
considerable contribution on the research and development of automotive exhaust
aftertreatment systems, in particular in methodological aspects. To the best of my
knowledge, this is regarded the first integrated HTP screening catalyst screening
methodology designed for the TWCs. Furthermore, the developed novel instrument and
technique in this research can hold a great promise not only for the automotive catalyst

application but also for research and development of many analogous catalytic systems.
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In the future, the research will be driven toward completing the HTP primary
screening by the CL imaging method. Specifically, a more sophisticated reactor design
is desired with central emphasis on uniform flow and heat distribution to scale up the
screening up to 100 or even more catalysts per one operation. Afterwards, 20 leads
obtained from the HTP-CL imaging measurement will be subjected to secondary
screening. In addition, the TWCs library will be extended to bimetallic system contain
nanoalloying of Rh, Pd, and Pt at different compositions supported on various oxide
supports. With the aid of the developed HTP screening techniques, it is expected that

novel and more efficient catalyst formulations will be generated.
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