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Chapter 1

General Introduction



1.1 Environmental issues of N20 emissions

Nitrous oxide (N20) is a potent greenhouse gas with a global warming potential that is
approximately 300 times greater than that of carbon dioxide (COz2) on a per-mass basis.
According to the special report on global warming of the Intergovernmental Panel on Climate
Change (IPCC), N20 is recognized as one of the key greenhouse gases emitted due to
anthropogenic activities (Figure 1.1). Although N20 contributes a smaller fraction by mass,
the high GWP and longevity make its per-mass climate impact disproportionately large.
Moreover, N20 is a major ozone-depleting substance because it can reach the stratosphere
and undergo photolytic decomposition, releasing nitrogen oxides (NOx) that catalyze ozone

breakdown.'2

Fluorinated gases
2%

Figure 1.1 Global greenhouse gas emissions by gas from 2010 (IPCC, 2014)

Besides contributing to global warming, emissions of N2O from industries that use fossil
fuels, burn biomass, and chemical plants that produce nitric and adipic acids are increasing
annually.? As reported in the latest global nitrous oxide budget (Figure 1.2), the total annual
N20 emissions have increased by 40 percent in the past four decades (1980-2020). Without
global mitigation efforts, N2O emissions are expected to nearly double by 2050.# Therefore,
effective catalytic post-treatment technologies must be developed to treat the N2O emissions

from stationary systems and vehicles burning transportation fuels.



340 I I I I 1 I I 1 I I %
330 Nitrous oxide (N,O) ¢
| ¢ Antarctic (Law Dome) ice/firn |
320 - : N |
. I & Cape Grim (flasks/in situ) 4
L2
g 310 Bl
- ! !
S 300 |- .
o ! ]
g 290 - -
- b -
o .
O 280 & -
< 3 dz oo -
= 270 k- \0_%%0__0_“-/%/0 > -
- "0-—8&0 i
260 |- -
250 i 1 1 1 | 1 | | 1 1 | -‘
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Year

Figure 1.2 Atmospheric nitrous oxide concentrations over the last two millennia

1.2 Catalytic technologies for N2O abatement

Decomposition of N20O from exhaust gases of industrial origin is the main step in the
abatement of its emission to the atmosphere. Various techniques, including thermal,
photocatalytic, and electrocatalytic methods, are available for converting N20 into harmless
N2. While photocatalytic and electrocatalytic systems can function at room temperature, these
approaches are, however, not implemented in industrial-scale applications. Thermal
decomposition of N20 offers a straightforward solution, yet this approach requires extremely
high temperatures (ca. >800 °C). Currently, direct decomposition>” and reduction
approaches®-'® are generally considered the two main catalytic strategies for N2O emissions

proven to be effective in reducing N20 to Na.

Direct catalytic decomposition is particularly attractive because of its efficiency and the
absence of external reducing agents, which lowers the operational costs. Over the past few
decades, a wide range of catalysts, including supported noble and metal oxides,!’—2°
composite oxides such as perovskites,2'-23 hydrotalcites,”?* spinels,?>-2% and zeolite-based
catalysts?®-32 have been explored for direct N20 decomposition. However, these catalysts
typically suffer from reduced activity under practical conditions where common inhibitors such

as O2 are present (Figure 1.3).26:33-35 This limitation highlights the need for robust catalysts



that can maintain a high activity in the presence of O2, making them viable for practical

applications.

Among the catalysts studied, Rh is generally considered one of the most effective for
N20 decomposition, especially in the presence of 02.33:3¢-3% However, Rh-based catalysts still
require temperatures above 350 °C to achieve sufficient activity under practical conditions. In
addition, the high cost of Rh, which exceeds that of most other platinum-group metals,
remains a significant barrier to its widespread application. These limitations underscore the

need for the development of active and cost-effective catalytic systems.
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Figure 1.3 Relative comparison of the deN>O performance of the most active MOs and Rh-based
catalysts in the presence of O,

1.3 Machine learning-assisted catalyst design

Recent developments in molecular and materials informatics have led to a paradigm shift in
molecular and materials science, enabling the rational design of functional molecules and
materials.%43 Although artificial intelligence (Al) has demonstrated proof-of-concept success
in accelerating catalyst discovery and significantly reducing the associated time and cost,
most studies have been limited to benchmark problems, with few cases leading to the
discovery of fundamentally new molecules, materials, or synthetic transformations.*445 A
major challenge is that machine learning (ML) models typically focus on interpolation within
known data rather than extrapolation to unknown high-performance candidates. This

limitation is particularly pronounced in catalysis informatics, where the underlying reactions



involve dynamic and time-dependent phenomena.*'4%46 Furthermore, compared with
materials informatics, catalysis research suffers from a lack of large, high-quality datasets
because of the prohibitive computational costs of accurately modeling heterogeneous
catalysts.#’-%0 High-throughput experimental methods for catalysis that have successfully
advanced other scientific fields remain underdeveloped.®'-%3 Moreover, the scarcity of
negative results in catalytic research poses a significant challenge for data-driven
approaches.> To overcome these challenges, it is critical to develop ML models that can

effectively identify novel catalysts within diverse chemical spaces using experimental catalytic
data_46,52,55—58

Our group has developed an ML approach that employs elemental features, such as
electronegativities and melting points, instead of directly using catalyst composition as input
representation.®®6% Each catalyst is represented as a weighted combination of elemental
descriptors based on the proportion of each element.5%® This method enables catalyst
design and discovery in chemical spaces that have little overlap with the training data and
allows for the incorporation of elements that were not included in the original dataset, thereby
enabling extrapolative predictions. Other studies have confirmed the effectiveness of this
strategy using advanced feature engineering and selection techniques.®' In addition to this
theoretical foundation,®®:6%-62 we recently applied this approach to the development of multi-
elemental reverse water-gas shift catalysts.®® The composition of optimal catalyst was Pt/Rb—

Ba—Mo-Nb/TiO2. Notably, Nb was not originally present in the dataset, and the resulting

catalyst composition was beyond expectations, even by experts. This success demonstrated
the ability of ML-driven catalyst design to overcome the limitations of conventional intuition-
based exploration. However, although this approach successfully identified novel high-
performance catalysts, it was limited to a single catalytic system, focusing only on the effect
of additive oxides while keeping Pt and TiO2 fixed as the support metal and support,
respectively. More recently, we extended our extrapolative ML strategy to develop new multi-
elemental catalysts for the selective catalytic reduction of NOx using Hz (H2-SCR)® and low-
temperature methanol synthesis from CO2 and H2%°. The optimal catalysts for these reactions
were found to be Pt—Ir/Ba—Co/H-ZSM-5 and Pt/Mo—Re-W/TiOz, respectively. These studies
further highlighted the potential of ML for identifying unexpected and highly efficient catalytic
systems. There is a strong demand to apply this ML approach to other valuable catalytic

reaction processes.



1.4 Continuous capture-reduction system

Besides development of high-performance catalysts to decompose N20, integrated capture
and conversion systems have recently emerged as a promising approach for a low-energy-
consumption method for effective N20O removal from mixed tail gas.®%-"# For instance, this
system for COz2 utilization employs CO2 adsorbents and CO2 reduction materials that can
operate in various reactors.”>~’” This process can be used for CO2 transformation in the
presence of O2 because the chemical absorption of COz2 is not inhibited by O2, and H2 as a
reductant is not simultaneously introduced into the same reactor as Oz. This is advantageous

from a practical viewpoint because O: is often present in waste gases containing CO..

Inspired by these integrated capture and conversion strategies, we developed a
continuous capture and reduction system that uses porous adsorbents as N20 adsorbents
and Pd nanoparticles on La-containing Al2Os (Pd/La/Al203) as the reduction catalyst.
Specifically, a separate fixed-bed flow system was utilized to continuously perform N20
capture and reduction experiments. Two reactors filled with adsorbents were set in parallel,
where one reactor selectively captured N20O from a mixture gas feed, and the other released
N20 under a flow of He by heating the adsorbents. The desorbed N20 was subsequently fed

into the downstream reactor containing a Pd/La/Al203 catalyst to reduce N20 to Na.

1.5Thesis outline
In this thesis, the attention will be focused on the design and development of high-
performance catalysts and processes for N2O abatement. This thesis will be divided into the

following chapters:

Chapter 2: Machine learning-assisted development of high-performance catalysts for

direct N2O decomposition

An extrapolated machine learning (ML) method was employed to develop highly efficient
catalysts for low-temperature N20O decomposition. Starting with an initial dataset of 51
catalysts, we conducted 37 iterations of a closed loop discovery system (ML predictions +
experimental validation), testing a total of 633 catalysts. Among them, Rh(1)-Pd(2)/ZrO2_EP
exhibited the highest catalytic performance for N2O decomposition. Moreover, this data-
driven approach also led to the discovery of effective non-Rh-containing catalysts with
activities approaching those of the Rh-based system. Through control experiments and a
combination of ex situ and in situ characterizations, the essential role of each component in
the optimal catalyst, Rh(1)-Pd(2)/ZrO2_EP, was identified.



Chapter 3: Continuous N20 capture and reduction to N2 using Ca-zeolite adsorbent and
Pd/La/Al20s reduction catalyst

Inspired by the integrated chemical-looping strategy, we developed an N20 capture
and reduction system that uses CaO-incorporated zeolites (Ca-zeolites) as N20O adsorbents
and Pd nanoparticles on La-containing Al203 (Pd/La/Al203) as the reduction catalyst. This
new process is suitable for continuous operation under temperature-swing cycling between
50 and 150 °C. The N20 capture capacity and subsequent reduction ability were maintained
for at least 15 h (10 cycles). Notably, this process can be performed at low temperatures

(below 150 °C) via a simple temperature-swing operation in the presence of O-.

Chapter 4: Enhanced N20 capture and reduction system using Cu/zeolite adsorbent and
Pd/La/Al203 catalyst under O2-COz-rich conditions

A series of materials were investigated to test N2O adsorption and Cu oxides
supported on CHA-type zeolite (Cu/CHA) were identified as an efficient N2O adsorbent in
environments containing both O2 and COz2. Using the Cu/CHA adsorbent, we developed an
N20 capture and reduction system that could operate effectively in the presence of Oz and

COz2 at low temperatures (below 150 °C) for at least 12 h.
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Chapter 2

Machine learning-assisted development of high-performance

catalysts for direct N2O decomposition
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21 Introduction

Nitrous oxide (N20) is a potent greenhouse gas with a global warming potential that is
approximately 300 times greater than that of carbon dioxide (CO2) on a per-mass basis. In
addition to its contribution to climate change, N20 is a major ozone-depleting substance
because it can reach the stratosphere and undergo photolytic decomposition, releasing
nitrogen oxides (NOx) that catalyze ozone breakdown.'? Given a rapid increase in N20
emissions from agricultural practices, industrial activities, and fossil fuel combustion,
controlling its level in the atmosphere has become a pressing environmental priority.3#
Therefore, the development of efficient strategies for N2O abatement is of great significance

to both climate protection and ozone layer preservation.

Direct decomposition® and reduction approaches®-'6 are generally considered the two
main catalytic strategies for N2O emissions. Direct catalytic decomposition is particularly
attractive because of its efficiency and the absence of external reducing agents, which lowers
the operational costs. Over the past few decades, a wide range of catalysts, including
supported noble and metal oxides,’”2° composite oxides such as perovskites,2'23
hydrotalcites,”?* spinels,?>-28 and zeolite-based catalysts?®-32 have been explored for direct
N20 decomposition. However, these catalysts typically suffer from reduced activity under
practical conditions where common inhibitors such as Oz are present.?6:33-3% This limitation
highlights the need for robust catalysts that can maintain a high activity in the presence of Oz,

making them viable for practical applications.

Among the catalysts studied, Rh is generally considered one of the most effective for
N20 decomposition, especially in the presence of 02.3336-3% Qur previous research has
demonstrated that supported RhOx catalysts are particularly effective at a relatively low
temperature (~350 °C), with RhOx/ZrO2 containing 5 wt.% Rh identified as one of the best
performers.*® However, Rh-based catalysts still require temperatures above 350 °C to
achieve sufficient activity under practical conditions. In addition, the high cost of Rh, which
exceeds that of most other platinum-group metals, remains a significant barrier to its
widespread application. These limitations underscore the need for the development of more

active and cost-effective catalytic systems.

Recent developments in molecular and materials informatics have led to a paradigm shift
in molecular and materials science, enabling the rational design of functional molecules and

materials.*'-#4 Although artificial intelligence (Al) has demonstrated proof-of-concept success
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in accelerating catalyst discovery and significantly reducing the associated time and cost,
most studies have been limited to benchmark problems, with few cases leading to the
discovery of fundamentally new molecules, materials, or synthetic transformations.4%46 A
major challenge is that machine learning (ML) models typically focus on interpolation within
known data rather than extrapolation to unknown high-performance candidates. This
limitation is particularly pronounced in catalysis informatics, where the underlying reactions
involve dynamic and time-dependent phenomena.*?4647 Furthermore, compared with
materials informatics, catalysis research suffers from a lack of large, high-quality datasets
because of the prohibitive computational costs of accurately modeling heterogeneous
catalysts.#8-%1 High-throughput experimental methods for catalysis that have successfully
advanced other scientific fields remain underdeveloped.®?%* Moreover, the scarcity of
negative results in catalytic research poses a significant challenge for data-driven
approaches.®® To overcome these challenges, it is critical to develop ML models that can

effectively identify novel catalysts within diverse chemical spaces using experimental catalytic
data.47.53.56-59

In this context, our group has developed an ML approach that employs elemental
features, such as electronegativities and melting points, instead of directly using catalyst
composition as input representation.’%6' Each catalyst is represented as a weighted
combination of elemental descriptors based on the proportion of each element.5%6! This
method enables catalyst design and discovery in chemical spaces that have little overlap with
the training data and allows for the incorporation of elements that were not included in the
original dataset, thereby enabling extrapolative predictions. Other studies have confirmed the
effectiveness of this strategy using advanced feature engineering and selection techniques.®?
In addition to this theoretical foundation,%.61.63 we recently applied this approach to the
development of multi-elemental reverse water-gas shift catalysts.®* The composition of

optimal catalyst was Pt/Rb—Ba—Mo-Nb/TiO2. Notably, Nb was not originally present in the

dataset, and the resulting catalyst composition was beyond expectations, even by experts.
This success demonstrated the ability of ML-driven catalyst design to overcome the
limitations of conventional intuition-based exploration. However, although this approach
successfully identified novel high-performance catalysts, it was limited to a single catalytic
system, focusing only on the effect of additive oxides while keeping Pt and TiOz2 fixed as the
support metal and support, respectively. More recently, we extended our extrapolative ML

strategy to develop new multi-elemental catalysts for the selective catalytic reduction of NOx
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using H2 (H2-SCR)%® and low-temperature methanol synthesis from CO2 and H2%6. The
optimal catalysts for these reactions were found to be Pt-Ir/Ba—Co/H-ZSM-5 and Pt/Mo—Re-
W/TiOz, respectively. These studies further highlighted the potential of ML for identifying
unexpected and highly efficient catalytic systems. There is a strong demand to apply this ML

approach to other valuable catalytic reaction processes.

In this study, we developed efficient N2O decomposition catalysts using this approach.
Using 51 catalysts as the initial dataset, we performed 37 cycles of the closed-loop discovery
system (ML prediction + experiment) and experimentally tested 633 catalysts. This process
led to the identification of more than ten multi-elemental catalysts with superior activity
compared to the previously identified best catalyst, with Rh(1)-Pd(2)/ZrO2_EP emerging as

the best catalyst for N2O decomposition in the presence of Oz, H20, and CO..

2.2 Experimental details

2.2.1 Chemicals and catalyst preparation

The catalysts in this study can be described by the general formula PGM1(Xp1)-PGM2(Xp2)—
PGM3(Xp3)—PGMa(Xpa)/Add1(Xa1)-Add2(Xa2)-Adds(Xa3)/Support (where PGM = platinum
group metal, namely, Pt, Pd, Ru, Rh, Ir, Au, or Re in the present study. Au and Re are included
in this category because of their similar chemical properties and high cost; Addx = additive
element; Xpx = loading amount of PGMx, and Xax = loading amount of Addx). The catalysts
were prepared using the sequential impregnation method. Note that elements with atomic
numbers (AN) from 3 (Li) to 83 (Bi), except for Be, B, C, N, O, F, ClI, As, Br, Tc, Pm, Hg, TI,
noble gases, and platinum group metals, were used as the catalyst components in this work.
First, the additive-loaded support (Add1(Xa1)-Add2(Xa2)-Adds(Xa3)/Support) was prepared
via an impregnation process. A mixture of the related amount of support and corresponding
sources of the Add elements were added to a 100 mL glass vessel containing an appropriate
amount of deionized water and stirred for 30 min with 200 rpm agitation at 50 °C. The mixture
was evaporated to dryness at 50 °C, dried at 110 °C for 1 h and calcined in air at 700 °C for
3 h to give Add1(Xa1)—Add2(Xa2)—Adds(Xas)/Support. The formed additive-loaded support was
then added to an aqueous solution containing the PGM precursors. The mixture was stirred
for 15 min with 200 rpm agitation at 50 °C, evaporated to dryness at 50 °C and further dried
in air at 110 °C for 1 h, then calcined in air at 700 °C for 3 h to obtain PGM1(Xp1)-PGM2(Xp2)-
PGMs3(Xp3)—PGMa(Xp4)/Add1(Xa1)-Add2(Xa2)-Adds(Xa3)/Support.  Calcination at high
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temperature (700 °C) was conducted to ensure the thermal stability of the catalysts. Note that
the maximum Rh loading was set to 1 wt.% and the maximum PGM loading was set to 3

wt.%.
2.2.2 Characterization

X-ray diffraction (XRD) patterns were recorded on Rigaku Miniflex software using Cu-Ka
radiation from 20° to 70° at 40 kV and 40 mA with a scanning speed of 1° / min. High-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray (EDX) were performed using a FEI Titan G2 microscope. Samples were
prepared by dropping an ethanol solution containing the catalyst on carbon-supported Cu

grids.

In situ Rh K-edge and Pd K-edge X-ray absorption spectroscopy (XAS) was performed
in the transmittance mode at the BLO1B1 beamline with a Si(311) double crystal

monochromator (proposal 2023A1931). 40 mg of sample pellets (¢ 7mm) was placed in a

quartz cell connected to a conventional gas-flow system. The catalyst was heated to 280 °C
from room temperature with a heating rate of 10 °C/min. After the catalyst was heated to
280 °C, 0.5% N20/He was introduced into the cell with a total flow rate of 300 mL/min for 15
min followed by a He purge for 15 min. The space velocity was ~ 30, 000 h-'. The XANES
results were analyzed using the Athena software ver. 0.9.25, which is included in the Demeter

package.®’

Ambient Pressure X-ray photoelectron spectroscopy (AP-XPS) measurements were
performed at beamline 13B of the Photon Factory (PF) of the High Energy Accelerator
Research Organization (KEK). The powder catalysts were coated onto a Si substrate using
a drop-and-dry method with ethanol as the dispersant. The sample temperature was
measured using a K-type thermocouple attached directly to the sample holder in the analysis
chamber. The N20 gas (99.5%, GL Science Inc.) were introduced into the chamber using
variable leak valves. The catalyst was exposed to N20 at 0.1 Torr, followed by evacuation
under vacuum for 30 min at 280 °C for 3 cycles. The binding energy was calibrated by setting
the Zr 3d in ZrO2_EP at 182.8 eV. The Rh 3d and Pd 3d AP-XPS spectra were deconvoluted
with Gaussian and Lorentzian functions and a Shirley-type background. The signal intensities
in the AP-XPS spectra were normalized to the Zr 3d peak to account for the attenuation

caused by the ambient gases.
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In situ Diffuse reflectance UV-vis spectroscopy measurements were performed using a
UV-vis spectrometer (JASCO V-750) equipped with a commercial in situ flow cell. The
powdered catalyst (50 mg) was heated (~7 mm diameter) to obtain a smooth surface. BaSO4
was used to collect the background spectra at room temperature. Time-resolved
measurements at 798 nm using the Kubelka-Munk function were recorded every 10 s. During
the in situ UV-vis spectroscopy measurement, 1% N20/He was introduced into the cell with
a total flow rate of 100 mL/min following the catalyst temperature reaching 280 °C. After

reaching steady state, the feed gas was switched from 1% N20O/He to He.

2.2.3 Catalytic reaction

Catalytic tests were carried out using 20 mg of the catalyst in a fixed-bed flow reactor by
feeding a gas mixture containing 0.1% N20, 10% Oz2, 5% COz2, 1% H20, and He balance, at
a flow rate of 100 mL/min. After pretreating the catalyst under a flow of reaction gas at 500 °C
for 30 min, the catalyst was cooled to 250 °C and light-off tests (i.e., monitoring catalytic
activity during a controlled temperature ramp) were performed at a heating rate of 3 °C/min.
The concentration of N20 in the effluent was monitored using an online IR spectrometer
(JASCO FT/IR-4600) equipped with a thermal conductivity detector (TCD) and a homemade

gas cell (CaF2 window).

2.2.4 ML methods

Each catalyst consisted of three components (PGM, Add, and Support). This study aimed to
explore and optimize catalysts using ML predictions, requiring the design of catalyst feature
representations as inputs to the ML model. Two representations were considered for catalysts
composed of mixtures of multiple elements. The first is a conventional approach in which the
composition ratios of potential elements are stored and expressed in a one-hot encoding
format. The second approach, which we refer to as "element descriptors", abstracts the
representation by focusing solely on certain chemical properties rather than specific types of
elements. For example, consider a catalyst consisting of m elements,
Ei(X1),E,(X2),..., En(Xy) , Where Ej, ..., E, are the elements and Xi,..,X,, are their
corresponding contents. If we choose each E; from the candidate set of n elements, the first
representation becomes a numerical vector of length n, where only the components
corresponding to each E; have a nonzero value with X;. On the other hand, the second
representation is defined as the weighted sum of elemental descriptors for E; scaled by its

composition fraction X; as
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X, vec(E;) + X,vec(E,) + -+ + X,,vec(E,,)

where vec(E;) denotes the elemental descriptor vector for element E; . This

representation is also known as the composition-based feature vector (CBFV).58

Based on these two choices, three types of input representations were investigated for
each PGM, Add, and Support component: (0) a direct representation, which uses only the
first approach; (1) an exploitative representation, which concatenates the first and second
approaches; and (2) an explorative representation, which uses only the second approach.
The representation choice for a catalyst is denoted as ijk, where i,j, k € {0,1,2}, and i, j, and
k represent the choice for PGM, Add, and Support, respectively. Thus, code 012 represents
a catalyst with representation 0 for PGM, 1 for Add, and 2 for Support. A representative list of
the elemental and support descriptors for each component is provided in Table 2.1. A detailed
list of the descriptors used for each iteration is provided as a separate Excel file on authors’

institutional repository (https://aist.repo.nii.ac.jp/records/2003399).

As elemental descriptors for the PGM, we used the following four parameters for the
post-analysis of the final dataset: atomic radius, electronegativity according to Pauling
(EN(Pauling)), group and adsorption energy (Eadss) of an O atom on metallic surfaces
calculated using VASP code (version 5.4.4).5970 For VASP calculations, the Perdew—Burke—
Ernzerhof functional revised for solids (PBEsol)’! was employed in combination with the
projector-augmented wave (PAW) method.”? A kinetic energy cutoff of 400 eV was used for
the plane-wave basis sets. Gaussian smearing with a width of 0.2 eV was applied for
electronic level occupation. The Brillouin zone was sampled using 2x2x1 Monkhorst-Pack
grids. The van der Waals interactions were described using the dispersion-corrected DFT-D3
(BJ) function.” The convergence of the force on each atom was set to 0.03 eV A'. The most

stable and common metallic bulk structures and facets were used for each element.

As elemental descriptors for Add, we selected the following five parameters for the post-
analysis of the final dataset: atomic radius, group, enthalpy of formation (AHfus), molecular
weight in the most stable oxide form (MW _Oxide), molecular weight of the precursor used for
catalyst preparation (MW_Precursor).

As support descriptors for Support, we selected the following six parameters for the
post-analysis of the final dataset: band gap energy calculated using VASP and the PBEsol
functional (BG_PBEsol), surface energy (Esur), adsorption energy (Eads) of an N2O molecule

on support surfaces calculated using Matlantis,’* specific surface area without calcination
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(SSA_wi/o cal), peak intensities around 1550—1540 cm™" (IR B-acid intensity) observed during
pyridine adsorption IR measurements performed at 200 °C (corresponding to Brensted acid
sites) and wavenumber values around ~1460-1440 cm™ (IR L-acid cm™") observed during
pyridine adsorption IR measurements performed at 200 °C (corresponding to Lewis acid

sites).

Table 2.1 Descriptors used in ML-based catalyst exploration and statistical analysis of this study®.
Type Descriptors

Electronegativity (EN(Pauling))

Atomic radius

Group

Adsorption energy of an O atom on metallic surfaces (Eaqs(O))

Atomic radius

Group

Add Enthalpy of formation (AHxs)
Molecular weight in the most stable oxide form (MW _Oxide)
Molecular weight of the precursor used for catalyst preparation (MW _Precursor)
Band gap energy (Esand Gap)
Surface energy (Esux)
Adsorption energy of an N2O molecule on support surfaces (Eaqs(N20))
Specific Surface Area without calcination (SSA_w/o cal)

Peak intensities around 1550-1540 cm™, corresponding to Brgnsted acid sites,
observed during pyridine adsorption IR measurements (IR B-acid intensity)

PGM

Support

Wavenumber values around ~1460-1440 cm™', corresponding to Lewis acid sites,
observed during pyridine adsorption IR measurements (IR L-acid cm™)

@ Descriptors for PGM, Add and Support shown in this table were used in the post-analysis of the final
dataset consisting of 633 points.

The direct input representation (code number = 0) generates 7-dimensional, 56-
dimensional, and 17-dimensional feature vectors because the numbers of elements
considered as PGM and Add in this study were 7 and 56, respectively, with the exploration of
17 supports. Therefore, this representation tends to be very sparse and statistically
uninformative, particularly for Add, when the training dataset is not large but contains a large
number of elements and supports. Moreover, it is incapable of handling elements that are
absent or statistically infrequent in the training data. On the other hand, the explorative
representation (code number = 2) has the same dimensions as the user-specified elemental
descriptor, which often produces statistically much more stable results for small-data
problems and is not explicitly constrained by the elements included in the training dataset.

Technically, this representation is regarded as feature generation by applying global average
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pooling to a set of descriptors for individually contained elements through weighted sum

pooling, which is a permutation-invariant operation, with its composition fraction as the weight.

Notably, the explorative representation (code number = 2) represents catalysts only in
terms of their physicochemical properties via certain descriptors without directly specifying
the individual contributions of distinct elements. This abstracted representation enables a
more extrapolative and ambitious exploration, focusing only on the physicochemical property
space defined by the user, regardless of whether an element is used in the training data.”
However, because this representation is irreversible, the corresponding catalyst composition
cannot be determined directly even if an optimal value is obtained in the physicochemical
property space. In our previous study,®® we developed a procedure to estimate the potential
catalyst composition from elemental property representations. In the present study, we
employed a more direct “grid search” approach, systematically testing all combinations of
possible values for the loading amounts of individual elements within a predefined discrete

grid, ensuring that the original catalyst composition is obtained.

2.2.5 ML methods

The overall pipeline of our ML-based catalyst exploration was based on the sequential model-
based optimization developed by us.”>~’” Considering the stabilities and efficiencies attained
previously using Extra-Trees regression (ETR)® in Scikit-learn (version 1.2.2)"8 as the base
ML model, and the expected improvement (EI)’® score as the guiding acquisition criterion,

these methods were applied herein.

First, 51 data points were constructed from the above-described catalytic experiments
for the initial seeds and labeled as ‘“iteration” = 0. The catalyst compositions in this initial
dataset of 51 points were manually determined by the authors without the use of ML. Next,
we selected a batch of catalyst candidates for the next experiment by identifying those with
high EI values, as predicted by the base ML model trained on the initial dataset (51 data
points) using a grid search. The selected catalysts were then synthesized via the sequential
impregnation method and employed in the N20O decomposition reaction to obtain the T2o value
(the temperature for 20% N20 conversion during a light-off experiment) as the ML prediction
target, and the dataset was updated by adding the obtained dataset to close the loop.
Subsequently, the base ML model was retrained using the updated dataset, and the next
batch of catalyst candidates was selected for the subsequent experiment. This procedure of
candidate selection and experimentation was continued until 37 loops were performed to test
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a total of 633 catalysts. For the first ten iterations of the initial exploration, we used the ETR
(with n_estimators =100, keeping the other hyperparameters at scikit-learn defaults) of 222
representations using only the explorative representation (code number = 2) for PGM, Add,
and Support, with the intention of allocating resources to probe new candidates. From the
11th iteration onward, we used the results up to the t-th iteration (t = 11) to evaluate the
prediction accuracy through 5-fold cross-validation for all combinations of catalyst
representation patterns ijk from 000 to 222, totaling 27 patterns, and hyperparameter
settings (n_estimators in [100, 500, 1000, 1500], and bootstrap in [True, False]) employing a
grid search. The ETR model with the highest accuracy was then employed to conduct the

(t + 1)-th exploration together with 222 and 111 representations, and this cycle was repeated.

A notable feature of our approach is that we implemented human-in-the-loop exploration
involving expert judgment when selecting multiple catalyst candidates (the batch) at each
iteration. When selecting catalysts for experiments, it is often necessary to consider multiple
objectives and ambiguous criteria such as novelty, diversity, cost, availability, and safety.®°
This renders it extremely challenging to reduce these considerations to a single formulaic
metric. To address this, we adopted an approach in which the ML system generated a list of
the top 100 promising candidates for each representation, and experts then selected those
that would proceed to the experimental stage. Because no candidates outside the ML-
suggested catalysts were considered, narrowing down the options to this extent makes
human selection practical, given the infeasibility of testing all suggested candidates in actual
experiments. Even if some degree of bias was introduced despite candidates with high EIl
values being prioritized, any selected candidates were safeguarded by systematic exploration
and ensured to be the top candidates suggested by ML. A list of 100 top-ranking candidates
for each representation explored at each iteration was obtained after clustering with K = 100
for candidates with the highest El values. It should also be noted that in the current study, the
ML target T2o is a value where lower values correspond to higher activity. Therefore, the ML
code was designed such that catalyst systems expected to show lower T20 values result in
higher El values (for details, please refer to the ML code available in our repository:

https://aist.repo.nii.ac.jp/records/2003399).
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2.3 Results and discussion

2.3.1 ML-assisted discovery of catalysts for N2O decomposition

We explored up to four types of PGM elements, up to three types of additive elements, and
one type of support for PGMi(Xp1)-PGM2(Xp2)—PGM3(Xpr3)-PGM4(Xp4)/Add1(Xa1)—
Add2(Xa2)-Adds(Xa3)/Support N2O decomposition catalysts. Each PGM and added element
had a unique loading amount (X) for each catalyst. The numbers of PGM elements, additive
elements, and supports explored were 7, 56, and 17, respectively. Thus, even with only three
and five distinct values assumed for the loading amounts of PGM and additive elements,
respectively, the total number of catalyst candidates exceeded 10". The catalyst composition
grid for exploration consisted of 7C4 x 3% x 56C3 x 53 x 17 = 170 billion possible combinations.
We began by constructing an initial dataset of 51 data points, labeled as “iteration 0”. These
catalyst compositions were determined manually by the authors without using ML. Based on
this initial dataset, we performed predictions using the base ML model via a grid search
employing extra-tree regression (ETR) (see the Methods section for detailed information).
We selected a batch of catalyst candidates for the next experiment, considering their
expected improvement (El) values and compositional diversity.6° The selected catalysts were
synthesized via a sequential impregnation method, and evaluated for N2O decomposition
activity. The T20 value, which is defined as the temperature required for 20% N20 conversion
during the light-off experiment, was used as the ML prediction target. Note that all the samples
were calcined at 700 °C in air to ensure thermal stability, as N2O decomposition catalysts are
expected to require high thermal durability.3” The performance data from the newly tested
catalysts were then added to the dataset to complete one iteration of the closed-loop system.
Thus, the ML model was retrained using the updated dataset, and the next batch of promising
candidates was selected for synthesis and evaluation. In each subsequent iteration, the El
values were recalculated across all grid points using an ML model trained on all the data
obtained up to the previous iteration, and the most promising candidates were suggested to

the researchers to perform actual experiments in the next cycle.

Through experimental testing of 633 ML-predicted new catalysts corresponding to 37
cycles of the closed loop discovery system (ML prediction + experimental validation), we
found several catalysts that showed higher activity (lower T20 value) than the originally
identified high-performance catalyst (Rh(1)-Pd(2)/ZrO2_RC-100) with a T2o value of 378 °C,
as shown in Figure 2.1B. The composition of the best catalyst identified by this approach
was Rh(1)-Pd(2)/ZrO2_EP with a T2o of 355 °C. Despite the simple components of our best
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catalyst, more than 10 multi-elemental catalysts with superior activity were identified using
this approach, including Rh(1)/Sr(0.5)/Al20s_G07 (T20 = 363 °C), Rh(1)-Pd(0.5)-Pt(0.5)—
Ir(0.7)/Ta(1.6)-W(0.4)/ZrO2_RC-100 (T20 = 369 °C), Rh(1)-Ir(0.7)/Ba(4)-Nd(4)/SnO2 (T20 =
370 °C), and Rh(1)-Pd(0.8)-Pt(1)/Ba(2)/Al20s_G07 (T20 = 371 °C). Notably, although many
high-performance catalysts contain Rh, our iterative exploration strategy has gradually led to
the discovery of effective non-Rh-containing catalysts. Among PGM catalysts, Rh is
particularly expensive; therefore, developing catalysts that do not contain Rh is highly
important. Initially, the best non-Rh-containing catalyst identified was Ir(1)/ZrO2_RC-100 with
T20 of 509 °C. As the iterations progressed, catalysts with improved performance were found,
such as Ru(2)-Pd(1)/ZrO2_EP (T20 = 448 °C) at iteration 6, Pd(2)-Ru(1)/MgO (T20 = 423 °C)
atiteration 13, and Pd(2.6)-Ru(0.2)-P1t(0.2)/Nd(0.5)/Al203_G07 (T20 = 383 °C) at iteration 36.
This trend highlights the capability of our ML-guided approach to expand the catalyst design
space beyond Rh-based systems and to continuously discover non-Rh-containing catalysts
with enhanced performance, even though they have not yet surpassed Rh-based
benchmarks. Catalytic reactions using these catalysts were tested at least three times, and
the average values were calculated. Notably, these catalysts included elements and supports
not included in the initial dataset, as shown in the periodic tables in Figure 2.2A. Our
approach employs continuous-valued elemental descriptors characterized by user-selected
properties such as electronegativity and atomic radius, rather than discrete categorical
representations of elements. Each element is represented by a vector of continuous
properties, enabling interpolation across the chemical space and extrapolation to elements
that were not present in the initial training dataset. This allows the model to consider
chemical-feature-based similarities among elements, thereby enhancing the generalization
and exploration capacity of the approach. A representative list of the elemental and support

descriptors for each component is presented in Table 2.1.

Figure 2.1A illustrates the changes in prediction accuracy of the ML models for several
representation choices (000, 111, 222, and 121) for each iteration. The prediction accuracy
was estimated via a 10-fold cross-validation based on the accumulated data at each iteration.
In the actual exploration process, we used 222 for the first ten iterations. Subsequently, 000,
111, 222, and the best model at each iteration were employed according to the estimated
prediction accuracies. In the early phase, the model exhibited limited predictive accuracy
owing to the small size and high chemical diversity of the dataset. However, as experimental

data were accumulated, the prediction accuracy improved, and we began to identify good
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catalysts, indicating that the model was becoming better at capturing statistical trends in the
available data. This progression reflects the classic exploration—exploitation trade-off in ML,
which emphasizes the need to balance between "exploration,” that is, probing uncertain
regions of chemical space, and "exploitation,” capitalizing on accumulated knowledge to
refine predictions.®! Accordingly, descriptor representation 222 was employed during the
early phases and after 10 iterations we switched to the best models based on prediction

accuracy .

Figure 2.2 display histograms for each (B) Add, (C) PGM, and (D) Support component,
respectively, categorized by their N2O decomposition activity (T2o value). Among the Add
elements, Si, Sr, and Al appeared most frequently, and catalysts containing these elements
exhibited relatively high activities. Additionally, although Se, Sn, Ga, and Hf appeared less
frequently, they were associated with a high proportion of highly active catalysts. For the PGM
elements, Rh and Pd were the most frequent and were also linked to a relatively high ratio of
highly active catalysts compared to that of Au, Re. Among the supports, Al203_GO07 appeared
most frequently and was associated with a high proportion of highly active catalysts. Although
the optimal catalyst component, Rh(1)-Pd(2)/ZrO2_EP, is very simple, this approach still
identified several additive elements and supports that are effective for multi-elemental N20O

decomposition catalysts.

The light-off curves for N2O decomposition over Rh(1)-Pd(2)/ZrO2_EP, along with those
of the compared catalysts, are presented in Figure 2.3. Rh(1)-Pd(2)/ZrO2_EP shows the
lowest T20 of 355 °C, whereas Rh(1)/ZrO2_EP, Pd(2)/ZrO2_EP and Rh(1)-Pd(2)/ZrO2_RC-
100 exhibit higher T20 values of 415 °C, 448 °C and 378 °C, respectively. These results
indicate that the combination of Rh, Pd, and ZrO2_EP supports is essential for achieving high
catalytic activity of Rh(1)-Pd(2)/ZrO2_EP.
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Figure 2.1 (A) Prediction accuracies (R? values) evaluated via 10-fold cross-validation (CV), as
described in the ML Methods section, using the dataset obtained prior to experimental validation at
each iteration. The three numbers in each representation label represent the descriptor
representations for PGM, Add, and Support, from left to right. O represents a direct input
representation using only elemental compositions or support names, 1 represents an exploitative
representation incorporating both elemental composition/support name and associated properties,
and 2 represents an explorative representation using only elemental/support properties. (B) ML-
assisted exploration of the catalysts for N.O decomposition. Catalysts containing different elements
or supports are shown as circles in distinct colors. The solid red line represents the best N,O
decomposition performance (lowest T2o) achieved at each iteration, while the dashed red line
indicates the best performance in the initial dataset. Similarly, the solid green line represents the best
performance for non-Rh catalysts at each iteration, and the dashed green line indicates the best
performance for non-Rh catalysts in the initial dataset.
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Figure 2.2 (A) Elements used for PGM and Add in the original (left) and final (right) datasets are
shown in the periodic table. Histograms for each (B) Add, (C) PGM, and (D) support component
categorized by the N2O decomposition activity (T20). The maximum values on the Y axis for the upper
figures represent the sum of the number of data points while that for the bottom figures represent
percentage of the N2O decomposition activity category.
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Figure 2.3 Catalytic conversion of N2O for the light-off test for Rh(1)-Pd(2)/ZrO,_EP, Rh(1)/ZrO,_EP,
Pd(2)/ZrO,_EP and Rh(1)-Pd(2)/ZrO,_RC100 with a heating rate of 3 °C/min under a gas mixture
containing 0.1% N20, 10% O2, 1% H20, and 5% CO. with He balance. Conditions: weight of catalyst:
20 mg, total flow rate: 100 mL/min.

2.3.2 ML-based statistical analysis

Although multi-element catalysts have been discovered through ML-assisted research in
other reactions, such as Pt/Ba—Rb—Mo—-Nb/TiO2 for the reverse water—gas shift (RWGS)
reaction,%* Pt-Ir/Ba—Co/H-ZSM-5 for the selective catalytic reduction of NOx with hydrogen
(H2-SCR),%% and Pt/Mo—Re-W/TiO2 for low-temperature methanol synthesis from CO2 and
H2,56 the most active catalyst identified for N2O decomposition in this study was a relatively
simple system composed of only two elements and a support. Although the simplicity of this
catalyst might appear boring at first glance, clarifying which types of reactions that benefit
from multi-element catalyst systems and which do not is an important challenge in the field
of catalysis. This highlights the need for detailed mechanistic studies and a deeper
understanding of each reaction as well as a comprehensive understanding of different
reaction systems.

While ML is frequently used as a black box, supervised ML models can uncover
important chemical insights influencing the prediction, even without any explicit knowledge of
its underlying principles. Extrapolative ML can reveal not only effective catalyst composition,
but also the necessary elemental features and electronic properties for precise catalyst
design. SHapley Additive exPlanation (SHAP) analyses were used to understand the
importance of descriptors for ML prediction, as shown in Figure 2.4A. Al203_ AKP-G07, Rh,
and TiO2_P25 were the most important descriptors. For the element/support descriptors, the
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atomic radius, molecular weight of the most stable oxide form (MW_Oxide), and molecular
weight of the metal precursor (MW_Precursor) for the Add elements were identified as the
most important factors for predicting T20. This was confirmed by the feature-importance
scores of the descriptors (Figure 2.4B). SHAP can be used to visualize the dependence of
the model output (e.g., T20) on the value of each descriptor. For instance, relatively high
feature values (red color) for “Rh” and “Al203s_ AKP-GO07” are correlated to a low T20 (SHAP
value), indicating that these two descriptors give positive impacts to obtain good activity. On
the other hand, a high feature value for “TiO2_P25” correlates to a high Tzo, indicating that

TiO2_P25 has a negative impact on the activity.

The SHAP values were analyzed using waterfall plots for the best catalyst, Rh(1)-
Pd(2)/2rO2_EP, as shown in Figure 2.4C. The waterfall plot analysis highlights the
descriptors responsible for deviations from the dataset’s average value (T20 = 538.12 °C)
relative to the predicted value for each catalyst. Although the absence of Al203_ AKP-G07
negatively contributes to the T2o (low catalytic activity), the presence of Rh and several
properties of the support positively contribute to the high activity of our best catalyst. It is well-
known that Rh is an effective active metal for direct N2O decomposition reactions in the
presence of 02.3336-3% The results of this ML-based statistical analysis demonstrate that, even
without domain knowledge of N20 decomposition catalysts, such information can be

extracted from the dataset created in the present study.
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Figure 2.4 (A) SHAP values and (B) feature-importance scores of the descriptors used to predict N.O
decomposition activity (T20). In the SHAP plot, red and blue colors represent high and low feature
values, respectively, with corresponding negative and positive contributions to the predicted Tz
values. Features are ranked by the sum of their absolute SHAP values, indicating their overall
contribution to the model. The vertical dispersion of dots reflects the density of data points at
corresponding SHAP values. (C) Waterfall plot showing the SHAP value breakdown for the current
best catalyst, Rh(1)-Pd(2)/ZrO,_EP, highlighting how individual features contribute to increasing or
decreasing the predicted T value relative to the model base value. Positive and negative
contributions are shown in blue and red, respectively. The model was trained using the best descriptor
representation for the final dataset (121).
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2.3.3 Catalyst characterization

With the best catalyst composition in hand, structural analyses and mechanistic studies were
conducted. This is important because the investigation of extraordinary materials can provide
new scientific insights. Figure 2.5 shows the XRD pattern of Rh(1)-Pd(2)/ZrO2_EP, which is
essentially identical to that of ZrO2_EP, without the peaks corresponding to Rh oxide or Pd
oxide. This suggests that both the RhOx and PdOx species are well dispersed in the catalysts.
Furthermore, in the XRD pattern of Rh(1)-Pd(2)/ZrO2_RC-100, which is identified as the
original best-performance catalyst in our dataset, the peak attributable to tetragonal ZrOz: is
observed at approximately 20 = 30°, indicating that the ZrO2_EP support is monoclinic while
the ZrO2_RC-100 support is a mixture of monoclinic and tetragonal. The HAADF-STEM and
EDX mapping images of Rh(1)-Pd(2)/ZrO2_EP (Figure 2.6) demonstrate that the RhOx
particles overlap with the PdOx particles.

© MonoclinicZrO, —— Rh(1)-Pd(2)/ZrO,_EP
® Tetragonal ZrO, ZrO,_EP
— Rh(1)-Pd(2)/ZrO,_RC-100

Intensity / a.u.

20 30 40 50 60 70
2 theta / degree
Figure 2.5 XRD patterns of ZrO,_EP, Rh(1)-Pd(2)/ZrO,_EP and Rh(1)-Pd(2)/ZrO,_RC-100.
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Figure 2.6 HAADF-STEM image and the corresponding EDX mapping images for Rh(1)-
Pd(2)/ZrO,_EP. Note that the sample was calcined at 700 °C in air to ensure thermal stability. See
the catalyst preparation section for detailed information.

2.3.4 Mechanistic studies

Kinetic studies were conducted on the current best catalyst (Rh(1)-Pd(2)/ZrO2_EP).
Apparent activation energy (Ea) values calculated from the slopes of the Arrhenius plots are
shown in Figure 2.7. The apparent activation energy for Rh(1)-Pd(2)/ZrO2_EP (Ea = 55.0
kd/mol) is significantly smaller than that of Rh(1)/ZrO2_EP (Ea = 99.4 kd/mol). This suggests
that the addition of Pd enhances the efficiency of Rh(1)-Pd(2)/ZrO2_EP for N,O

decomposition compared to Rh(1)/ZrO2_EP, which is consistent with catalytic activity.
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Figure 2.7 Arrhenius plots for the catalytic decomposition of N.O over Rh(1)-Pd(2)/ZrO,_EP and
Rh(1)/ZrO,_EP. Quantity of catalyst used, 20 mg; temperature, 200-260 °C; total flow rate, 100
mL/min; N2O concentration, 0.1% in He.

Figure 2.8 shows in situ Rh K-edge and Pd K-edge XANES spectra of Rh(1)-
Pd(2)/2rO2_EP and the Rh K-edge XANES spectra of Rh(1)/ZrO2_EP during N20
decomposition. For Rh(1)-Pd(2)/ZrO2_EP, the absorption edge of the Rh K-edge XANES
spectra shifts to a higher energy after the initial introduction of 0.5% N20, indicating that the
Rh species is oxidized by N20. After subsequent purging under He, the Rh K-edge XANES
spectra shift to a lower energy, with the energy at the normalized absorption of 0.4 decreasing
from 23229.2 eV to 23228.4 eV. This suggests that N2O decomposes over the Rh species in
Rh(1)-Pd(2)/ZrO2_EP via a redox cycle. In contrast, the absorption edge of the Pd K-edge
XANES spectra showed a noticeable shift during the initial cycles, reflecting active oxidation
and reduction of PdOx. However, as the reaction progressed, the redox activity of PdOx
gradually diminishes, suggesting that PdOx initially serves as a redox site on its own, but later
plays only a supporting role by promoting the redox cycle of RhOx without directly undergoing
redox reactions under steady-state conditions.

For Rh(1)/ZrO2_EP, negligible changes were observed in the Rh K-edge XANES spectra
during the alternation between N20O and He, with the energy at the normalized absorption
(0.4) remaining steady at approximately 23228.8 eV. The absence of detectable changes
may result from the limited surface sensitivity of the XAS measurements. XAS generally
provides bulk information about the oxidation states of the supported RhOx and PdOx species
but lacks sensitivity to surface changes. To gain more detailed insights into the surface

oxidation state of RhOx and PdOx species during N,O decomposition, we conducted surface-
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sensitive ambient pressure X-ray photoelectron spectroscopy (AP-XPS) measurements on

Rh(1)-Pd(2)/zrO,_EP and Rh(1)/ZrO,_EP.
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Figure 2.8 In situ XANES spectra and the shift in X-ray energy at normalized absorption (0.4): (A)
Rh, (B) Pd K-edge for Rh(1)-Pd(2)/ZrO,_EP and (C) Rh K-edge for Rh(1)/ZrO,_EP at 280 °C under
a flow of 0.5% N2O/He, with intermittent He purges.

Figure 2.9 shows the AP-XPS spectra of Rh(1)-Pd(2)/ZrO,_EP and Rh(1)/ZrO,_EP

recorded under various conditions shown in Figure 2.9A. The peaks at 307.5, 308.6, and

309.3 eV are assigned to Rh° 3dsi2, Rh3* 3dsi2, and Rh** 3ds12,8? respectively, as shown in
Figure 2.9B-D. The Rh(1)/ZrO2_EP and Rh(1)-Pd(2)/ZrO2_EP catalysts were subsequently
exposed to various conditions to record their AP-XPS spectra after the temperature was
increased to 280 °C. For both Rh(1)/ZrO2_EP and Rh(1)-Pd(2)/ZrO2_EP, the intensity of the
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RhO peak decreased, and the overall peak intensity of Rh** increased under exposure to N20O
at 0.1 Torr compared with those under vacuum, indicating that the Rh° species were oxidized
by N20. During the subsequent exposure to vacuum, the Rh® peak increased and the peak
of Rh** decreased, demonstrating that the Rh oxide species were thermally reduced to Rh°
species. Notably, this behavior was reversible during the course of the experiment. This result
suggests the N20O decomposition over the Rh species via a reversible redox process between
Rh° and Rh3*/Rh** species for both catalysts. The similar binding energies of Rh3* and Rh**
make reliable deconvolution challenging. Therefore, although the ratio of Rh3* to Rh** may
be inaccurate, this study focused on the relative changes between Rh? and the combined
oxidized Rh species (Rh3* + Rh**), rather than attempting to quantify each oxidized state
individually. Nonetheless, the redox behavior of Rh upon N20 introduction is apparent. Rh(1)—
Pd(2)/ZrO2_EP shows a higher fraction of Rh® species under vacuum and a higher fraction
of oxidized Rh species under exposure to N20 than that of Rh(1)/ZrO2_EP (Figure 2.9E-G),
indicating that the Rh species in Rh(1)-Pd(2)/ZrO2_EP exhibits higher redox ability than that
of Rh(1)/ZrO2_EP, highlighting the synergistic effect of Pd in enhancing redox dynamics.

The Pd 3d AP-XPS spectra of Rh(1)-Pd(2)/ZrO2_EP were also obtained using the same
experimental procedure as that used for the Rh 3d AP-XPS spectra. As shown in Figure 2.9C,
the spectra include overlapping signals from the Pd 3d and Zr 3p orbitals originating from the
ZrO2 support. The peaks at 335.1 eV and 336.5 eV are attributed to Pd? 3ds;2 and Pd2* 3ds;2,83
while the peaks at 330.7 eV and 332.3 eV are assigned to Zr3* 3ps;2 and Zr** 3ps2,8485
respectively. The fractions of the Zr oxidation states were confirmed using the Zr 3d spectra
(not shown), which exhibited slight variations under N2O-to-vacuum switching. This suggests
minor redox behavior on the surface of the Zr species in the ZrO2 support. Figure 2.9F shows
the redox behavior of the PdOx species. However, the redox activity gradually diminished as
the reaction proceeded, with the relative amounts of Pd® and Pd?* remaining nearly constant
throughout the final cycle. These results indicate that PdOx initially serves as a redox site on
its own, but later plays a supporting role by promoting the redox cycle of RhOx without directly
participating in the redox process under steady-state conditions, which is consistent with the
results of the in situ XANES.
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Figure 2.9 (A) Experimental conditions during the AP-XPS study. (B) Rh 3d and (C) Pd 3d AP-XPS
spectra of Rh(1)-Pd(2)/ZrO,_EP and (D) Rh 3d AP-XPS spectra of Rh(1)/ZrO,_EP under exposure
to vacuum, with an interval of 0.1 Torr N2O at 280 °C. For the Rh 3d spectra: blue dots: raw spectrum;
black line: sum; light blue: Rh®; orange: Rh®"; green: Rh** For the Pd 3d AP-XPS spectra: blue dots:
raw spectra; black line: sum; red: Pd’ blue: Pd?*; purple: Zr** species; yellow: Zr** species. (E), (F)
Fraction of Rh and Pd oxidation states for Rh(1)-Pd(2)/ZrO,_EP and (G) fraction of Rh oxidation
states for Rh(1)/ZrO,_EP during the redox cycle, respectively.
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2.4 Conclusion

Using the ML approach, 633 catalysts were experimentally tested through iterative cycles of
ML prediction and validation starting from 51 initial data points. As a result, more than ten
catalysts with activity superior to that of the best originally identified catalyst were discovered.
Rh(1)-Pd(2)/ZrO2_EP was the best catalyst for N2O decomposition in the presence of O2. In
addition to guiding experimental discovery, our ML model provides insights into the important
physical and chemical properties governing catalytic performance. Specifically, the model
identified both effective catalyst compositions and elemental/support descriptors that
correlate with high activity. Experimental mechanistic studies using in situ techniques were
also performed to elucidate the role of each catalyst component and the reaction mechanism.
The obtained results indicated that RhOx acts as a redox species, whereas PdOx facilitates
the redox reaction of RhOx under steady-state conditions. Although this study focused on the
influence of catalyst composition under fixed preparation and reaction conditions to limit the
search space, we acknowledge that preparation methods can significantly impact the catalyst
structure and, consequently, performance. Future studies should extend the ML approach to
include process variables; however, this will require a substantially larger experimental

dataset.
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Chapter 3

Continuous N2O capture and reduction to N2 using Ca-zeolite

adsorbent and Pd/La/Al,O3 reduction catalyst
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3.1 Introduction

It is well known that N2O has a global warming potential approximately 300 times greater than that of
CO2 on a per-mass basis. Additionally, N.O is a significant contributor to stratospheric ozone
depletion.’ Emissions of N,O from industries that use fossil fuels, burn biomass, and chemical plants
that produce nitric and adipic acids are increasing annually.* Without global mitigation efforts, N>O
emissions are expected to nearly double by 2050.° Consequently, effective catalytic post-treatment
technologies must be developed to treat the N.O emissions from stationary systems and vehicles

burning transportation fuels.

Various methods exist for decomposing N2O into harmless N such as thermal,
electrocatalytic, and photocatalytic systems.®'? Although electrocatalytic and photocatalytic systems
can operate at ambient temperatures, their catalytic activities are reduced in the presence of O,.
Processes based on thermal catalysis can decompose N2O even in the presence of O; through direct
decomposition (2N20 = 2N, + 02)"*22 or selective catalytic reduction?-2° methods but both of these
require high temperatures, typically above 300 °C. Such high reaction temperatures not only consume
large amounts of energy but also limit the applicability of these techniques, especially in agriculture,
which is the largest source of N,O emission.?3! Therefore, it is essential to devise methods that can

efficiently decompose N2O even in the presence of Oz, especially at low temperatures.

In recent years, chemical looping has been increasingly recognized as an effective technique
for various chemical transformations, particularly those associated with CO, utilization.3>3% For
instance, a chemical-looping system for CO: utilization employs CO, adsorbents and CO- reduction
materials that can operate in various reactors.326 This process can be used for CO, transformation
in the presence of O, because the chemical absorption of CO; is not inhibited by Oz, and H; as a
reductant is not simultaneously introduced into the same reactor as O». This is advantageous from a

practical viewpoint because O; is often present in waste gases containing CO..

In this study, inspired by the aforementioned chemical-looping strategy, we developed an N.O
capture and reduction system that uses CaO-incorporated zeolites (Ca-zeolites) as N.O adsorbents
and Pd nanoparticles on La-containing Al,Os (Pd/La/Al03) as the reduction catalyst. This new
process is suitable for continuous operation under temperature-swing cycling between 50 and 150 °C.
The N2O capture capacity and subsequent reduction ability were maintained for at least 15 h (10
cycles). Notably, this process can be performed at low temperatures (below 150 °C) via a simple

temperature-swing operation in the presence of O..
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3.2 Experimental details

3.2.1 Chemicals and catalyst preparation

Various zeolites were used to prepare the ion-exchanged zeolite materials: MOR (JRC-Z-
HM20(5), Si/Al = 9.1, Tosoh Co.), MFI (HSZ-820NHA, Si/Al = 11.15, Tosoh Co.), CHA (Si/Al
ratio = 11.15, Tosoh Co.), BEA (HSZ-920NHA, Si/Al = 8.75, Tosoh Co.), Y (HSZ-372HUA,
Si/Al = 15, Tosoh Co.). The following compounds were used for zeolite ion exchange:
Mg(NOs3)2 (>99.2%, Kanto Chemical Co. Inc.), Ca(NOs)2 (>98.5%, Wako Pure Chemical
Industries), Sr(NOs)2 (>98.0%, Kanto Chemical Co. Inc.), Ba(NO3)2 (>99.0%; Wako Pure
Chemical Industries), Ce(NOs3)s (>98.0%; Wako Pure Chemical Industries). For ion exchange,
1 g of zeolite powder was mixed with 50 mL of an aqueous solution of the precursor in which
the molar amount of the precursor was five times that of Al in the zeolite. The slurry was then
heated at 60 °C for 4 h under stirring. The as-prepared sample was recovered by
centrifugation at 4000 rpm, dried at 110 °C for 12 h, and then calcined at 500 °C for 3 h to
obtain ion-exchanged zeolite materials. The La-containing Al2Os-supported Pd catalyst
(Pd/La/Al203) was prepared using the impregnation method described in our previous
paper.3” The loading amount of Pd and La in Pd/La/Al203 are 1 wt.% and 15 wt.%,

respectively.

3.2.2 Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku MiniFlex II/AP diffractometer
with Cu-Ka radiation. The quantity of the incorporated metal species was determined using

energy-dispersive X-ray fluorescence spectrometry (EDX-700HS, Shimadzu).

In situ infrared (IR) spectra were collected in transmission mode using an FT/IR-4600
(JASCO) unit with a TGS detector. A self-supporting disk of the sample (40 mg) was placed
in a handmade in situ glass cell with CaF2 windows. For in situ IR experiments, N2O was fed
into the cell at 50 °C through a conventional flow reaction system at a total flow rate of
100 mL/min. Before the measurements, the catalysts were pretreated in situ under He flow
at 500 °C for 30 min. Temperature-programmed desorption of N2O (N20O-TPD) was performed
using a BELCAT Il instrument (MicrotracBEL). After the He pretreatment at 500 °C for 30 min,
the sample was exposed to 10% N20O/He (20 mL/min) at 50 °C for 30 min, followed by purging

with He for 10 min. The sample was heated to 250 °C at a rate of 10 °C/min.
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3.2.3 Breakthrough reaction

Breakthrough experiments were performed with a feed of 500 ppm N20, 500 ppm N20 + 5%
COgz, or 500 ppm N20 + 3% H20 at a total flow rate of 50 mL/min. Before the breakthrough
experiment, the sample was pretreated under He flow (50 mL/min) at 500 °C for 30 min. The
effluent gas stream was monitored using an online FT-IR spectrometer (JASCO FT/IR-4600)
with a TGS detector (20 scans with a resolution of 4 cm') and a custom-built gas cell (CaF2

windows).

3.2.4 N20 capture and reduction

N20 capture and reduction experiments were performed using a continuously separated
fixed-bed flow system (Scheme 3.1). Two reactors containing 300 mg of Ca-MOR zeolite
were set in parallel, where one reactor captured the N20 selectively from the mixture of 0.1%
N20 and 10% Oz (50 mL/min, He balance), and the other released N20 by heating the Ca-
MOR zeolite from 50 to 150 °C (20 °C/min) under a flow of 4% H2/He (50 mL/min). The
effluent from the N20 capture reactor was monitored using an online FT-IR spectrometer
(JASCO FT/IR-4600) equipped with a TGS detector (20 scans at a resolution of 4 cm). The
released N20 was then fed into a Pd/La/Al203 catalyst for the reduction of N20 at 150 °C.
The effluent of Pd/La/Al203 was monitored using a mass spectrometer (MS) apparatus
(BELMass, MicrotracBEL Corp).

3.2.5 Computational methods

Periodic DFT calculations were performed using the Vienna Ab Initio Simulation Package
(VASP, version 5.4.4)3839 and Matlantis.*° For VASP, the Perdew—Burke—Ernzerhof functional
revised for solids (PBEsol)*' was employed in combination with the projector-augmented
wave (PAW) method.*? A kinetic energy cutoff of 400 eV was used for plane-wave basis sets.
Gaussian smearing (width: 0.2 eV) was applied to occupy the electronic level. The k-point
mesh included only the gamma point of the Brillouin zone (1 x 1 x 1). The van der Waals
interactions are described using a dispersion-corrected DFT-D3 (BJ) function.*> The
convergence of the force on each atom was set to 0.03 eV A-'. The adsorption energy (Eads)

of a molecule is defined as:
Eads = Ens — EA— Es (1)

where Eas, Ea, and Es are the electronic energies of the adsorption complex, free-state

adsorbate, and the bare Ca-MOR structure, respectively.
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Periodic universal neural network potential (NNP) calculations were performed using
Matlantis (version 3.0.0, CRYSTAL_UO_PLUS_D3 mode: crystal systems (without Hubbard
U correction) + DFT-D3 dispersion correction). All-atom energy optimizations were conducted

using the Broyden—Fletcher—Goldfarb—Shanno algorithm with a force threshold of 0.01 eV A-
1

3.2.6 Ab initio thermodynamic analyses

Ab initio thermodynamic analysis**4° was performed to investigate the effects of the reaction
gases (O2 and H20) and temperature on the calcium oxide species in the alumina-loaded
zeolites. The enthalpy and entropy at each temperature and standard state pressure (1 atm)
were obtained from the NIST-JANAF Thermochemical Tables.*® The energies of the gas
molecules were obtained using a large empty unit cell (25 A x 25 A x 25 A) to mimic the
isolated species. The equilibrium reaction, energy change (AE), Gibbs free energy change
(AG), and chemical potential change (Ay) under O2 and H20 atmospheres are given by Eqgs.
(2)—(5), respectively.

xCa + Si0y(Al) + 3 Hy0 + (= 2x+3y —12) 0, > Ca,0,H,/Si04(Al) 2)
AE = E[Ca,0,H,/Si0,(Al)] — xE[CaO] — E[Si0,(A)] — 2 E[H,0] — (=3 x + 2y — 2) E[0;] (3)
1 1 1 1 Pgas
AG(T,p) =AE—;AHH20—(—gx‘l'gy—zz)l‘#oz (P =Z_o) (4)
— 0 Pgas _
Aptgas = Apgas(T,p°) + RTIn (p—o) (gas = 0, and H,0) (5)

Here, CaxOyHz/SiO2(Al) is the Al-loaded Ca-MOR species, E[CaxOyHz/SiO2(Al)] is the total
energy of the species, E[SiO2(Al)] is the total energy of the Al-loaded MOR model, E[O2] and
E[H20] are the total energies of the gas molecules, Augas is the change in the chemical
potential of the gases involved in the reaction (Eq. (5)), T is the temperature (K), p? is the

atmospheric pressure, and pgas is the partial pressure of the reaction gas.
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3.3 Results and discussion

3.3.1 Catalyst properties

Figure 3.1 shows the N20-TPD profiles of various ion-exchanged zeolite materials. The
desorption amount of N20 in the temperature range of 50-250 °C was used to compare the
adsorption capacity of N20O. The obtained results show that the ion-exchanged Ca-MOR
zeolite exhibited the highest N2O adsorption capacity at 50 °C compared with the other
samples prepared in this study. In addition, Ca-MORsia=110 and Ca-MFlsia=90, which were
prepared by ion-exchange method using zeolites with high Si/Al ratios, exhibit negligible N2O
adsorption at 50 °C, indicating that the amount of Al sites in the zeolite plays an important
role in N20 adsorption. The Ca loading amount in Ca-MOR was determined to be 1.83 wt.%
(Cal/Al = 0.28) using energy-dispersive X-ray fluorescence spectrometry (EDX-700HS,
Shimadzu Corp.). Figure 3.2 shows XRD patterns of the Ca-exchanged MOR (Ca-MOR) and
H-MOR samples. The XRD peaks observed for Ca-MOR are identical to those of H-MOR,
without the presence of peaks for Ca species, indicating that the Ca species in Ca-MOR are
well dispersed. Additionally, a Ca-loaded MOR specimen (Ca/Al = 1) was prepared as a
reference with wetness impregnation method using Ca(NO3)2 as precursor. The as-prepared
Ca-loaded MOR showed no ability to adsorb N20 in the N2O-TPD experiments (data not
shown), indicating that the Ca species loaded on the surface of MOR zeolite are inefficient
for the adsorption of N20. These results suggest that the Ca-species contributing to the N20O

adsorption are dispersed within the cage of the MOR zeolite.
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Figure 3.1 N2O-TPD profile over different ion-exchanged zeolite materials after exposure to 10%
N2O/He at 50 °C for 30 min followed by a He purge for 10 min. The sample was heated from 50 to
250 °C at a rate of 10 °C/min.
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Figure 3.2 XRD patterns of H-MOR and Ca-MOR zeolites.

A computational investigation was conducted to clarify the possible structures of the CaO
species introduced in the zeolite. An ab initio thermodynamic approach was used to evaluate
the system stability under certain conditions by calculating the Gibbs free energy change (AG)
values. Three types of MOR zeolites with different Al positions and sites were considered in
this study: (i) MOR with one Al atom, (ii) MOR with two Al in an 8-membered ring (8MR), and
(iii) MOR with two Al in a 5-membered ring (5MR).4~°0 The Al position in structure (VIII) is the
most stable and widely used. We also investigated the position of the second Al atom by
fixing the first atom and selecting structures (VII) and (Il) as representative models with fairly
stable structures to investigate the 5MR and 8MR as possible Al sites (Figure 3.3).
Subsequently, various Ca oxide clusters with 1-3 Ca atoms were placed in each structure
(Figure 3.4-6). Only the most stable structures for each chemical formulation are depicted
for clarity. The valence state of Ca was set to 2+ for all structures because other valence
states, such as 0 and +1, are unlikely under ambient conditions. Figure 3.7 shows the phase
diagram of the Ca oxide species with the lowest AG values as a function of the temperature
and partial pressure of O2. The results were obtained using VASP. Only mononuclear and
dinuclear Ca species were stable in all MOR models, whereas the trimeric species were

relatively unstable under these conditions.

51
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Figure 3.3 List of the MOR structures considered in this study that has different Al positions and their
total energies (TOTEN in the figure) obtained using VASP; pink: Al; red: O; yellow: Si; white: H.
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Figure 3.7 3D (left) and 2D (right) phase diagrams for (a) MOR_1Al, (b) MOR_2Al at 8MR, and (c)
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3.3.2 N:20 adsorption/desorption and breakthrough results

The in situ IR spectra of N2O adsorbed on Ca-MOR and H-MOR at 50 °C are shown in
Figure 3.8A. No adsorption peaks were observed for H-MOR, indicating that no N20
molecules were adsorbed onto its surface. After Ca-MOR was exposed to N20, two peaks at
2246 and 2273 cm" were observed, which are assigned to the N-N vibrational mode of N2O
molecules adsorbed on Ca sites.?'-%3 These results indicate that the Ca species in Ca-MOR
account for its superior N2O adsorption capacity. Figure 3.8A also shows the in situ IR
spectra of N2O adsorbed on Ca-MOR collected under He with increasing temperature from
50 to 150 °C after exposure to 0.1% N20/He for 30 min and subsequent purging under He.
The intensity of the N20O molecules adsorbed on the Ca species decreased with increasing
temperature, and gaseous N20 was detected in the effluent of the in situ IR cell, as shown in
Figure 3.8B. A desorption peak of N2O was observed at ~90 °C with a shoulder peak at
~125 °C, suggesting the presence of adsorbed N20 molecules with different adsorption

strengths.

Under practical conditions, O2, CO2, and H20 often coexist in N20 feed gas.5*%°
Therefore, breakthrough experiments were performed to investigate the effects of O2, COz,
and H20 on the adsorption capacity of N2O of Ca-MOR. The results of the breakthrough
experiments (Figure 3.9) show that the presence of O2 has almost no impact on the N20
capture ability of Ca-MOR, indicating that Ca-MOR can selectively capture N20 in the
presence of O2. However, the presence of 3% H20 decreased the adsorption amount of N20O
on Ca-MOR significantly. The Ca-MOR only exhibited limited N2O adsorption capacity in the
presence of 5% COz2. These results indicate that CO2 and H20 affect the N2O capture ability
of Ca-MOR, and thus, they should be removed from the N20 feed to ensure that Ca-MOR
maintains high efficiency for N2O capture.>6-58 Moreover, the quantity of adsorbed N20O was
determined to be 2.40 x 10 mole/gcat using the N2O feeding amount during breakthrough
experiments before the detect of N20 in the effluent under the flow of N2O/He. The efficiency
of ion-exchanged Ca cations was thus determined to be 0.53 N20ad/Ca?*.
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Figure 3.8 (A) In situ IR spectra of N.O adsorbed on Ca-MOR under the flow of He; red/green: N.O
adsorbed on Ca-MOR/H-MOR at 50 °C after purging under He for 30 min followed by the introduction
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Figure 3.9 Profile of the breakthrough experiments over Ca-MOR zeolite under a flow of (a) 500 ppm
N20, (b) 500 ppm N20 + 10% Oz, (c) 500 ppm N20 + 5% CO2, and (d) 500 ppm N20 + 3% H-O at
50 °C. Weight of Ca-MOR: 100 mg, total flow rate = 50 mL/min, He balance. The feed gases were
introduced to Ca-MOR from O s.

Figure 3.11 shows the in situ IR spectra of N20O adsorbed on Ca/MOR after the
introduction of O2, CO2, or H20. The spectra of N2O adsorbed on Ca-MOR were collected
after the introduction of 0.1% N20 at 50 °C for 30 min. After the introduction of 10% Oz to the
N20 feed gas, the absorbance intensity of adsorbed N20 exhibited almost no change,
indicating that the presence of O2 negligibly affects the adsorption of N20O, which is consistent
with the results of the breakthrough experiments. After the introduction of CO2, the intensities
of the peaks at 2273 and 2246 cm™' decreased, and a new peak appeared at 1377 cm-’
(Figure 3.11B). The peak at 1377 cm! was assigned to CO2 adsorbed on Ca species in

zeolite.%° The peaks related to the adsorption of N2O onto Ca sites were not observed after
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the introduction of 5% CO:2 for 10 min. These results suggest that the presence of CO:2
inhibited the adsorption of N20O because of the higher adsorption strength of CO2 on Ca than
that of N20O. A similar evolution of the peaks of adsorbed N20 was observed after the
introduction of 3% H20 (Figure 3.11C). After the introduction of 3% H20, the peak intensity

of adsorbed N20O decreased, and the peak at 1625 cm" related to adsorbed H20, increased.

We conducted a theoretical investigation of the adsorption energies of various
adsorbates, such as N20, COz2, H20, and Oz on the Ca-oxo clusters in MOR zeolite, which
were identified by ab initio thermodynamic analysis using VASP. Overall, we found that the
adsorption of N20O was weaker than that of CO2 or H20 but stronger than that of Oz (Figure

3.10). These results are in good agreement with the findings of the in situ IR experiments.
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Figure 3.10 E.ss of N2O, CO2, H20, and O2 on Ca-oxo clusters in the MOR zeolite with various
structures.
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Figure 3.11 In situ IR spectra of Ca-MOR after the introduction of (A) 10% O, (B) 5% CO., and (C)

3% H20 following the introduction of 0.1% N2O at 50 °C for 30 min. Weight of Ca/MOR: 40mg, total

flow rate: 50 mL/min. Before the introduction of 0.1% N2O, the Ca-MOR pellet was pretreated under

the flow of He at 500 °C for 30 min and then cooled to 50 °C.
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3.3.3 N20 adsorption and reduction

Although N20 is considered a significant greenhouse gas, its removal from gas streams
remains challenging, especially at low temperatures and in the presence of O2, which is
prevalent in various N20 sources.® In this study, we developed a continuous N20 capture
and reduction system in which N20 could be selectively captured in the presence of O2 and
reduced to N2 at relatively low temperatures, as shown in Scheme 3.1. Two reactors
containing Ca-MOR were set up in parallel for the capture or release of N20. The effluent
composition for N20 capture was monitored by IR spectroscopy. After feeding 500 ppm N20
+ 10% Oz2 for 40 min, the N20 + O2 feed was switched to the other reactor containing the
same Ca-MOR material. The captured N20O was released by heating the Ca-MOR to 150 °C
at a heating rate of 20 °C/min, and then cooling to 50 °C. The liberated N2O was fed into the
downstream section of the system, where the Pd/La/Al203 catalyst was positioned and
maintained at 150 °C throughout the process, along with a 4% H2 flow. The composition of
the effluent gas from the reactor equipped with Pd/La/Al2O3 was monitored using mass

spectrometry.

Figure 3.12 shows the performance of the continuous N20 capture and reduction system.
During the heating of Ca-MOR from 50 to 150 °C, the formation of N2 was observed with a
maximum concentration of ~12000 ppm and almost no N2O was detected, indicating that all
the N20 released from Ca-MOR was efficiently reduced into N2 by H2 over Pd/La/Al20s. In
addition, no N20 was detected using IR (data not shown), indicating that almost all of the
supplied N20 was captured by Ca-MOR. These results reveal that the N2O capture capacity
and subsequent reduction ability of the continuous N20 capture and reduction systems were

preserved for at least 15 h (10 cycles) in the presence of O2.
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Scheme 3.1 Scheme of the continuous N2O capture and reduction system using Ca-MOR zeolite as
the N2O capture adsorbent and Pd/La/Al,O3 as the reduction catalyst. The temperature of the Ca-
MOR for N2O capture was set to 50 °C, while the temperature was increased from 50 to 150 °C at a
rate of 20 °C/min during the desorption phase. The downstream Pd/La/Al.O3 section was set at 150 °C
throughout the process. The gas type was switched every 40 min.
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Figure 3.12 Performance of the Ca-MOR-Pd/La/Al.O3 continuous N2O capture and reduction system.
The gas fed to the Ca-MOR was switched between 500 ppm N2O + 10% O, and 4% Hz/He every 40
min.
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3.4 Conclusion

In this study, a series of alkali metal-exchanged zeolite samples were prepared, and their
N20 capture capacities were estimated. The obtained results demonstrate that Ca-MOR
shows high efficiency for N2O capture. Therefore, a continuous N20 capture and reduction
system was developed using Ca-MOR as an N20 adsorbent and Pd/La/Al20s for N20
reduction. This process is suitable for continuous operation under temperature-swing cycles
between 50 and 150 °C, and the N20 capture and subsequent reduction performance was
preserved for at least 15 h (10 cycles). Notably, this process can operate at low temperatures

(below 150 °C) through a simple temperature-swing operation in the presence of O2.
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Chapter 4

Enhanced N2O capture and reduction system using
Cu/zeolite adsorbent and Pd/La/Al.O3 catalyst

under O,-COo»-rich conditions
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4.1 Introduction

N20 is a potent anthropogenic greenhouse gas possessing a global warming potential
approximately 310 times higher than that of CO2. It is also a primary contributor to the
stratospheric ozone depletion.’? N2O emissions are expected to nearly double by 2050,
unless effective mitigation strategies are implemented by each country.? Various techniques,
including thermal, photocatalytic, and electrocatalytic methods, are available for converting
N20 into harmless N2.4-'9 While photocatalytic and electrocatalytic systems can function at
room temperature, these approaches are, however, not implemented in industrial-scale
applications.'"12 Conversely, N20 can be decomposed through thermal catalysis, by utilizing

either direct decomposition (2N20 — 2Nz + 02)'320 or selective catalytic reduction.?'-26

These thermal processes typically require high temperatures (ca. T > 300 °C), even for
commercial Fe-zeolite catalyst, which is one of the most commonly employed catalytic

systems for N20O decomposition.'6:17:25

Although a wide variety of catalytic materials have been developed for N20
decomposition, some of which demonstrate promising low-temperature activity with the Tso
value (temperature at which 50% of N20 is degraded) below 200 °C,?’ their activities are
significantly reduced in the presence of complex exhaust gas mixtures.?®-4! This presents a
major challenge for their application because N20 is commonly generated as a byproduct in
processes including industries that burn biomass, use fossil fuels, or during nitric and adipic
acid production.*? For example, the adipic acid tail gas contains O2 and CO:2 besides N20,

indicating the critical need for effective N2O removal from mixed tail gas.

Adsorption and separation technologies using porous adsorbents have attracted
considerable attention owing to their low energy consumption.*3-%! While the separation of
N20 from Oz2 can be achieved due to their distinct physical properties,®? selectively capturing
N20 in the presence of CO2 remains challenging as N2O and CO:2 share similar molecular
size and physical properties.53-55 For the separation of N2O and COz2, several studies have
investigated metal-organic frameworks (MOFs) and Ag exchanged zeolites as selective N20O
adsorbents.>>-%” While these materials have demonstrated promising N2O/CQO2 separation
under mild conditions with high N2O/COz2 volume ratios (e.g., vn2o/vcoz = 1:1), studies under
conditions with extremely low N20/CO2 volume ratios relevant to industrial applications
remain notably lacking. In addition, MOF synthesis is generally complex, and silver is an

expensive component. To address high energy consumption during N2O decomposition and
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low efficiency of N2O/COz2 separation, it is significant to develop a cost-efficient approach to

separate or enrich N20 for industrial applications.

Integrated capture and conversion systems using dual-functional materials have recently
emerged as a promising approach for several chemical transformations, particularly for CO2
utilization.%85° This technique utilizes distinct reactors to selectively adsorb CO2, and
subsequent reduction with Hz, thus circumventing the hindrance typically caused by the
presence of inhibitors during reduction.6%-62 In our previous study, inspired by these
integrated capture and conversion strategies, an N20 capture and reduction system was
developed using Ca-exchanged zeolite (Ca-zeolite) as an N20 adsorbent and Pd
nanoparticles on La-loaded Al203 (Pd/La/Al203) as a reduction catalyst.>?> This process
enables the effective capture and reduction of N20 in the presence of O2. However, its
performance was significantly impeded in the presence of CO2 with the N20 capture capacity
of Ca-zeolite reduced by over 90%. This highlights the necessity for finding efficient materials

capable of environments containing O2 and COs..

In this study, we investigated a series of materials to test N2O adsorption and found that
Cu oxides supported on CHA-type zeolite (Cu/CHA) is an efficient N2O adsorbent in
environments containing both O2 and COz2. Using the Cu/CHA adsorbent, we developed an
N20 capture and reduction system that could operate effectively in the presence of Oz and

CO2 at low temperatures (below 150 °C) for at least 12 h.
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4.2 Experimental details

4.2.1 Chemicals and catalyst preparation

All adsorbents, excluding MOFs, were prepared using either impregnation or the ion-
exchange method. The following zeolite materials are used for adsorbent preparation: MOR
(JRC-Z-HM20(5), Si/Al = 9.1, Tosoh Co.), MFI (HSZ-820NHA, Si/Al = 11.15, Tosoh Co.), CHA
(Si/Al ratio = 11.15, Tosoh Co.), BEA (HSZ-920NHA, Si/Al = 8.75, Tosoh Co.), Y (HSZ-
372HUA, Si/Al = 15, Tosoh Co.). The samples prepared via the impregnation method were
denoted as Metal(X)/Support, with X indicating the metal loading in wt.%. For impregnated
zeolite materials, the samples were labeled as Metal(X)/Zeolite(Y), in which “Zeolite”
represents the zeolite framework type and Y is the Si/Al ratio of zeolites. A mixture of a
specified amount of support and the corresponding aqueous solution of the metal nitrate was
added in a 100 mL glass vessel containing an appropriate amount of deionized water and
stirred at 200 rpm for 30 min at 50 °C. The mixture was evaporated to dryness at 50 °C, then
dried at 110 °C for 1 h and calcined in air at 500 °C for 3 h. For the ion exchange process, 1
g of zeolite powder was mixed with 50 mL of an aqueous solution of the precursor in which
the molar amount of the precursor was five times that of Al in the zeolite.>? The slurry was
then heated at 60 °C for 4 h with continuous stirring. The as-prepared sample was recovered
by centrifugation at 4000 rpm, washed with distilled water, and subsequently dried at 110 °C
for 12 h, followed by calcination at 500 °C for 3 h to obtain ion-exchanged zeolite materials.
An La-containing Al20s-supported Pd catalyst (Pd/La/Al2O3) was prepared using the
impregnation method described in our previous study.®® The Pd and La loadings in
Pd/La/Al203 are 1 wt.% and 15 wt.%, respectively.

MOF materials including HKUST-1, UiO-66, ZIF-8, and ZIF-67 were synthesized
according to published procedures with slight modifications.®*%” For HKUST-1, 1,3,5-
benzenetricarboxylic acid (250 mg) was dissolved in 40 mL of a 1:1 mixture of ethanol/N,N-
dimethylformamide (DMF). In another flask, Cu(NO3)2:3H20 (519 mg) was dissolved in 15
mL of water. The two solutions were mixed and stirred for 10 min. Then, the mixture was
heated at 373 K for 10 h. After cooling to room temperature, the obtained blue powder was
treated with ethanol at 70 °C for 2 h and then dried at 150 °C for 12 h under vacuum. For
UiO-66, ZrCls (212 mg) and terephthalic acid (220 mg) were dissolved in DMF (40 mL) and
stirred for a few minutes at room temperature. The mixture was then placed in a Teflon-lined
stainless-steel autoclave and heated in an oven at 393 K for 48 h. After cooling to room
temperature, the precipitate was filtered, washed repeatedly with methanol, and dried at room
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temperature for 24 h. For ZIF-8, a mixture of 2-methylimidazole (1.32 g), zinc nitrate
tetrahydrate (Zn(NO3)2:-4H20, 0.60 g) and methanol (44 mL) was vigorously stirred at room
temperature for 24 h. The generated precipitate was collected by centrifugation, washed
repeatedly with methanol and dried at 333 K for 12 h. For ZIF-8, 0.45 g cobalt nitrate
hexahydrate was dissolved in 3 mL of deionized (Dl) water; then 5.5 g 2-methylimidazole was
dissolved in 20 mL of DI water. Those two solutions were mixed and stirred for 6 h at room
temperature, then the resulting purple precipitates were collected by centrifuging, washed

with water and methanol subsequently for 3 times, and finally vacuum-dried at 80 °C for 24h.

4.2.2 Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku MiniFlex II/AP diffractometer
with Cu-Ka radiation. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed using an FEI Titan G2 microscope. The samples were prepared by dropping an
ethanolic solution of the catalyst onto a carbon-supported Mo grid. X-ray fluorescence
spectroscopy (EDX-700HS, Shimadzu Corp.) revealed Cu loading amounts for the ion-
exchanged Cu-CHA sample. The surface area was measured by N2 adsorption and

determined by the Brunauer—Emmett—Teller (BET) method.

Cu K-edge X-ray absorption spectra (XAS) were recorded in the transmission mode at
the BLO1B1 beamline with a Si(111) double crystal monochromator (proposal 2024B1749).
The powder samples were pelletized into a diameter of 7 mm disk and mounted on an
aluminum holder attached to a cryostat. For comparison, the spectra of bulk Cu20 and CuO
were also acquired. All spectra were recorded using the quick-scan XAFS method at 10 K.
The XAS results were analyzed using the Athena software ver. 0.9.25, which is included in

the Demeter package 8.

Ex situ Electron paramagnetic resonance (EPR) spectra were measured on a EMX plus
spectrometer (Bruker Biospin, Rheinstetten Germany), equipped with Super-High-Q
resonator (Bruker Biospin) operating at X-band frequencies (~9.8 GHz). The parameters for
all EPR measurements were shown as Table 4.1. About 20 mg of the calcinated sample were
loaded in 5 mm quartz tubes with screw valve (JEOL Ltd.) For the dehydrated samples, the
sample in the tubes were heated to 500 °C in a flow of dry synthetic air for 2h to remove water
subsequently the valve was closed to avoid rehydration. All Spectra were measured at room
temperature. 20 mg of a hydrated Cu-exchanged CHA(Cu wt.% = 0.7) was used as a
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reference sample to quantify the EPR detectable Cu copper amount in each sample. The
fully hydrated spectrum of low loading ion-exchanged Cu-CHA material is expected to
represent the total amount of Cu?* in the zeolite.8 All the sample possess a very similar height

and were placed at the same position in the Resonator to minimize uncertainties.®°

Table 4.1 EPR parameters for all measurement

Sweep Modulation Modulation Points Conversion Time Power
width [mT] frequency [kHz] amplitude [mT] time [ms] constant [ms] attenuation [dB]
200 100 04 2048 20 20 24

The intensity of the cw EPR spectrum is proportionally related to the first derivative of
the magnetic susceptibility of the sample at a certain temperature and external magnetic field
strength. Accordingly, the double integral of the EPR spectrum is a direct measure of the total
number of spins in the sample.”® Note that generally an uncertainty of about 10-15% is

assumed by comparing different samples with a reference sample.°

In situ infrared (IR) spectra were collected in transmission mode using an FT/IR-4600
(JASCO) unit with a Mercury-Cadmium-Telluride (MCT) detector. A self-supporting disk of the
sample (70 mg) was placed in a handmade in situ glass cell with CaF2 windows. For in situ
IR experiments, N20O was fed into the cell at 50 °C through a conventional flow reaction
system at a total flow rate of 40 mL/min. Before the measurements, the catalysts were
pretreated in situ under a flow of 20% Oz2/He at 500 °C for 30 min. Temperature-programmed
desorption of N20 (N20-TPD) was performed using a BELCAT Il instrument (MicrotracBEL).
After pretreated by 10% Oz/He (30 mL/min) at 500 °C for 30 min, the sample was exposed
to 5% N20 + 5% CO2 or 5% N20 in He (30 mL/min) at 50 °C for 30 min, followed by purging

with He for 10 min. The sample was heated to 200 °C at a rate of 10 °C/min.

4.2.3 Breakthrough reaction

Breakthrough experiments were carried out at 50 °C under two different gas mixtures: 1500
ppm N20 + 10% O2 + 5% CO2 or 1500 ppm N20 + 10% O:2 (He balance, 40 mL/min). Prior
to the experiments, the samples were pretreated at 500 °C for 30 min with either 10% O2 +
5% CO2 or 10% O2 (He balance, 40 mL/min). The effluent gas composition was monitored
using an online IR spectrometer (JASCO FT/IR-4600) with a TGS detector (5 scans with a

resolution of 4 cm™) and a custom-built gas cell (CaF2 windows).
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4.2.4 N:20 capture and reduction

A separate fixed-bed flow system was utilized to continuously perform N20 capture and
reduction experiments (Scheme 4.1). Two parallel reactors filled with Cu/CHA(11) zeolite
were employed, where one reactor selectively captured N20O from a mixture of 0.15% N20,
10% O2, 5% CO2 and 1% H20 (if applicable) balanced with He, and the other released N20
under a flow of He by heating the Cu/CHA(11) zeolite from 50 to 150 °C (20 °C/min). The
effluent from the N20O capture reactor was recorded using an online FT-IR spectrometer
(JASCO FT/IR-4600) equipped with a TGS detector (5 scans at a resolution of 4 cm-'). The
desorbed N20 was subsequently fed into the N20 reduction reactor containing a 400 mg
Pd/La/Al203 catalyst under a flow of 4% Hz/He (40 mL/min) at 150 °C. The effluent gas of
Pd/La/Al203 was monitored using an online IR spectrometer (JASCO FT/IR-4600) equipped
with a TGS detector (5 scans at a resolution of 4 cm') and a gas chromatography (490 Micro

GC, Agilent Technologies).
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4.3 Results and discussion

4.3.1 Adsorbent properties

Breakthrough experiments were conducted using a series of materials to determine the
optimal sorbent for N2O adsorption in the presence of Oz and CO:2 (Figure 4.1 and Table 4.2).
These materials included alkali metal-loaded (Li, Na, K, Rb, Cs), alkaline earth metal-loaded
(Mg, Ca, Sr, Ba), transition metal-loaded (Cr, Mn, Fe, Co, Ni, Cu, Zn), and lanthanide metal-
loaded (Eu, Gd, Tb) samples.

Under conditions where only O2 was present (without COz2), the alkaline earth metal-
loaded samples demonstrated significant N2O capture abilities, consistent with previous
studies, 434 in which Sr-loaded CHA exhibited the highest adsorption capacity. For nearly all
materials, the presence of CO: significantly reduced the N2O adsorption capacity, with the
time at which the N20 concentration at the outlet reached 100 ppm (t100) generally below 200
s. However, for Cu(10)/CHA(11), the t100 value was 585 s under Oz2-only conditions and 443
s under Oz + CO2 conditions, indicating only a minor decrease. Thus, Cu(10)/CHA(11)
exhibited the highest adsorption capacity among the tested samples. The influence of
different supports on N20 adsorption was also examined. Cu-loaded non-microporous
materials such as Al203, SiOz, TiO2, and SiO2-Al203 were tested and found to exhibit limited
N20 adsorption capacity. In addition, microporous metal-organic frameworks (MOFs) such
as HKUST-1, UiO-66, ZIF-8, and ZIF-67 were evaluated and showed lower N2O adsorption
capacity in the presence of CO2 compared to most of the metal-loaded zeolites. These results
indicate that a well-defined porous structure, specifically a zeolite framework, is essential for
effective N2O adsorption capacity. Cu-loaded zeolites with similar Si/Al ratios around 10 but
different framework types (BEA, MOR, MFI, and FER) were investigated. Zeolites with
smaller pore sizes of 3-5 A, such as CHA, ZSM-5, and FER, showed higher N2O adsorption
capacity compared to those with larger pore sizes around 7 A, such as BEA and MOR.
Furthermore, zeolite samples of the same topology (BEA and MFI) with varying Si/Al ratios
were tested to evaluate the impact of Al contents. N2O adsorption was found to be more
favorable in Al-rich zeolites, while Al-poor zeolites exhibited significantly lower adsorption
capacities. Additional tests in the presence of H20 confirmed this trend persisted, with Al-rich
BEA and MFI zeolites maintaining high N2O adsorption capacities compared to their Al-poor
counterparts. These observations suggest that the high Al content in CHA zeolite likely
promotes the formation of efficient Cu species for selective N20O capture, even in the presence

of H20. Please note that since CHA-type zeolites with varied Si/Al ratios are not readily
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accessible, we instead employed BEA- and MFI-type zeolites for comparison in this study. A
Cu-exchanged CHA(11) (Cu-CHA(11)) was prepared using the ion-exchange method. The
Cu loading in Cu-CHA(11) was determined to be 2.8 wt.% (Cu/Al = 0.33) using energy-
dispersive X-ray fluorescence spectrometry. The N20 adsorption capacity of Cu-CHA(11) was
much lower than that of impregnated Cu(10)/CHA(11), indicating that highly dispersed Cu

species are not the primary contributor to N2O adsorption.

To further understand the impact of O2, CO2 and H20 on the N20O adsorption ability, which
are known as coexisting gases under practical conditions,* additional breakthrough
experiments were conducted (Figure 4.2). The results indicate that O2 showed negligible
effect on the N20 capture ability of Cu/CHA(11) whereas CO2 caused a slight decrease. In
contrast, the presence of H20 resulted in significant suppression of N2O adsorption capacity.
These results indicate that the N20O capture ability of Cu/CHA was notably diminished by H20
but not by O2 and COz2, underscoring the necessity to remove H20 from the N20 feed to

maintain high performance of Cu/CHA(11).

Having identified a high-performance adsorbent for N2O adsorption, the optimal Cu
loading amount was investigated (Figure 4.3). Breakthrough experiments of N20 in the
presence of CO2 were conducted over Cu/CHA(11) with different loadings. As the Cu loading
increased from 1 wt.% to 10 wt.%, an increase in the breakthrough time was observed,
whereas a further increase beyond 10 wt.% led to a decrease. This trend indicates that
Cu/CHA(11) with 10 wt.% Cu exhibited the highest N2O capture ability in the presence of COz,
which was further confirmed through the result of temperature-programmed desorption of
N20 (N20O-TPD). The quantity of adsorbed N20 per Cu was determined using the desorbed
N20 amount during N2O-TPD experiments. The results depicted that Cu(10)/CHA(11) had
the largest amount of adsorbed N20 per Cu, which was determined to be 0.022 N20ad/Cu.
This finding suggests that the predominant adsorption sites were neither the mononuclear
Cu species, which are too small, nor the larger particulate Cu species, but rather moderately
aggregated Cu species. It was also confirmed from the N2O-TPD experiment under the CO2-
free condition that the amount of adsorbed N20 did not significantly change even in the

presence of COso.

The in situ IR spectra of N20 adsorbed on Cu/CHA(11) with different loadings (3 wt.%,
10 wt.%, 20 wt.%) are present in Figure 4.4. Spectra were recorded after exposure of the
samples to 0.15% N20 at 50 °C for 30 min, followed by purging with He for 10 min. A distinct
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absorption band at 2287 cm™', assigned to N—N stretching vibrations of adsorbed N20,'* was
observed on Cu/CHA(11) samples. This shift from the typical gaseous N20 range (2260-2180
cm-') suggests the chemisorption of N2O on adsorbent surface. Although additional weak
bands for adsorbed N20 (e.g., at 2247 and 2231 cm™') have been reported for Fe-exchanged
CHA zeolite system,’ the overlap with the gas-phase N2O makes them difficult to resolve.
Only Cu(10)/CHA(11) retained a pronounced adsorption band after He purging, indicating its

superior N20 adsorption capacity compared to the other loadings.
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Figure 4.1 Profile of the breakthrough experiments over various materials under a flow of 1500 ppm
N2O + 10% O2 + 5% CO; at 50 °C, total flow rate = 40 mL/min, He balance. Weight of adsorbents:
150 mg. The feed gases were introduced to the adsorbents from O s.

75



Table 4.2 Results of the breakthrough experiments over zeolite materials under a flow of 1500 ppm
N2O + 10% Oz + 5% COz or 1500 ppm N2O + 10% O at 50 °C, total flow rate = 40 mL/min, He balance.
Weight of adsorbents: 150 mg. The feed gases were introduced to adsorbents from 0 s.

t100 (S)
Adsorbent (i) N2O + O, + CO; (i) NO + O,
Li(10)/CHA(11) 21 53
Na(10)/CHA(11) 30 48
Mg(10)/CHA(11) 77 528
K(10)/CHA(11) 27 77
Ca(10)/CHA(11) 90 1133
Cr(2)/CHA(11) 70 166
Cr(10)/CHA(11) 69 164
Mn(2)/CHA(11) 102 623
Mn(10)/CHA(11) 114 771
Fe(2)/CHA(11) 75 202
Fe(10)/CHA(11) 90 191
Co(10)/CHA(11) 150 722
Ni(10)/CHA(11) 164 701
Cu(2)/CHA(11) 141 225
Cu(10)/CHA(11) 443 585
Zn(2)/CHA(11) 76 692
Rb(10)/CHA(11) 107 130
Sr(10)/CHA(11) 114 1626
Ag(10)/CHA(11) 167 421
Cs(10)/CHA(11) 79 206
Ba(10)/CHA(11) 106 1076
Eu(2)/CHA(11) 126 208
Eu(10)/CHA(11) 71 360
Gd(2)/CHA(11) 48 345
Gd(10)/CHA(11) 72 307
Tb(2)/CHA(11) 52 400
Au(2)/CHA(11) 96 175
Au(10)/CHA(11) 96 103
Cu(10)/BEA(5) 134 ]
Cu(10)/BEA(20) 133 ]
Cu(10)/BEA(255) 107 ]
Cu(5)/MOR(10) 178 ]
Cu(10)/FER(10) 226 ]
Cu(10)/ZSM-5(11) 242 ]
Cu(10)/ZSM-5(45) 229 ;
Cu(10)/ZSM-5(150) 141 ]
Cu(10)/SiO5-AlOs 78 ]
Cu(10)/SiO; 50 ]
Cu(10/ALOs 51 ]
Cu(10)/TiO, 50 ]
HKUST-1 54 ]
ZIF-8 55 ]
ZIF-67 67 ]
Ui0-66 24 ]

Cu-CHA(11) (ion exchanged) 98 -

2 In the breakthrough experiments, the time when the N2O concentration at the outlet reaches 100
ppm (t100) is utilized to determine the N.O adsorption capacity of various materials
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Figure 4.2 Profile of the breakthrough experiments over Cu(10)/CHA(11) zeolite under a flow of (a)
1500 ppm N2O, (b) 1500 ppm N2O + 10% O, and (c) 1500 ppm N20+ 10% O + 5% CO, (d) 1500
ppm N2O+ 10% O + 5% CO2 + 1% H20 at 50 °C, total flow rate = 40 mL/min, He balance. Weight of
adsorbents: 150 mg. The feed gases were introduced to adsorbents from 0 s.
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Figure 4.3 (A) Breakthrough curves of Cu/CHA(11) zeolites with various loadings under a flow of 1500
ppm N2O + 10% O + 5% CO- at 50 °C, total flow rate = 40 mL/min, He balance. Weight of adsorbents:
150 mg. The feed gases were introduced to adsorbents from 0 s. (B) No.O-TPD profiles over different
loading Cu/CHA(11) zeolites after exposure to 5% N2O + 5% CO/He at 50 °C for 30 min followed by
a He purge for 10 min. The sample was heated from 50 to 200 °C at a rate of 10 °C/min. N.O-TPD
profile over Cu(10)/CHA(11) after exposure to 5% N>.O/He was used as a reference. (C) The amount
of N2O adsorbed per Cu, calculated from N>O-TPD results, is plotted versus the Cu loading.
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Figure 4.4 In situ IR spectra of Cu/CHA(11) zeolites with different loadings after the introduction of
0.15% N20O at 50 °C for 30 min, followed by a He purge for 10 min. Before N2O introduction, each
Cu/CHA(11) pellet was pretreated at 500 °C for 30 min under a flow of 20% O./He and then cooled
to 50 °C. followed by a 10-minute He purge. Weight of Cu/CHA(11) pellets: 70 mg, total flow rate: 40
mL/min.

4.3.2 Characterization of Cu/CHA(11)

Figure 4.5 shows the XRD patterns of Cu/CHA(11) with different loadings, using CHA(11) as
a reference. The XRD patterns of Cu(10)/CHA(11), Cu(15)/CHA(11), and Cu(20)/CHA(11)
exhibit characteristic peaks at 35.5°, 38.7°, 48.6°, and 58.3°, respectively, corresponding to
monoclinic CuO.”"-"3 In contrast, the Cu(1)/CHA(11), Cu(3)/CHA(11), and Cu(5)/CHA(11)
specimens exhibited diffraction peaks corresponding only to the CHA(11) zeolite, with no
diffraction peaks attributed to CuO species. This suggested that at low Cu loadings, the Cu
species were highly dispersed, whereas at relatively high Cu loadings, they formed crystalline
CuO. STEM and EDX mapping analyses (Figure 4.6) were performed for Cu(10)/CHA(11).
Nanoparticles with a mean diameter of 2.9 nm were observed, confirming the presence of
CuO nanoparticles on CHA(11). We also performed N2 adsorption experiments for these
Cu/CHA(11) samples. The BET specific surface areas were calculated to be 715, 665, 551,
and 468 m?g for CHA(11), Cu(3)/CHA(11), Cu(10)/CHA(11), and Cu(20)/CHA(11),
respectively. This result indicates that although the BET surface area decreases with
increasing Cu loading, the microporous structure originating from the CHA zeolite remains
largely preserved even at higher Cu loadings. This observation is consistent with the results
from XRD.
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Although X-ray absorption spectroscopy (XAS) effectively elucidates the structure and
electronic states of elements, the quality of data can suffer from thermal disorder within the
copper species.’ To obtain high-resolution spectra, Cu K-edge XANES and Fourier transform
(FT) of k3-weighted EXAFS spectra of the Cu/CHA(11) zeolites with various copper loadings
(3 wt. %, 10 wt.%, 20 wt.%) were investigated at cryogenic temperatures (Figure 4.7).
XANES enables the determination of the oxidation state of Cu in zeolites and provides
insights into the local symmetry of the corresponding species.”> The absorption edge
positions of the XANES spectra of Cu(3)/CHA(11), Cu(10)/CHA(11), and Cu(20)/CHA(11)
were similar to those of bulk CuO, suggesting that the Cu species predominantly existed as
Cu?*. The presence of the dipole-forbidden pre-edge peak, mostly deriving from 1s — 3d
transition (8978 eV) is another confirmation of the largely dominant presence of Cu?*. 7476 We
also observed a decrease in the intensity of a shoulder peak at 8986 eV and an increase in
the intensity of the white line peak at 8999 eV with decreasing Cu loadings, indicating

geometric differences in the Cu?* species in Cu/CHA(11) with different loadings.

The FT-EXAFS data for Cu(3)/CHA(11), Cu(10)/CHA(11), and Cu(20)/CHA(11) are
provided along with the bulk CuO as a reference. All samples had distinct peaks for both Cu—
O and Cu—O-Cu(Si/Al) contributions. Table 4.3 presents the curve-fitting analysis results for
the EXAFS data. Cu(3)/CHA(11), Cu(10)/CHA(11), and Cu(20)/CHA(11) indicated the same
coordination numbers of 4.3 for Cu—O path and coordination numbers of 0.3, 1.4 and 1.7 for
Cu—O—Cu(Si/Al) paths at about 2.9 A, respectively. For Cu—O—Cu(Si/Al) paths at about 3.4
A, Cu(10)/CHA(11) and Cu(20)/CHA(11) indicated the coordination numbers of 0.8 and 2.8,
respectively, whereas Cu(3)/CHA(11) showed no Cu—-O-Cu(Si/Al) contribution at 3.4 A,
revealing its highly dispersed nature. The decreasing second-shell coordination number for
Cu—O-Cu(Si/Al) paths suggests that the average particle size of CuO decreases with

decreasing Cu loadings, which is consistent with the XRD results.

These results indicate that the structure and dispersion of Cu species vary with the Cu
loadings which are closely related to their N2O adsorption performance. Specifically,
Cu(10)/CHA(11), with moderately aggregated CuO nanoparticles and retained microporosity,
exhibited the highest N2O adsorption capacity. In contrast, low Cu loadings with highly
dispersed Cu species and high loadings with more aggregated particles led to inferior N2O
adsorption. Therefore, the formation of accessible CuO nanoparticles in CHA framework

appears crucial for optimizing selective N20 capture.
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Figure 4.6 HAADF-STEM image and the corresponding EDX mapping images for Cu(10)/CHA(11).
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Figure 4.7 (A) Cu K-edge XANES and (B) Fourier transform of k*-weighted EXAFS spectra of

Cu/CHA(11) zeolites with various Cu loadings at 10 K. For reference samples, spectra for Cu.O and
CuO were recorded at 10 K, while that for Cu foil was recorded at room temperature.

Table 4.3 Curve-fitting analysis of the Cu/CHA(11) zeolites havmg various Cu loading amount.

Sample Shell CNa R (A" o? (A?)° Rf (%) @
Cu-0 4 1.04 0.003
Cuo Cu-O—-Cu 2.1 2.88 0.001 14
Cu-O—-Cu 43 3.40 0.004
Cu-0 43 1.4 0.004
Cu(20)/CHA(11) Cu-O—Cu(AUSi) 1.7 2.88 0.003 18
Cu-O—-Cu 2.8 3.40 0.003
Cu-0 43 1.4 0.004
Cu(10)/CHA(11) Cu-O-Cu(AlUSi) 1.4 2.90 0.005 13
Cu-O—-Cu 0.8 3.39 0.003
Cu-0 43 1.04 0.003
Cu@YCHAM)  cy_o_cuasiy 0.3 2.91 0.001 0.3

3 Coordination number. ® Bond distance. ¢ Debye-Waller factor. ¢ Residual factor.

To gain further insight into Cu speciation in different Cu/CHA(11) materials, ex situ
continuous-wave (CW) EPR experiments were performed on dehydrated and hydrated
zeolites (Figure 4.8A). Monomeric Cu?* (d°) species exhibit a characteristic EPR signal with
a hyperfine quartet owing to the interaction with the Cu nucleus (I = 3/2). In contrast, dimeric
species, CuxOy clusters, and nanoparticles are typically undetectable under standard EPR

conditions.””

The CW EPR spectra of the hydrated zeolites were dominated by an isotropic
contribution originating from fully hydrated Cu?* complexes centered at approximately 3200
G (g = 2.1).%8 The double integral of the Cu(1)/CHA(11) spectrum was difficult to assess due
to a broad underlying feature. However, for the Cu(3)/CHA(11) sample, the measured
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intensity corresponded well with the expected 3 wt.% Cu content (Table 4.4). As the Cu
content increased, the observed Cu EPR intensity decreased, presumably because of the
increased Cu—Cu interactions, which render Cu species EPR-silent or broaden their signals
beyond detection.”” This makes it difficult to quantify monomeric Cu?* species in hydrated

samples with high Cu loadings.

Dehydration leads to the loss of water ligands, and the CW EPR spectra of the
dehydrated samples revealed two distinct species with g values of 2.328 and 2.37 (Figure
4.9). The first is indicative of isolated Cu?* species in the 6MR of the zeolite framework, while
the second likely originates from Cu?* species coordinated to both the framework and residual
H,O molecules, suggesting incomplete dehydration.”® Quantifying the Cu(1)/CHA(11)
intensity is challenging (vide supra). The Cu(3)/CHA(11) sample exhibited approximately 50%
isolated monomeric Cu?* species, which is in good agreement with previous studies on
dehydrated samples near the full exchange limit.”%8 The remaining Cu®* species likely
formed dimers, given that their monomeric precursors were observed in the hydrated sample.
The Cu(10)/CHA(11) and Cu(20)/CHA(11) samples displayed a similar amount of monomeric
Cu?* centers, suggesting that the majority of Cu in these materials was present as CuxOy
clusters and/or nanoparticles (Figure 4.8B). Considering that the trend of monomeric Cu?*
amount does not correspond to that of the adsorbed N20 as the Cu loading increases, the
EPR spectra indicate that the monomeric Cu?* center is not the primary adsorption site for
N20. This finding is in line with the results from the N2O-TPD measurements. At this stage,
the precise nature of the N20 adsorption sites remains unclear. However, we found that Cu

species should be neither too small (e.g., mononuclear species), nor too large to be effective.
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Figure 4.8 (A) Ex situ EPR spectra of dehydrated Cu/CHA(11) zeolites with various Cu loadings. (B)
Effect of Cu loadings on EPR-active monomeric Cu?* amount, its ratio and the adsorbed N2O amount
integrated from N2O-TPD results.

Table 4.4 Sample overview with the columns corresponding to the Cu content introduced during
preparation; Monomeric Cu?* observed by EPR in the dehydrated samples; Cu?* species observed
by EPR in the hydrated samples.

Monomeric Cu?* observed in the Cu?* species observed in the

0

Sample Cu content(wt.%) dehydrated samples (wt.%) hydrated samples (wt.%)
Cu-CHA(6.5) 0.7 - 0.7
Cu(3)/CHA(11) 3 1.51 3.2
Cu(10)/CHA(11) 10 1.55 1.8
Cu(20)/CHA(11) 20 1.58 0.9

dehydated Cu(10)/CHA(11)

Ak 4560 | \

g, = 2.37
250 300 350

Magnetic field Strength / mT

Figure 4.9 The simulation spectra for two monomeric Cu?* species in a dehydrated Cu/CHA sample.
All cw EPR simulations were performed with the MATLAB toolbox Easyspin.
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4.3.3 N20 capture and reduction

To assess the stability and regeneration capability of Cu(10)/CHA(11) under practical
conditions, we developed a continuous N20 capture and reduction system. This system is
capable of selectively capturing N20 in the presence of CO2 and Oz and reducing it to N2 at
low temperatures (Scheme 4.1).52 The system comprised two parallel reactors filled with 2.5
g of Cu(10)/CHA(11) for alternating N20 capture and release. Initially, one reactor was fed
with a mixture of 1500 ppm N20 + 10% O2 + 5% COz2 for 40 min. Subsequently, the feed was
switched to the other containing the same adsorbent. The other reactor released N20O under
a flow of He (40 mL/min) by heating the Cu/CHA(11) zeolite to 150 °C (20 °C/min). The
captured N20 was released by heating Cu(10)/CHA(11) to 150 °C at a heating rate of
20 °C/min, and then cooling it back to 50 °C. The effluent gas for N2O capture was analyzed
using IR spectroscopy. The liberated N20O was then directed to a downstream section housing
the Pd/La/Al203 catalyst, which was maintained at 150 °C throughout the process, along with
a 4% Hz flow. The composition of the effluent gas from the reactor equipped with Pd/La/Al203

was monitored using IR spectroscopy and gas chromatography.

Figure 4.10 shows the performance of the continuous N20 capture and reduction system.
During the heating of Cu(10)/CHA(11) from 50 to 150 °C, the formation of N2 was observed
with a maximum concentration of ~20,000 ppm. Despite fluctuations in N2 concentrations
during the experiment, the amount of N2 released remained consistent with almost no N20O
emissions, demonstrating effective reduction to N2 by the Pd/La/Al203 catalyst. Furthermore,
only negligible amounts of N2O were detected using IR spectroscopy, indicating high stability
and regeneration capability of Cu(10)/CHA(11). Notably, although a portion of CO2 was
adsorbed and subsequently desorbed during this process, no CO or CH4 was detected in the
effluent gas, indicating that no detrimental byproducts were produced. These results revealed
that the continuous N20 capture and reduction system maintained its N2O capture capacity

and subsequent reduction ability for at least 12 h (9 cycles) in the presence of CO2 and O2.

To further evaluate the applicability of this system under realistic exhaust conditions,
additional cyclic experiments were conducted in the presence of H20, along with O2 and CO2
(Figure 4.11). Although the N20 adsorption capacity of Cu(10)/CHA(11) decreased under
H20-containing conditions, our N20 capture and reduction system maintained effective
operation for at least 12 h without noticeable N20 slip. The stability can be achieved through

periodic regeneration of the Cu/CHA adsorbent by calcination at 500 °C under a flow of 10%
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O2/He, which would remove accumulated water on the adsorbent. These results confirm that
the system can operate under an O2-CO2-H20-containing environment, while highlighting the
need for the future development of more water-tolerant adsorbents to further enhance long-

term performance and enable more economical and robust operation.

1500 ppm N,O + 10% O, 1500 ppm N,O + 10% O,
+5% CO,/He +5% CO,/He
7B Continuous @
kTﬂ Gas Switching l ]
N,O adsorption He N,O desorption N,O desorption He N,O adsorption
50 °C ~150 °C ~150 °C £ 50 °C
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B A
i) L)
FT-IR ﬁ? > FT-IR /&‘Q
H, H,
Pd/La/Al,O, Pd/La/Al,O4
150 °C 150 °C
FT-IR + Micro GC FT-IR + Micro GC

Scheme 4.1. Scheme of the continuous N2O capture and reduction system using Cu(10)/CHA(11)
zeolite as the N2O capture adsorbent and Pd/La/Al.O3 as the reduction catalyst. The temperature of
Cu(10)/CHA(11) for N2O capture was set at 50 °C, whereas the temperature was increased from 50
to 150 °C at a rate of 20 °C/min during the desorption phase. The downstream Pd/La/Al,O3 section
was maintained at 150 °C throughout the process. Gas composition: 1500 ppm N2O + 10% Oz + 5%
CO: for N2O adsorption and 4% Hz/He for N2O reduction. The gas feed was switched every 40 min.
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Figure 4.10 Performance of the Cu/CHA(11)-Pd/La/Al,Os continuous N2O capture and reduction
system. Gas composition: 1500 ppm N2O + 10% Oz + 5% CO; for N2O adsorption and 4% Hz/He for
N20 reduction. Total flow rate: 40 mL/min. The gas feed was switched every 40 min (1 period).
Adsorbent amount in each N>O capture reactor: 2.5 g. The N2 and N.O concentrations detected
throughout the process are indicated by blue and orange lines, respectively. The amount of N2
released during each period is plotted as green dots.
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Figure 4.11 Performance of the Cu/CHA(11)-Pd/La/Al,O3 continuous N.O capture and reduction
system in the presence of H.O. Gas composition: 500 ppm N2O + 10% O + 5% CO, + 1% H,O for
N2O adsorption and 4% Hz/He for NoO reduction. Total flow rate: 20 mL/min. The gas feed was
switched every 40 min (1 period). Adsorbent amount in each N2O capture reactor: 8 g. The Cu/CHA
adsorbents were regenerated every 4 hours through calcination at 500 °C under a flow of 10% O2/He.
The N2 and N2O concentrations detected throughout the process are indicated by blue and orange
lines, respectively. The amount of N2 released during each period is plotted as green dots.
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44 Conclusion

Given the significant global warming potential of N2O and its rapidly increasing emissions,
the development of effective post-treatment technologies for N2O elimination is crucial. The
challenge of controling N20 emissions from combustion and industrial sources is
compounded by the presence of co-existing gases such as O2 and COz. In this study, a series
of materials were prepared, and their N2O capture capacities in the presence of Oz and CO:
were estimated. We found that the CHA-type =zeolite loaded with 10 wt.% Cu
(Cu(10)/CHA(11)) was particularly effective. Utilizing Cu(10)/CHA(11) as an adsorbent and
Pd nanoparticles supported on La-doped Al2O3 (Pd/La/Al203) as a reduction catalyst, we
developed a two-step system for capturing and reducing N20. This system reliably
maintained its N2O adsorption and reduction performance for at least 12 h, operating
continuously through the temperature fluctuations between 50 and 150 °C. Notably, the
nature of the active Cu species contributed to the N20 adsorption in Cu(10)/CHA(11) was
also investigated. We found that Cu species should be neither too small nor too large to be

effective. CHA zeolites are essential for the formation of effective adsorption sites.
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Chapter 5

General conclusion
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In this work, | focused on developing catalysts and capture—reduction processes for
N20 abatement. By combing advanced data science and in situ characterizations, we not
only discovered the high-performance catalysts for direct N2O decomposition, but also
uncovered the roles of each element in contributing to superior activity. Considering high
temperatures required to decompose N20 in complex exhaust-gas mixtures, we developed
an N20 capture and reduction system that uses zeolite-based materials as N2O adsorbents
and Pd nanoparticles on La-containing Al2Os (Pd/La/Al203) as the reduction catalyst. The

main conclusions are summarized as follows:

Chapter 2 introduces a machine learning (ML)-assisted discovery strategy using
experimentally measured performance under controlled conditions and extensive closed-loop
ML—experiment iterations to develop efficient catalysts for direct N2O decomposition. Starting
with an initial dataset of 51 catalysts, we performed 37 cycles of the closed-loop discovery
system (ML prediction + experiment) and experimentally tested 633 catalysts. The
composition of the best catalyst identified by this approach was Rh(1)-Pd(2)/ZrO2_EP with a
T20 (the temperature required for 20% N20 conversion during the light-off experiment) of
355 °C. Experimental mechanistic studies using in situ techniques were also performed to
elucidate the role of each catalyst component and the reaction mechanism. The obtained
results indicated that RhOx acts as a redox species, whereas PdOx facilitates the redox

reaction of RhOx under steady-state conditions.

Chapter 3 displays a continuous N20 capture and reduction system that uses CaO-
incorporated zeolite (Ca-zeolite) as the N2O adsorbent and Pd/La/Al203 as the reduction
catalyst. This process is suitable for continuous operation under temperature-swing cycles
between 50 and 150 °C, and the N20 capture and subsequent reduction performance was
preserved for at least 15 h (10 cycles). Notably, this process can operate at low temperatures

(below 150 °C) through a simple temperature-swing operation in the presence of O2.

Chapter 4 describes the high selective adsorption of N2O in the presence of O2 and CO:2
over a CHA-type zeolite loaded with 10 wt.% Cu (Cu(10)/CHA(11)). Utilizing Cu(10)/CHA(11)
as an adsorbent, the continuous N20 capture and reduction system was employed and
reliably maintained its N2O adsorption and reduction performance for at least 12 h. The nature
of the active Cu species contributed to the N20 adsorption in Cu(10)/CHA(11) was also
investigated. We found that Cu species should be neither too small nor too large to be
effective. CHA zeolites are essential for the formation of effective adsorption sites.
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