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Abstract

Abatement of nitrogen oxide and light
hydrocarbon emissions at low-temperature

over Pd/Ce-based catalysts

Sungha Hwang
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

The abatement of pollutants in the exhaust gas is one of the most
important social challenges. Accordingly, regulations related to exhaust gas
emissions are being strengthened globally. After-treatment catalytic
conversion technologies have been developed and widely used to meet these
stringent regulations. Typically, catalytic converters such as three-way
catalysts (TWC) are used in gasoline engine after-treatment systems. On the
other hand, diesel oxidation catalysts (DOC) and selective catalytic
reduction (SCR) catalysts are applied in the diesel engine after-treatment
system. However, for these systems to operate properly, a temperature above
a certain level (typically 200 °C) must be maintained. Therefore, when the
vehicle is first started at room temperature, many pollutants, including NOx

and hydrocarbons that did not undergo catalytic conversion, are released,
i H =T}



resulting in cold-start emissions.

Passive NOx adsorbers (PNAs) have been suggested as promising
catalytic technologies for solving the problem of NOx emission during the
cold start period in diesel engine operation. PNA can adsorb NOx at low
temperatures and release NOx at high temperatures, allowing downstream
catalytic converters to function correctly. Similarly, developing low-
temperature hydrocarbon traps based on zeolite is being actively carried out.
However, most of the research targets diesel engine applications. Since
gasoline engine exhaust gas differs from diesel in many ways, such as
operating method, temperature, and gas composition, it is not easy to
effectively utilize zeolite-based hydrocarbon traps in terms of durability, and

it is necessary to develop a new catalyst for gasoline engine application.

At first, the promoting effect of CO on the NOx adsorption ability
of Pd/CeO; at low temperatures was investigated. The amount of NOXx
adsorbed significantly increased when CO was added to the feed gas.
Specifically, during the first 10 min, the amount of adsorbed NOXx increased
more than six times in the presence of CO. A mechanism for the promoting
effect of CO on low-temperature NOx adsorption was suggested by
considering the decreased CO oxidation ability with the increasing amount
of NOx adsorbed over Pd/CeO,. The model proposes that NOx was readily
adsorbed by the oxygen vacancies (Vos) of CeO adjacent to the Pd particles,

which were generated during CO oxidation, increasing NOx adsorption. A
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better understanding of the CO and NO interactions would contribute to

developing ceria-based low-temperature NOx adsorption materials.

Next, a CeOz-supported Pd catalyst was devised to achieve nearly
zero NO emissions from gasoline vehicles. A significant amount of NO is
emitted from advanced gasoline vehicles during preheating TWCs to
operating temperature (>200 °C). Pd nanoparticles (NPs) loaded on CeO;
are studied as a NO abatement material to mitigate NO emissions during the
cold-start period. The air-fuel equivalence ratio is systematically switched
from high to low while increasing temperature to promote NO storage
below the operating temperature of TWCs and NO reduction at high
temperature. Combined experimental and theoretical studies indicate that
the Pd-NP-CeO; interface modified by Vos plays an essential role in
converting NO* to NO2. NO> is captured by Vos formed on the CeO:
surface, enabling Pd/CeO, as a NO storage material. Consequently, NO
emission decreases by 67.6% during the cold-start period under practical
conditions, which has been unattainable with conventional TWCs, thus

bringing us a step closer to zero harmful emissions.

Lastly, the possibility of applying Pd/CeO, to reduce the low-
temperature propene emission for gasoline engines is studied to deal with
future regulations on unburned light hydrocarbons. Propene is one of the
most representative unburned hydrocarbons in gasoline engine exhaust gas.

A mechanism for the propene adsorption on Pd/CeO; surface was carefully

F
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suggested by considering experimental and characterization data.
Furthermore, the thermal stability was improved by introducing Ce-Zr
mixed oxide. Due to the characteristics of the trap located right after the

engine, high thermal stability is required.

In this thesis, the Pd/CeO; catalyst was used to effectively store
NOx and propene at low temperatures, and the roles of Pd and CeO> were
established. Furthermore, based on these findings, a catalyst with better
thermal stability and stability under a reducing atmosphere at high
temperatures was designed. This study is expected to contribute to
developing next-generation after-treatment systems dealing with low-

temperature emissions.

Keywords: Nitrogen oxides; Light hydrocarbon; Pd/CeO; Cold-start

emission; Adsorption site; After-treatment system
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Chapter 1. Introduction

1.1. Emission standards and cold-start emissions

Concerns about environmental pollution from automobile emissions
have led governments worldwide to tighten emission regulations for decades
[1-3]. As a result, the automobile industry is striving to develop advanced
after-treatment systems, including three-way catalysts (TWC) for gasoline
engine vehicles, diesel oxidation catalysts (DOC), and selective catalytic
reduction (SCR) for diesel engine vehicles [4]. However, although state-of-
the-art catalytic converters can convert NO into N2 and hydrocarbons (HCs)

into H2O and CO. at temperatures above 200 °C, stringent emission
regulations do not allow pollutant emissions below 200 °C during the cold-

start period [5]. Recently, studies on the removal of NO emitted during the
cold-start of diesel vehicles have been actively conducted, but reflections for
removing NO emitted during the cold-start period of gasoline vehicles have

hardly been achieved [6].

TWC technology has been used in gasoline engine vehicles for over
50 years and has successfully met stringent emission standards by
eliminating NO, CO, and HCs above 400 °C with nearly 100% conversion
efficiencies [7, 8]. The emission temperature of conventional gasoline

engines quickly exceeds 500 °C [9]. However, the time required to heat the



TWC to operating temperatures is significantly prolonged in gasoline
vehicles, with downsized engines and turbochargers exhibiting improved
fuel economy [10, 11]. In hybrid cars, the cold-start period is also extended
with frequent shutdowns and startups. Accordingly, developing low-
temperature NOx and HC abatement technology that can operate under

gasoline exhaust gas conditions has become more critical.

1.2. Current status of low-temperature NOx and

hydrocarbon control technology

Passive NOx adsorbers (PNAs) have been suggested as promising
catalytic technologies for solving the problem of NOx emission during the
cold start period in diesel vehicle applications. The concept that NOx is
adsorbed on sorbent materials during the warm-up period of catalytic
converters was first introduced in 1997 [12]. Since then, with tightening
exhaust gas regulations, several pieces of research have been conducted to
develop PNA materials. Platinum group metals (PGM) supported on metal
oxides have been reported as candidate materials for PNA application [13,
14]. In addition, Pd/zeolites have also recently attracted attention due to
their applicability as PNA materials [15, 16]. However, Pd/zeolite cannot be
applied in engine vehicles due to reductive exhaust gas conditions
containing high concentrations of reductants (e.g., CO, H, and HCs) [17].

1]
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The isolated Pd?" sites, NOx storage sites, is susceptible to the such
reductive condition [18]. Such deactivation originated from the irreversible
agglomeration of the isolated Pd?* ions into Pd particles. As a result,

Pd/CeO: is suggested in this study.

A technology to capture hydrocarbons at low temperatures is being
studied for low-temperature HC abatement, similar to the NOx abatement
case [19]. HC traps have been successfully applied in diesel engine vehicles
due to their lean operating conditions and the ability to adsorb heavy
molecules highly [5]. Beta and ZSM-5 are the most effective zeolites for
trapping Cs and higher HCs [20, 21]. However, current traps release the

light HCs at temperatures far below the light-off (150 °C vs. 250-300 °C)

[5]. In addition, zeolite-based HC traps are not stable at the high

temperatures experienced in gasoline vehicles.

1.3. Objectives

The composition of exhaust gas consists of very complex
components. In order to design a catalyst working under practical conditions,
it is essential to understand the role of each catalyst component material and
its interaction with exhaust gas components. As the role of Pd and CeO; in
NOXx adsorption under the presence of reductants has not yet been clearly

established, it was not easy to rationally design a low-temperature NOXx and
3 J._? { —11



HC abatement catalyst for gasoline vehicle application. In this respect, this
thesis mainly consists of understanding the role of Pd and CeO2 as NOXx
storage materials and the NOx and HC adsorption mechanisms. Chapter 2
investigates the NOx adsorption ability of Pd/CeO: in the presence and
absence of CO and the role of Pd and CeO>. Based on the result in Chapter 2,
Pd/CeO, was applied for gasoline engine application. Understanding the
NOx adsorption mechanism and identifying the NOx adsorption site was
focused on in Chapter 3. Finally, in Chapter 4, the propene adsorption
ability of Pd/CeO, was investigated, and Ce-Zr mixed oxide was also
investigated to overcome the deactivation at high temperatures. Throughout
this thesis, a fundamental understanding of Pd/CeO, as NOx and CszHs
adsorber was provided. It is believed that Pd/Ce-based materials can be a

potential material for NOx and C3Hs storage.



Chapter 2. Promoting effect of CO on low-

temperature NOx adsorption

2.1. Introduction

Regulation of NOx emissions from different sources, mainly
vehicles, are increasingly stringent because of growing human health and
environmental concerns. Several catalytic converters have been developed
to meet emission regulations [3, 5, 23]. In particular, diesel vehicles are
equipped with after-treatment systems, such as the ammonia selective
catalytic reduction (SCR) systems to reduce NOx emissions. State-of-the-art
SCR catalysts effectively remove NOx during driving, although some
challenges remain, including cold-start emissions [24]. SCR catalysts
typically require temperatures above 200 °C to operate properly [6]. Below
200 °C, the decomposition of urea that supplies ammonia or catalytic
reaction is not fully active [25, 26]. Therefore, when vehicles are first
started at room temperature, a large amount of NOx that did not undergo
catalytic conversion is released, resulting in cold-start emissions [6]. Passive
NOx adsorbers (PNA) have been proposed to resolve cold-start emissions

[14, 27, 28]. PNAs adsorb NOx at temperatures below 200 °C and release

# This chapter cites the author’s published journal article: S. Hwang, Y. Kim, J. Lee,
E. Lee, H. Lee, C. Jeong, C. H. Kim, and D. H. Kim, “Promoting effect of CO on
low-temperature NOx adsorption over Pd/CeO; catalyst”, Catalysis Today, 384-386
(2022) 88-96 [22].
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them at high temperatures, and then downstream catalysts can convert the

released NOXx into N [6, 29].

Pd-impregnated metal oxides and zeolites are the most active PNA
materials [19, 29]. Pd/zeolites have attracted increasing attention because of
their resistance to sulfur, and many studies have been conducted to improve
their intrinsic NOx adsorption ability [16, 30, 31]. Pd-impregnated metal
oxides, especially ceria-based metal oxides, exhibit PNA ability and
demonstrate excellent oxidation ability and hydrothermal stability [13]. It
has previously reported the differences in the NOx adsorption and
desorption behaviors of Pd/CeO2 and Pd/SSZ-13 and demonstrated that
these two catalysts could perform the same NOx adsorption function but

differed in their adsorption sites or mechanisms [32].

Recently, many studies have examined the effects of other exhaust
gas components on low-temperature NOx adsorption over Pd/zeolite
catalysts. In particular, several groups have reported that the presence of CO
improved the NOx adsorption ability of Pd/zeolite [33-36]. Vu et al. [35]
reported that CO increased the amount of NOx adsorbed over Pd/BEA at
low temperatures and induced desorption at higher temperatures by
lowering the oxidation state of Pd. Khivantsev et al. [33] reported that CO
increased the NOx adsorption ability of Pd/SSZ-13 by forming
Pd(I1)(NO)(CO), a mixed -carbonyl-nitrosyl complex, whereas water

hampered the NOx adsorption ability. Consequently, CO and NOx could be
6 4 =-TH



simultaneously abated over Pd/SSZ-13 during cold-start [37].

The effect of CO on the adsorption of NOx on Pd/CeO, or
Pd/Ce02-ZrO> has also been investigated. Theis and Lambert [38] observed
that CoHs and CO increased the NOx adsorption ability of Pd/CeO2-ZrOs.
Furthermore, they first reported that the formation of -NCO groups during
the reaction of NO and CO, which were identified using diffuse reflectance
infrared Fourier-transform spectroscopy (DRIFTS), accounted for the
improved NOx adsorption at low temperatures. Moreover, Theis and
Lambert [39] reported that NO and CO interacted on PdOyx to produce
chemical intermediates, thereby reducing PdOx during NOx adsorption.
Lean CHs oxidation was used to determine the average oxidation state of
PdOx in catalysts using sequential performance tests. When the oxidation
state of PdOx was low, the NOx adsorption ability was high. Recently,
Kvasni¢kova et al. [40] attributed the increase in NOx adsorption ability of
PtPd/CeO2-ZrO, in the presence of CO to the reduction of PdO
nanoparticles because the reduced metal increased the NOXx adsorption
ability of the catalyst. However, the adsorption mechanism of NOx over

Pd/CeO: in the presence of CO has not been well established.

In this study, it is investigated that the NOx adsorption ability of
Pd/CeO: in the presence and absence of CO. The NOx adsorption ability of
Pd/CeO, was significantly increased in the presence of CO. The effect of

CO has been extensively studied by investigating the roles of Pd and CeOx,
7 2T



CO oxidation activity, and pretreatment conditions. Combining the results of
the performance tests and DRIFTS analysis, a model was suggested that can
explain the increase in NOx adsorption ability of Pd/CeO: in the presence of

CO.

2.2. Experimental

2.2.1. Catalyst preparation

CeO; and y-AlbO3 were obtained from Solvay and Sasol,
respectively. Pd (2 wt%) was loaded onto CeO2 and Al>Os using the
incipient wetness impregnation method. An aqueous solution of
Pd(NOz3)2-2H20 (Merck) was used as the Pd precursor. The supported
catalysts were dried overnight in an oven at 100 °C. Subsequently, the dried
catalysts and bare CeO> were calcined at 500 °C for 2 h in a flow reactor
under a 100 mL/min flow of 15 % O balanced with N2. Thus prepared

catalysts were denoted as CeO,, Pd/CeO,, and Pd/Al>Os.
2.2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained using a Mode 1
Smartlab diffractometer (Rigaku, Japan) with Cu Ko radiation (40 kV and
30 mA) in the 26 range of 10° to 80° at a step size of 0.02° and a rate of
2.5°/min. N2 physisorption was conducted to measure the Brunauer—

1]
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Emmett-Teller (BET) surface areas and pore volumes using a BELSORP-
mini 1l (MicrotracBEL, Japan) instrument. The samples were pretreated at
150 °C for 4 h under a vacuum. Cryogenic H, temperature-programmed
reduction (H2-TPR) experiments were conducted using a BELCAT Il
(MicrotracBEL, Japan) apparatus coupled with a thermal conductivity
detector. Before measurements, 0.05 g of each catalyst was fully oxidized
under 50 mL/min air at 500 °C. After cooling to -90 °C, the temperature was
ramped to 900 °C at a rate of 10 °C/min under a 5 % Ha/Ar gas flow of 30
mL/min. Pulsed CO chemisorption was conducted using a BELCAT Il
(MicrotracBEL, Japan) apparatus to evaluate the dispersion and average
particle size of Pd. Catalyst samples (0.05 g) were reduced using a 5 %
Ha/Ar flow at 400 °C for 30 min, followed by He purging for 30 min and
cooling to -78 °C. Subsequently, a 5 % CO/He pulse was introduced in the
reactor. The stoichiometric factor was assumed to be 1. In situ DRIFTS
profiles were obtained using a Nicolet 6700 (Thermo Fisher Scientific)
Fourier-transform infrared (FTIR) spectrometer equipped with a mercury
cadmium telluride (MCT) detector and a Praying Mantis (Harrick Scientific
Products) diffuse reflectance cell. The sample loaded on the cell was first
pretreated with a 10 % O2/N, flow (50 mL/min) at 400 °C for 30 min to
remove impurities. After cooling to 120 °C, 5 % H>O was added using a
syringe pump. The total flow did not change during the entire process. The
sample background was obtained at 120 °C after stabilization before NOx

adsorption. Thereafter, 500 ppm of NO was added to the feed, and a
9 H = TH



spectrum was collected every 1 min. After 60 min, 5000 ppm of CO was

added to the feed, and spectra were collected over 60 min.

2.2.3 Evaluation of NOx adsorption ability

Powdered catalyst samples were sieved to 150-180 um. Catalyst
samples (0.1 g) and a-Al>Os beads (0.1 g) were added to a continuous-flow
quartz reactor. NOx adsorption tests in the presence and absence of CO
were performed according to the procedure illustrated in Figure 2-1. The

total flow rate was maintained at 200 mL/min (gas hourly space velocity of

120 000 mL/(h-gcar)). A mixture of 10 % Oz, 5 % COy, and 5 % H0

balanced with N2 gas was continuously flown through the reactor during the
experiment. During the pretreatment step, the catalyst was heated to 500 °C
(ramping rate of 10 °C/min) under a gas mixture of 10 % Oz, 5 % CO, and
5 % H.0 for 30 min followed by cooling to 120 °C. NO (100 ppm) and CO
(1000 ppm only for the tests in the presence of CO) were introduced in the
reactor for 60 min, and the bypassed gas was analyzed using a Nicolet iS50
(Thermo Fisher Scientific) FTIR spectrometer equipped with an MCT
detector. When 100 ppm NO was used, several ppm of NO> was naturally
generated. The sum of the measured NO and NO: concentrations was
reported as the NOx concentration. After NOx was adsorbed, temperature-
programmed desorption experiments were performed. The reactor
temperature was increased from 120 to 500 °C at a rate of 10 °C/min and
7]
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maintained for 30 min. The possibility of a reaction between NO and CO at
120 °C was excluded unless mentioned because the amounts of NOx
adsorbed during the adsorption step and NOx desorbed during desorption

were similar within the error range.

For the NOx adsorption performance test after H, pretreatment, the
catalyst was exposed to 1 % Ho, 5 % H20, 5 % CO., and balance N> for 1 h
at 120 °C and was purged for 30 min after pretreatment and before
adsorption. The remaining adsorption and desorption steps were performed

in accordance to the procedure illustrated in Figure 2-1.

2.2.4. Steady-state CO oxidation with NO pulse

For CO oxidation, the catalyst was added to the reactor using the
same procedure utilized for the NOx adsorption test. After pretreatment, a
gas feed comprising 1000 ppm CO, 10 % Oz, 5 % CO2, and 5 % H.0
balanced with N2 was introduced in the reactor at 120 °C. The concentration
of bypassed CO was measured using a FTIR spectrometer. After the CO
concentration reached a steady level, 100 ppm NO was injected for 100 s.
NO pulse injection was repeated 12 times after the CO concentration

reached a steady level for each pulse injection.
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Figure 2-1. Experimental protocol for the NOx adsorption performance test.
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2.3. Results and Discussion

The XRD patterns of Pd/CeO, and Pd/Al,O3 matched the
characteristic crystallite peaks of the CeO; and y-Al.O3 phases (Figure 2-2)
[41, 42]. The characteristic peaks of PdO and metallic Pd were not observed
in the XRD pattern of Pd/CeO, indicating that Pd was well-dispersed on the
CeO- support. However, the PdO crystallite peak at 33.9° was observed in
the XRD profile of Pd/Al>O3, indicating the presence of large PdO particles.
These results were consistent with the average Pd particle size determined
using CO chemisorption, as summarized in Table 2-1. The average sizes of
Pd particles in Pd/Al.Oz and Pd/CeO> were 13.7 and 4.3 nm, respectively;
this was mainly attributed to the strong interaction between Pd and CeO;

[43].

Figure 2-3A illustrates the NOx profiles of Pd/CeO2 during the NOx
adsorption performance test conducted for 180 min. The NOx concentration
was maintained slightly below the injected NOx concentration of 100 ppm
and was gradually increased over time; this indicated that a small amount of
NOx was continuously adsorbed during the test. A relatively large
proportion of NOx was adsorbed during the initial 10 min. The increase in
the amount of NOx adsorbed over time was confirmed using the NOXx
desorption curves as a function of time (Figure 2-3B). NOx desorption is
indicated by the peaks at approximately 300 and 500 °C. As adsorption time

increased, the high-temperature peak was unaffected, and the low-_
13 =L



temperature peak, which was attributed to the desorption of weakly
adsorbed NOX, increased and shifted to lower temperatures. During the
desorption step that occurred after adsorption for 30 min, additional NOx
adsorption occurred at 180 °C. This extra adsorption was attributed to the
desorption of water, which increased the number of active sites available for
NO adsorption during temperature ramping. It has been reported that water
interferes with NOx adsorption at low temperatures [13, 38]. As the water
was desorbed with increasing temperature, NOXx could be adsorbed at the
sites initially occupied by water. The additional adsorption was not observed
during the NOx adsorption test without water. This was also confirmed
through DRIFTS analysis in which NOx adsorption increased as water
desorbed while raising the temperature after adsorbing NO for 1 h (data not
shown). However, this additional adsorption disappeared from the
desorption curves after 80 and 180 min of adsorption. These results
indicated that NOx adsorbed competitively with water on the surface of
Pd/CeO,, and the amount of NOx adsorbed could be increased by
overcoming the interference of water over a sufficient time. However, the
negligible effect of water on the adsorption of NOXx over a long adsorption
time is not desirable because a large amount of NOx should be adsorbed
quickly to decrease NOx emission during cold-start. Under the reaction
conditions in this study, after the initial 10 min, Pd/CeO: slowly adsorbed

NOXx over a long time, which is unsuitable for cold-start applications.
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To increase the NOx adsorption ability of Pd/CeO; at low
temperatures, the modification of the catalyst surface, increasing resistance
to water, or addition of reducing agents have been suggested [39, 44, 45]. As
presented in Figure 2-4, the initial NOx adsorption ability of Pd/CeO; can
be significantly increased by adding reducing agents, such as CO, Ha, or
CsHe. In particular, the amount of weakly adsorbed NOx species (desorbed
at approximately 300 °C) was mainly increased by adding reducing agents
to the catalyst. This was desirable because engine exhaust gas contains a
certain amount of reducing agents, and NOx must be desorbed in an
appropriate temperature range to be regenerated and reused. In the presence
of CO, the NOx desorption peak shifted from 300 to 200 °C. Among the
three reducing agents, CO presented the best efficiency in terms of
desorption temperature and adsorption amount. During the initial 10 min,
the amount of NOx adsorbed in the presence of CO increased more than six

times (Table 2-2).

DRIFTS experiments were performed to elucidate the increase in
the NOx adsorption ability of Pd/CeO in the presence of CO. In situ
DRIFTS profiles were obtained during the adsorption of NO in the absence
(500 ppm NO, 10 % O2, and 5 % H20; Figure 2-5A) and presence of CO
(500 ppm NO, 5000 ppm CO, 10 % O, and 5 % H.O; Figure 2-5B) to
confirm the increase in the amount of NOx adsorbed in the presence of CO.
The NOx adsorption peak appeared in the wavenumber range of 1700-1000
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cm™ and included NO3 (1331 and 1406 cm™), monodentate nitrates (1458
cm™), and bidentate nitrates (1530 and 1568 cm™) [13, 46, 47]. The most
prominent peaks were those ascribed to bidentate nitrite at 1230 cm™ and
bridging nitro-nitrito at 1472 cm™ [13, 46, 47]. During NO adsorption, the
intensities of almost all the bands in the wavenumber range of 1800-800 cm’
! increased. When CO was added, the intensities increased more rapidly.
These results were consistent with the rapid decrease in bypass NOx
concentration during the NOx adsorption performance test in the presence of
CO. Figure 2-5C illustrates the changes in the relative intensity of the peak
at 1230 cm* with adsorption time. The peak intensity was normalized based
on the spectrum collected at 60 min (Figure 2-5A). During the first 60 min,
peak intensity increased linearly with increasing adsorption time. The
relative intensity of the peak at 1230 cm™ increased more than twice within
10 min when CO was added. This indicated that the increase in NOXx
adsorption ability upon adding CO was mainly attributed to the high NOx
adsorption rate. Theis and Lambert [38] reported the presence of an -NCO
peak at 2150 cm* caused by the reaction of NO and CO. However, this peak
was not observed in our study, which could be attributed to the presence of

water during the DRIFTS experiments.

NOx adsorption performance tests were conducted on bare CeO>
and Pd/Al20s to differentiate the roles of CeO» and Pd. It was predicted that
the roles of CeO2 and Pd in Pd/CeO. would be elucidated by performing

1]
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similar NOx adsorption experiments over CeO, and Pd/AlOs. The
promoting effect of CO on the NOx adsorption ability was not as prominent
for CeO2 and Pd/Al;Os as it was for Pd/CeO; (Figure 2-6). In other words,
the CO-promoted NOx adsorption was activated only when Pd and CeO:
coexisted. Therefore, it was deduced that both Pd and CeO: were involved
in a series of NOx adsorption steps in the presence of CO. In Pd/Al>O3,
slightly more NOx was adsorbed in the presence of CO for the first 10 min,
although a smaller amount of NOx was desorbed during the desorption step.
During the desorption process on Pd/Al.Oz, additional adsorption only
occurred at approximately 200 °C in the presence of CO. Theoretically, CO
can interfere with NOx adsorption via competitive adsorption on the Pd
surface [48, 49]. Therefore, if CO was oxidized to CO2, which was desorbed
with increasing temperature, NO could be adsorbed and stored on the Pd
surface. The competitive adsorption of NO and CO on the Pd surface was
confirmed through further experiments. Figure 2-7 illustrates the changes in
NO and CO concentrations upon CO addition halfway through the NOXx
adsorption experiments performed at 120 °C over Pd/CeO; and Pd/Al20:s.
After 60 min, 1000 ppm CO was added to the feed gas, and the
concentrations of NOx and CO were measured for 60 min. Additional NOx
adsorption occurred on Pd/CeO> (Figure 2-7A), whereas the adsorbed NOx
was desorbed from Pd/Al.Os (Figure 2-7B). This suggested that CO and
NOx were competitively adsorbed on the Pd surface, and some adsorbed

NOx was desorbed when CO was added. When bare CeO2 was used as the
17 H = TH
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catalyst, the NOx concentration did not change when CO was added (data
not shown). Therefore, it was inferred that the promoting effect of CO on
the NOx adsorption on Pd/CeO, could be ascribed to the interaction
between Pd and CeO: at the interface. To gain a deeper understanding of the
phenomena that occurred at the Pd-CeO: interface, the change in CO
concentration was investigated.

CO conversion was measured during the NOx adsorption
performance test at 120 °C, and the results are summarized in Table 2-3.
The CO oxidation ability of Pd/CeO was higher than those of CeO: and
Pd/AlOs. The CO conversion of Pd/CeO. was higher than 80 % in the
absence of NO and was only 18 % in the presence of NO. The steady-state
CO oxidation activity of Pd/CeO. varied depending on the presence or
absence of NO. Another experiment was conducted to examine the effect of
NO on CO oxidation. Figure 2-8 displays the steady-state CO conversion
and accumulative NOx adsorption on Pd/CeO2 during CO oxidation with
NO pulse experiments. The steady-state CO conversion was measured as
100 ppm NO was injected as a pulse for 100 s periodically. Pd/CeO; is well
known for its excellent low-temperature CO oxidation activity [50, 51]. As
the number of NO pulse injections increased, the CO conversion decreased
and the amount of accumulated NO adsorbed increased. Initially, the CO
conversion exceeded 80 %, but after exposure to 12 NO pulses, it declined
to below 40 %. At first glance, the competition between CO oxidation and

NOx adsorption appeared contradictory because the addition of CO
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promoted NOXx adsorption. The increase in the amount of NOx adsorbed
slowed as the CO oxidation activity decreased. It can be inferred that NOx
adsorption increased at the expense of CO oxidation. One of the processes
in which CO is oxidized facilitates NOx adsorption on the surface of the

catalyst. After that, CO oxidation can no longer occur at that site.

H>-TPR and NO adsorption performance tests were conducted after
reductive pretreatment to elucidate the promoting effect in detail. Figure 2-9
illustrates the Ho-TPR results for Pd/CeO3, CeO», and Pd/Al;O3. The peak at
approximately 500 °C in the H>-TPR profile of CeO2 corresponded to the
reduction of surface CeO, and the high-temperature peak above 800 °C
originated from the reduction of bulk CeO. [52]. When CeO: was
impregnated with Pd, the surface reduction peak at 500 °C disappeared, and
a new peak ascribed to the reduction of PdO appeared at approximately
25 °C. Quantitative analysis indicated that the amount of H, consumed
below 100 °C (0.30 mmol/geat) was greater than the total PdO amount
loaded on CeO (0.19 mmol/gcat). This was explained by the hydrogen
spillover from Pd to CeO. [53, 54]. The hydrogen adsorbed on the Pd
surface facilitates the reduction of surface CeO, even at low temperatures.
The H>-TPR results indicated that the temperature of 120 °C was sufficient
to reduce the Pd/CeO and Pd/Al2Os surface. Therefore, the H. treatment
was performed at 120 °C, the same temperature as the adsorption
performance test, and the adsorption performance test was conducted.
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Figure 2-10A and 2-10B illustrate the NOx adsorption performance
data after Pd/CeO, was pretreated with H, at 120 °C. The surface of
Pd/CeO2 was expected to be reduced after Ha pretreatment. After reductive
treatment, the NOx adsorption ability increased significantly in the absence
of CO, just as it did when CO was present in the reactant feed (Figure 2-4).
It has been reported that NOx adsorption increased on the surface of reduced
CeO; [55, 56]. Filtschew and Hess reported that the ability of CeO; to
change the oxidation state of cerium and create oxygen vacancies (Vos) was
crucial for NOx adsorption [56]. Likewise, Vos on the reduced CeO, surface
can participate in the series of NOx adsorption reaction steps or function as

direct NOx adsorption sites [56].

Figure 2-10C and 2-10D display the NOx adsorption performance
data after Pd/Al>Os was pretreated with Ho at 120 °C. The amount of NOx
adsorbed for 10 min significantly increased by more than 4 times (Table 2).
Although not as drastic as in Pd/CeOg, it is a notable increase considering
the dispersion of Pd in Pd/Al,Os. This is in good agreement with previous
literature. Theis and Lambert reported that as the oxidation state of PdOx
was decreased, the NOx adsorption ability was increased in Pd/CZO [39].
However, when the Pd/Al,Os was not reductively treated, the promoting
effect of CO was hardly seen, unlike Pd/CeQO, (Figure 2-4A and Figure 2-
6C). In addition, the total amount of NOx desorbed (16.6 pumol/g) is less
than the amount of NOx adsorbed (31.4 umol/g), which can be seen when
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Pd was reduced, the reduction reaction of NOx occurred together. This
phenomenon was not observed when NO and CO flowed together in NOXx
adsorption test over Pd/CeO, (Figure 2-4). Therefore, it is reasonable to
interpret that reduction of PdO by CO is not the main factor of the
promoting effect of CO under the current reaction conditions over Pd/CeQO..
Not only the effect of Pd oxidation state change but also the interaction
between Pd and CeO- are very important in explaining the promoting effect
of CO on NOx adsorption over Pd/CeO2. One important role of Pd is to
facilitate the reduction of the CeO: surface, as can be seen from the H2-TPR

results (Figure 2-9).

During the NOx adsorption performance test in the presence of CO
over Pd/CeQg, it was considered that CO oxidation created Vos. During H:
pretreatment, Vos were generated as the entire surface was reduced. The
NOx adsorption performance test was conducted under oxidative
conditions; however, even under these conditions, Vos could be generated
near the Pd—CeO: interface. Although the exact CO oxidation mechanism
over Pd/CeO: has not been elucidated yet, low-temperature CO oxidation is
generally considered to follow the Mars—van Krevelen (M-vK) mechanism
[57, 58]. In detail, Wu et al. [58] revealed the reaction pathways and
reaction intermediates of CO oxidation over CeO nanoshapes using in situ
IR and Raman spectroscopy experiments. They observed that carbonate
species were formed through the adsorption of CO on the CeO2 nanoshapes
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at room temperature and revealed that CO. was generated via the direct
reaction of CO with lattice oxygen. CO adsorbed on Pd readily reacted with
the surface lattice oxygen of CeO: to form an active carbonate-like
intermediate. As CO; left the catalyst surface, Vos were generated on the

Pd/CeO; surface.

A schematic illustration of the NOx adsorption mechanism
promoted by CO oxidation over Pd/CeO: is presented in Figure 2-11. The
NOXx adsorption ability could be promoted by recovering the Vos upon NOXx
adsorption. The Pd-CeO; interface, where the Vos are generated, acted as a
promoted adsorption site. Pd, CeO2, and the interaction between Pd and
CeO2 played crucial roles in the CO-promoted NOx adsorption: (i) CO
readily adsorbed on Pd, (ii) CeO. exhibited oxygen adsorption capacity to
provide lattice oxygen, (iii) CO oxidation was promoted by the interaction
between Pd and CeO3, and (iv) Vos generated via CO oxidation served as
NOx adsorption sites. CO promoted NOx adsorption through this series of
processes, and the CO oxidation activity decreased because CO oxidation no

longer occurred at the sites where NOx was adsorbed.
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Table 2-1. Physical properties of CeO., Pd/CeOz, Al.O3, and Pd/Al20s.

BET surface area  Pore volume  Pd dispersion? Average .Pda
Sample 2 3 0 particle size
(m?/g) (cm*/g) (%)
(nm)
CeO> 113 0.28 - -
Pd/CeO; 130 0.29 26.1 4.3
Pd/Al2Os3 164 0.30 8.1 13.7

4 measured using CO chemisorption



Table 2-2. Amount of NOx adsorbed as a function of time under different

conditions.
t NOx adsorbed (umol/g)
(min)  Pd/CeO2 CeO2 Pd/Al2O3

10 7.7 25 3.2
NO only 60 315 19.8 16.9

180 85.5 - -

10 48.9 2.6 5.6
NO + CO

60 141.0 19.4 10.5

10 16.3 - -
NO + H»

60 30.9 - -

10 225 - -
NO + CsHs

60 57.6 - -

10 443 - 15.6
After 120°C reduction

60 104.9 - 314
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Table 2-3. Steady-state CO conversion in the presence and absence NO at

120 °C.
CO conversion (%)
Pd/CeO2 CeO> Pd/Al203
In the presence of NO 18 0 9
In the absence of NO 81 0 12

(1000 ppm CO, 10 % O3, 5 % H20, 5 % CO2, and 100 ppm NO, if added)
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Figure 2-2. X-ray diffraction patterns of CeO2, Pd/CeO, and Pd/Al20:s.

26



350

- B ;
£ E 300 30 min
a = —— 80 min
= c 250 ——180 min
c =]

K] s

5 £ 200

£ :

§ § 150+

] o 100+

] o

o

> 20 w0 =z 504

2 4 6 8 10
0 T T T T T 0 T T T T
0 30 60 90 120 150 180 200 300 400 500 ——~
Time (min) Temperature (°C)

Figure 2-3. (A) NOx profiles of Pd/CeO2 during the 180 min NOx
adsorption performance test at 120 °C and (B) desorption curves over

Pd/CeO: as a function of the NOx adsorption time (30, 80, and 180 min).

27 A 21



120 350

A B ——NO only
, 300

1004
2504
80
200+

60 4
150 -

401 — NO+CO

——NO +H,
——NO+CH,

0 T y T T T 0 T T T r
0 10 20 30 40 50 60 200 300 400 500 —-

NOx concentration (ppm)
NOx concentration (ppm)

20

Time (min) Temperature (°C)

Figure 2-4. (A) NOXx profiles of NOx adsorption performance test at 120 °C
in the presence and absence of reducing agents (CO, Hz, CsHg) and (B)

corresponding desorption curves over Pd/CeO:..

28 2 M E g



B —— 60 min
- - ——30 min
z 3 ——20 min
©
= o ——10 min
= - .
< = 5 min
= EI 3 min
g g —— 1 min
[} [
o e}
=} =3
x ~
— i ) AN ﬁ,mﬂ
T T T T T T T T T == T T T T T T |
1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 800
Wavenumbers (cm™) Wavenumbers (cm™)
3.0
C
==
2 254
[72]
[=
]
£ 207
-
3 15
o 154
(]
=
B 1.0
3 NO +CO
o
0.5+
Do ¥ T v 1 T

L]
0 20 40 60 80 100 120
Time (min)

Figure 2-5. In situ diffuse reflectance infrared Fourier-transform
spectroscopy profiles of (A) NO adsorption followed by (B) NO adsorption
in the presence of CO on Pd/CeO: as a function of time in the wavenumber
range of 1800-800 cm™. (C) Relative intensity of the peak at 1230 cm-1

over time during the adsorption of NO in the absence and presence of CO.

29 A L)) &



Adsorption Desorption

120 350
A B
T E 300
E 100-WMWWW g
= T 250
§ 80+ s
=] A
© £ 200+
£ 60 €
8 9 150+
S 40 ]
g x 100
o} o
201 ——NOonly |% 5] ——NO only
CeO, ——NO + CO CeO, ——NO +CO
0 T T T T T 0 T T T T
0 10 20 30 40 50 60 200 300 400 500 —~
Time (min Temperature (°C
120 {min) 350 P (€)
C D
E 1004 £ 3001
2 g
= 250
§ 80 8
- -
® § 2001
g 60 £
o & 150+
S 40 3
§ = 100
2 o
20 ——NOonly | £ 5] ——NO only
PdIAI203 ——NO+CO Pd/ALO, ——NO +CO
0 r y r r T 0 T r r T
0 10 20 30 40 50 60 200 300 400 500 —
Time (min) Temperature (°C)

Figure 2-6. NOx profiles during NOx adsorption performance test at 120 °C
and corresponding desorption curves over (A) and (B) CeO; and (C) and

(D) Pd/Al,Os.

30 Al =T}



140 140
= A PdiCeO, L1000 = : | 1000
£ ol 2 o Eom|B PdALO; .
2 ! o a j o
= 100 800 o = 100 800 o
5 g $§ s
5 g % 8
E 80 re0 3 5 804 COon Leoo 5
o o @ o
g o COon | % & - %
8 ' —No, [* 2 8 ——NO, [ 3
s 404 NO g x 40+ NO _g
(=] S o} E—
z Plwm 3 oz 2 La00 3
—CO —CO
0- i scumipiocntpl 0 [ PR e S R SR
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 2-7. NOx and CO profiles of (A) Pd/CeO; and (B) Pd/Al>Oz upon

CO addition to the feed stream after 60 min of NO adsorption.

31 2 M E g



~ 100 100 £
S .[ 3
90 =

c -
2 1 o @ %
® 80-—\ g 80 §
o ] o z
> 70 pos | )
c p / ¢
8 60 \l o L60 2
o ~m Ve o
4 ~ [ ) w
O 50 l7< S
o T o By 2
@ ] ~E-— 5
= 40 n 40 S
® ] ./ \I\._._. 5
®  30- / L 3
5 ] o 2
@ 204 / 20 3
2 1 ® =
» 104 t §
1 / 3
0L—« T T T T T -0 &

0 2 4 6 8 10 12
Number of NO pulses

Figure 2-8. CO conversion and cumulative NOx adsorption during the
steady-state CO oxidation test over Pd/CeO> at 120 °C; a 100 ppm NO pulse

was repeatedly injected in the system.

32



— Pd/CeO,
CeO,
— Pd/ALO,

Intensity (a.u.)

]

-7 7—— 77
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 2-9. H> temperature-programmed reduction profiles of CeOg,

Pd/CeO;, and Pd/Al,Os.

33 .__:Ix_s _'q.l_'\-' T



120 350

_ A Pd/Ce0, _ B Pd/CeO,
E 400- E 300 Pretreatment
o [N
& e —— 500 °C oxidation
5 so0- 5 260 ——120 °C reduction
B T 2001
g 801 E
g g 150
404
x % 100-
o Pretreatment |g
< 204 —— 500 °C oxidation |< 504
——120 °C reduction
0 T r T T T 01— T - : . — .
0 10 20 30 40 50 60 200 300 400 500 —
Time (min) Temperature (°C
120 350 P ()
C Pd/AlLLO — D Pd/AlLO
£ 1004 oy E 300- /A1.0; Pretreatment
Q.
g e —— 500 °C oxidation
£ 80, 5 250+ —— 120 °C reduction
I S 200
e S 150
& 401 g M
o Pretreatment | 1001
Z  20- —— 500 °C oxidation | g |
— 120 °C reduction
o v T . T M T T v T . 0 T T T T
0 0 20 30 40 50 60 200 300 400 500 —

Time (min) Temperature (°C)
Figure 2-10. NOx profiles during NOx adsorption performance test after
oxidative and reductive treatment and corresponding desorption curves over

(A), (B) Pd/Ce0; and (C), (D) Pd/Al,Os.

34 # .-"{ﬂ '.'::I:.;.' |



Surface
saturation

Bare coO

co surface
oxidation |
NO CcO
NOx adsorption CO adsorption

NOx adsorption
promoted by

No  CO oxidation CO,
NO;dZL I:Ip?o; 0; CO, formation
NO)\ CO, desorption
NO OV formation
n co,
2 * oxygen vacancy

Figure 2-11. Schematic illustration of NOx adsorption promoted by CO

oxidation on Pd/CeO:..

35 Jn A



Chapter 3. Optimizing NO reduction and storage for

gasoline vehicle application

3.1. Introduction

Stringent toxic gas and CO> emission regulations are encouraging
automakers to switch their propulsion systems from internal combustion
engines to batteries or fuel cells [7, 60, 61]. The transition to battery and
fuel cell electric vehicles (BEVs and FCEVs, respectively) could help
achieve carbon neutrality, owing to the use of renewable energy sources.
However, the pace of this transition in each country or region is highly
dependent on their infrastructure, e.g., power mix and access to green energy.
Therefore, complete worldwide transition to BEVs or FCEVs will likely
take decades [7, 62, 63]. During this transition, highly efficient internal
combustion engine vehicles, including hybrid vehicles or gasoline vehicles

with downsized engines, will almost certainly remain relevant.

Although state-of-the-art TWCs can convert NO into Nz at
temperatures above 150 °C, stringent emissions regulations do not allow NO
emissions even at temperatures below 150 °C, the cold-start period [7, 64].

Removing NO emitted during the cold-start of diesel vehicles has been

# This chapter cites the author’s published journal article: J. Lee!, Y. Kim!, S.
Hwang!, G. S. Hong?, E. Lee, H. Lee, C. Jeong, C. H. Kim, J. S. Yoo, and D. H.
Kim, “Toward gasoline vehicles with zero harmful emissions by storing NO at Pd
nanoparticle—CeO. interface during the cold-start period”, Chem Catalysis, 2
(2022) 2289-2301 [59].
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extensively investigated recently, but few studies have been conducted to
remove NO emitted during the cold-start period of gasoline vehicles [65,
66]. This inspired our strategy to temporarily store NO at low temperatures
(e.g., during the cold-start period) and then convert it to N2 at high
temperatures. In this study, CeO> as a NO storage material was studied, not
only because CeO: is always present as an oxygen storage material in the
TWC, but also because oxygen vacancies (Vos) on the CeO. surface are
reported to interact strongly with NO/NO2 molecules [57, 67-71]. However,
the reducibility of CeO. must be improved to utilize Vos, because the
pristine CeO> surface can only be reduced at high temperatures above the

cold-start temperature (>200 °C) [72-75].

The catalytic properties of metal oxide can be significantly
modified by the deposited metals [76-82]. Particularly, the unique
interaction between CeO. and platinum group metals (PGMs) greatly
enhances the reducibility of CeO> surface, allowing it to be reduced even
below room temperature (Figure 3-1). In addition, Pd particles have high
activity in NO oxidation reaction due to their high affinity for NO and O
[83-85]. This would promote the formation of NO at low temperature,
which can interact with the Vos of CeO2 even more strongly than NO; this is
another potential advantage of using PGM-loaded CeO,. With this
hypothesis, CeO-supported PGMs were devised to achieve nearly zero NO
emissions from gasoline vehicles in this study. It is optimized that the
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support and metal species, metal content, and air-fuel equivalence ratio (1)
to maximize the NO abatement ability and understand the NO storage and
reduction mechanisms. Detailed characterizations and density functional
theory (DFT) calculations demonstrate that the NO reduction to N2 is
promoted at low A on the metallic Pd surface, whereas the NO storage is
promoted in the form of NO: at high A at the Pd nanoparticle (NP)-CeOzx
interface. Therefore, the application of the combined adsorption and
catalytic functions of CeO2-supported PGMs could bring the NO emissions

much closer to zero in gasoline vehicle exhaust gas.



T e

3

s

E j Pd/CeO

5 P
- __'_—\____‘_2____/

Reduction of CeO, surface

I v L] | L}
200 400 600 800

[= R0

Temperature (°C)

Figure 3-1. H>-TPR profiles of CeO», and PGM-impregnated CeOx.

The reduction of CeO> surface is facilitated by PGM, resulting in the much

lower reduction temperature even below 100 °C.
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3.2. Experimental

3.2.1. Catalyst preparation

The catalysts were prepared using the conventional incipient
wetness impregnation method. Commercial CeO: (Solvay), and Al20s
(Sasol) were used as support materials. Al>Os was calcined at 550 °C for 3 h
under air to obtain the y-Al>O3 phase. All support powders were dried in an
oven at 105 °C for 3 h before impregnating metal precursors. The desired
amounts of Pd, Pt, and Rh were loaded onto the supports by impregnating
aqueous solutions of Pd(NO3)2-2H20 (Merck), Pt(NH3)4(NOz3). (Alfa Aesar),
or Rh(NOgz)s (10 wt.% Rh in solution, Merck) as the metal precursor,
respectively. The amount of precursor solution was determined from the
pore volume measured from the N adsorption—desorption isotherms. To
uniformly distribute the metal and increase the reproducibility, the entire
solution was divided and loaded three times. The resulting powder was dried
at 105 °C overnight and then calcined at 800 °C under a 100 mL/min gas
flow of 15 vol.% O with an N2 balance for 2 h. The prepared catalysts were
Ce0,, Pd(0.5)/CeO,, Pd(1)/CeO., Pd(2)/Ce0,, Pd(3)/CeO,, Pd(4)/CeOx,
Pt(2)/CeO2, Pt(1)-Pd(1)/Ce0O,, Rh(2)/CeO2, and Pd(2)/y-Al03. The metal
loadings are shown in the parentheses. If metal loading was not specified, it
is 2 wt.%. Commercial Pd(5)/y-Al2Os powder (Merck) was also used for

comparison with the Pd(2)/CeO; catalyst with a similar Pd particle size.
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3.2.2. Performance evaluation

The catalytic activities and NO storage abilities of the catalysts
were evaluated using a continuous-flow quartz tubular reactor. First, 0.1 g of
catalyst (80—100 mesh) was loaded in the reactor with 0.1 g of a-Al>03 (80—
100 mesh) to dissipate the heat produced during the experiments. The total
flow rate was maintained at 200 mL/min (gas hourly space velocity, GHSV
= 120,000 mL/h-gear) under atmospheric pressure, with various gas
compositions (NO, H20, CO2, Oz, CO, Hz, and CzHs) to simulate gasoline
exhaust. The A values, defined as A = ([O2] + 0.5[CO] + 0.5[H20] + [CO2] +
0.5[NQJ])/([CO] + 0.5[H2] + 4.5[CsHe] + 0.5[H20] + [COz]), was also
controlled. Typically, 100 ppm NO, 5 vol.% H20, 5 vol.% CO3, 6,000 ppm
CO, 2,000 ppm Hz, 1,000 ppm CsHs, and N2 (as the balance) were
introduced, while the Oz concentration was varied from 0.5 to 1.35 vol.%;
this changed the A from 0.95 to 1.05. The concentrations of the outlet gas
components are analyzed using an online FT-IR spectrometer (Nicolet iS50,
Thermo Fisher Scientific) with a mercury cadmium telluride (MCT) detector.
The feed gas compositions and conditions are summarized in Table 3-1 and

explained as follows:

(i) Steady-state activity test: The samples were pre-treated at 700 °C
at a ramping rate of 10 °C/min for 30 min with 5 vol.% O, 5 vol.% H-0,
and 5 vol.% CO: (balanced with N2), and then cooled down to 120 °C

(Scheme 3-1A). After the pretreatment, the steady-state activities of the
41 H =2 TH
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catalysts were measured at 120, 140, 160, 180, 200, 240, 280, 320, 360, and
400 °C under the full-feed conditions. For the full-feed test, a feed gas
containing 5 vol.% H-0, 5 vol.% CO, 6,000 ppm CO, 2,000 ppm Hz, 1,000
ppm CsHe, and either 0.5 vol.% O for fuel-rich conditions (A=0.95) or 1.35
vol.% O, for fuel-lean conditions (A=1.05) (balanced with N2) was
introduced to the feed. The outlet gas concentration was recorded after

reaching a steady state at each temperature.

(if) NO storage and reactivity tests at a fixed temperature of 120 °C
(full feed and simple feed): For the NO storage and reactivity tests, the
samples were pre-treated at 700 °C with a ramping rate of 10 °C/min for 30
min with 5 vol.% O, 5 vol.% H-0O, and 5 vol.% CO> (balanced with N>),
and then cooled down to 120 °C (Scheme 3-1B), and the temperature was
maintained at 120 °C. For the full feed test, the feed gas containing 0.5
vol.% Oy for fuel-rich conditions (A=0.95) or 1.35 vol.% O for fuel-lean
conditions (A=1.05), along with 5 vol.% H20, 5 vol.% CO», 6,000 ppm CO,
2,000 ppm Hz, 1,000 ppm CsHs, and N2 as a balance was introduced for 20
min to stabilize the catalysts. Subsequently, 100 ppm of NO was introduced.
The concentration of the outlet NO was measured for 100 min. After 100
min, the temperature was raised to 500 °C at a ramping rate of 10 °C/min.
Unless otherwise noted, NO storage and reactivity tests were conducted
under full feed conditions. Further tests were conducted under simple feed
conditions (i.e., 100 ppm NO, 2,000 ppm Haz, 0.5 or 1.35 vol.% O, and N2
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as a balance) to study the NO storage mechanism.

The effect of H2O, CO2 and C3He on the NO storage ability was
also investigated. To prevent unwanted H.O and CO. production, the
experiments were conducted by a different procedure from ordinary
experiments. Specifically, oxygen vacancies were produced over Pd/CeO;
by reducing it under 5 vol.% H2/N> condition at 400 °C in advance. During
the NO adsorption step, the feed gas contained 100 ppm of NO (balanced
with N2), while 5 vol.% H20, 5 vol.% CO2, 1,000 ppm C3He was included if
needed. Neither H> nor CO was introduced to prevent the unwanted

formation of H20 and CO..

Since both NO reduction and NO storage occurred at 120 °C, the
evaluation method was set to differentiate them. Within 100 min of flowing
NO, the NO storage was saturated, and the NO concentration reached the
steady-state value. The amount of NO removed by the reaction did not
change significantly. Then, the areas above and below the steady-state NO

concentration were calculated as reacted NO and stored NO, respectively.

(iii) Effect of A variation: O concentration was varied from 0.5 to
1.35 vol.% to change A from 0.95 to 1.05 to investigate how the NO storage
capacities and reduction activities are influenced by the A variation. The
concentrations of the other feed gases were maintained as those used in the

full feed conditions (5 vol.% H20, 5 vol.% CO2, 6,000 ppm CO, 2,000 ppm
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H2, 1,000 ppm CsHs). The same test was repeated for Pd(1)/CeO.,

Pd(2)/CeO., and Pd(3)/CeO catalysts.

(iv) Cold-start simulations (100 s NO storage and A switching tests):
The NO abatement tests were also conducted for 100 s at 120 °C. After pre-
treatment (Scheme 3-1), catalysts were exposed to the full feed (without
NO) for 20 min. Afterward, 100 ppm of NO was introduced to the sample
for 100 s. The amount of NO abatement was calculated from the difference
with the NO concentration profile of the blank test in the absence of a
catalyst. After the concentration of NO reached 0 ppm, the reactor was
heated to 500 °C at a ramping rate of 10 °C/min to measure the amount of

NO slipped from the sample.

The effectiveness of the A control strategy on the abatement of NO
emissions was also examined in the lab-scale experiments. After
pretreatment, the full feed gas composition was injected to the catalyst at
120 °C. At the same time, the reactor was heated to 500 °C at an average
ramp rate of 45 °C/min. For comparison, the tests were conducted under
three different A controls: (1) maintaining A at 1.05, (2) maintaining A at 0.95,

and (3) switching A from 1.05 to 0.95 at 250 °C.

A more realistic experiment was conducted using the facilities in
Hyundai Motor Group. The simulated gas, similar to the lab-scale

experiments but with more diverse hydrocarbon species, was introduced to
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the after-treatment system and the NO emission was tracked. The A value
was switched from slightly fuel-lean conditions (A > 1) to slightly fuel-rich
conditions (A < 1) at 15 s, while two after-treatment systems with and

without Pd/CeO, components were compared.
3.2.3. Catalyst characterization

N> adsorption—desorption isotherms were obtained using a
BELSORP-mini Il (MicrotracBEL Corp.). The sample was degassed under
vacuum at 200 °C for 4 h to eliminate any impurities. Brunauer—-Emmett—
Teller (BET) theory was used to estimate surface area. Cryo-H>-TPR was
conducted using a BELCAT Il (MicrotracBEL Corp.). Samples (0.05 Q)
were oxidized under O» flowing conditions at 500 °C for 1 h and then
cooled to -90 °C. The changes in thermal conductivity were measured using
a thermal conductivity detector (TCD), while the catalyst was exposed to a 5
vol.% Ha/Ar gas flow while elevating the temperature from -90 to 900 °C
(ramping rate of 10 °C/min). High-purity CuO (99.999%, Merck) was used
to calibrate the TCD signal. The outlet stream was analyzed with a mass
spectrometer (Hiden Analytical, QGA) if needed. In situ DRIFTS spectra
were collected using an FT-IR spectrometer (Nicolet 6700, Thermo Fisher
Scientific) equipped with a diffuse reflectance cell (Praying Mantis, Harrick
Scientific Products Inc.) and an MCT detector. Pd(2)/CeO. powder (130
mg) was loaded onto the DRIFTS cell. Pretreatment was conducted under

three different conditions: (i) O treatment for 30 min at 400 °C, (ii) H:
45 11 O +1]
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treatment for 30 min at 400 °C, and (iii) N2 treatment for 30 min at 400 °C
followed by Oz and H> treatment with an 8:1 O2/H, gas mixture for 30 min
at 120 °C. After pretreatment, the samples were purged with N2 for 30 min
and then cooled. The background spectrum was obtained at 20 °C after each
pretreatment. The DRIFTS spectra were collected after flowing 1 vol.%
COI/Nz to the sample for 1 h at 20 °C, followed by N2 purging for 1 min at
20 °C to remove gas phase CO signal. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) images were obtained using a JEM-
ARM200F (JEOL Ltd.) with an accelerating voltage of 200 kV. The
specimens were prepared by dispersing the powder samples in ethanol and
dropping the colloidal solutions onto copper grids. It was challenging to
distinguish the Pd particles from CeO,, even in the HAADF mode.
Conversely, in the case of Pd(5)/y-Al203, 250 Pd particles were counted to
get the particle size distribution curve. Pulsed CO chemisorption was
conducted using BELCAT II. Typically, 0.05 g of the sample was heated at
400 °C under a He gas flow and cooled to 120 °C under He. The sample was
then reduced using a 5 vol.% Ha/Ar mixture at 120 °C for 30 min, followed
by purging with a He flow and cooling to -78 °C with a liquid nitrogen spray.
The CO pulse was dosed in a He stream until the catalyst was saturated with
CO. Pulsed CO chemisorption was performed at -78 °C to suppress CO
adsorption on the CeO» surface and avoid overestimating the Pd dispersion

[86]. The stoichiometric factor (the ratio between Pd atoms to chemisorbed
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CO molecules) was assumed to be 1. The number of Pd atoms exposed on
the surface is assumed to be the same as the number of chemisorbed CO
molecules. X-ray diffraction patterns were recorded on a powder X-ray
diffractometer (Smartlab, Rigaku) with a current of 30 mA and voltage of 40

kV in the 260 range from 10° to 90°.
3.2.4. Density function theory (DFT) calculations

Periodic DFT calculations were performed using the Vienna Ab-
initio simulation package (VASP) with projector-augmented wave (PAW)
pseudopotentials. The RPBE-GGA exchange-correlation functional were
used for all calculations with the fast algorithm, accurate precision, energy
cutoff of 500 eV, and Gaussian smearing of 0.1 eV [87]. To treat electron
over-delocalization in the strongly correlated system, the DFT+U method
was used with the Uest value of 4.5 eV for Ce. The slab models for Pd(111),

Ce02(111), and the Pd NP—CeO>(111) interface are shown in Scheme 3-2.

Each surface was separated by > 20 A of vacuum space perpendicular to the
slab surface, and the top two layers of the slab models as well as the
adsorbates were allowed to relax until the forces on each atom were less
than 0.03 eV/A. A Monkhorst-Pack k-point mesh of 4%4%1, 2=4%1, and
2*4*1 was used for Pd(111), CeO2(111), and the Pd/CeO: interface,
respectively. Gibbs free energies were obtained by applying zero-point
energy (ZPE) and entropic corrections to the calculated electronic energies,

which were either taken from the NIST database for gas molecules or
47 H =T}
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derived by calculating harmonic vibrational frequencies for adsorbates. To
obtain activation barriers, the Climbing Image Nudged Elastic Band (ClI-
NEB) calculations were performed, and the exact transition state was

identified by confirming one imaginary frequency of the Hessian.



Table 3-1. Composition of the feed gases in the NO storage and reactivity

test.
Reaction condition Gas composition
Pretreatment 5% O2, 5% H20, 5% CO;
= 1.05 100 ppm NO, 5% H-0, 5% COz2, 1.35% O,
' 6000ppm CO, 2000 ppm Hz2, 1000 ppm C3Hs
Full feed
o 0.95 100 ppm NO, 5% H20, 5% COz, 0.5% O,
' 6000ppm CO, 2000 ppm H2, 1000 ppm CsHs
Simple L=1.05 100 ppm NO, 1.35% O3, 2000 ppm H>
feed A=0.95 100 ppm NO, 0.5% O, 2000 ppm Hs
NO and N2 100 ppm NO
NO, H20, and N2 100 ppm NO, 5% H,0
NO, H20, CO2 and N2 100 ppm NO, 5% H-0, 5% CO>
NO, H20, CO2, C3He,
N 100 ppm NO, 5% H-0, 5% CO2, 1000 ppm CsHe
an 2

The total flow was maintained at 200 ml/min (GHSV = 120,000 ml/h-gcat)
and balanced with Na.
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Scheme 3-1. The experimental protocols to evaluate (A) steady-state activity
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(while raising temperature) of the catalysts.
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Scheme 3-2. The top and side views of the (2%2*4), (4%2*3), and (4*2*3)
slab models for Pd(111), CeO,(111), and the Pd NP-CeO»(111) interface,
respectively. The dark blue, yellow, and red indicate palladium, cerium, and
oxygen atoms, respectively. Crossed atoms indicate fixed atoms during
structural relaxations. Since it is difficult to know the exact structure of the
Pd/CeO: interface, a quasi-one-dimensional Pd nanowire exposing a (111)
facet supported on the CeO2(111) surface was employed as a crude
approximation of the actual complex Pd/CeO: interface. However, the
quasi-one-dimensional periodicity largely avoids quantum size effects in the
nanowire, and in contrast to sub-nanometer metal clusters, such nanowires
may therefore serve as effective models of considerably larger Pd
nanoparticles (diameter > 2 nm, as in our experimental studies).[88] Many
previous studies have shown the ability of these nanowire models to
successfully describe and interpret crucial features of experimental

kinetics.[89-91]
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3.3. Results and Discussion

3.3.1. NO abatement abilities of catalysts

Figure 3-2 shows the amount of accumulated NO emitted from a
commercial gasoline vehicle in time-on-stream along with the temperatures
of engine-out gas and catalytic bed. During the cold-start period (< 20 s), the
accumulated NO emissions increased drastically. However, the NO emission
level barely increased above 500 °C, because the activated TWCs
effectively converts NO into N». This shows that the majority (75.9%) of

NO emissions from the gasoline vehicle occurs during the cold-start period.

One strategy for preventing NO emission during the cold-start is
developing a catalyst active at low temperatures.[64, 92, 93] Various PGM-
supported catalysts (Pd/y-Al.03, Pd/CeO,, Pt-Pd/CeO,, Pt/CeO and
Rh/Ce0O.) were prepared and evaluated their NO reduction reactivities under
steady-state operating conditions at the A of 0.95 (Figure 3-3A). Note that
the A for gasoline vehicle exhaust should be less than 1.0 because the excess
O2 at A > 1.0 completely oxidizes H2> and CO, the reductants necessary for
NO conversion [94]. Air to fuel ratio (AFR) is the mass ratio of air and fuel
during the engine combustion. AFR determines several factors, such as the
flammability of the fuel mixture, the amount of energy released, and the
number of pollutants emitted during the combustion reaction. AFR that can
burn all fuel mixtures without leaving excess air is called stoichiometric
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AFR. Typically, the stoichiometric AFR is about 14.7:1 for gasoline fuel
[95]. AFR greater than 14.7:1 is considered a fuel-lean condition, and AFR
less than 14.7:1 is considered a fuel-rich condition. The engine's maximum
power output is reached near the AFR of 12.6:1, whereas the AFR of about
15.4:1 is considered the maximum fuel economy ratio [96]. AFR changes
continuously by engine control depending on the driving condition and
environment, and this can be more simply expressed as air to fuel
equivalence ratio, A. A is the ratio of actual AFR to stoichiometry for a given
air and fuel mixture (A = AFR/AFRstoichiometric). FOr example, the maximum
power can be achieved at a A of 0.86 and best fuel economy can be achieved
atadof 1.06. A =1 is at a stoichiometry, A > 1 is a lean condition, and A < 1

is a rich condition.

A can be also determined by the composition of the exhaust gases
from the engine outlet. There are several models to compare the idealized
and the actual air to fuel ratio by comparing the molar ratio of oxygen
molecules to carbon and hydrogen molecules in the exhaust gas components
[97]. A simple expression using the volumetric concentration of each gases

used in this study is as follows;

_ [0:]+05[col +0.5[H,0] + [€0;] + 0.5[NO]
~[col + 05[H,]+ 450C,H]+ 0.5[H,0] + [C0,]

For example, two representative A value used in this study, 1.05 and 0.95,
could be obtained by substituting the gas concentration values in the above
-:l -I
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equation. Typically, the volumetric amount of H, emitted is about one third
of that of CO emitted. The other gas concentrations were referred to the
composition of gasoline exhaust provided by Hyundai Motor Group. CzHs
was used as a representative hydrocarbon component.

A = 1.05: 100 ppm NO, 5% H20, 5% CO,, 1.35% O, 6000ppm CO, 2000
ppm Ha, 1000 ppm CsHe

A =0.95: 100 ppm NO, 5% H20, 5% CO2, 0.5% O, 6000ppm CO, 2000
ppm Ha, 1000 ppm CsHs

The A value is important because it determines the operating
window of three-way catalysts [98]. The highest conversion of CO,
hydrocarbons, and NOx can be achieved in a stoichiometric exhaust gas, A =
1. Lean excursions with excess oxygen and lack of reductants decrease NOx
conversion. On the other hand, when A is biased to a rich condition, the
conversion of CO and hydrocarbons decreases. Since A variation has a large
impact on the performance of the catalytic converters, it is necessary to
study how the after-treatment catalysts are affected by A fluctuations. Based
on this result, the engine control could be optimized to minimize pollutant
emissions while increasing engine power and fuel efficiency. Therefore, a
balance between catalyst activity and A control by engine is crucial to ensure

the high conversion of exhaust gas pollutants in gasoline vehicles.

In this context, Kim et al. previously investigated the effect of A on

the catalytic conversion of hydrocarbon, CO, NO, H: over Pt/Al>Os,
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Pd/Al>Os, and Pt-Pd/AlO3 [99]. Although the catalysts were different from
the ones in this study, the trends in conversions of NO, CO, and
hydrocarbons depending on the A are similar. For example, regardless of
catalyst species, NO conversions demonstrate volcano-shape at A = 1.05
(Figure 3-4 and 3-5), whereas the light-off curves are observed at A = 0.95
(Figure 3-3B). It is closely related to the oxidation of CO and CsHs, (Figure
3-5). Considering the adsorption energy of NO* (-2.05 eV) and O* (-0.86
eV) on Pd(111) surface, the oxidation of CO and CzHs could occur by the
reaction with NO, which would increase the NO conversion at low
temperature. On the other hand, at the elevated temperatures, the number of
dissociated O atoms would prevail at A = 1.05. Hence, the NO conversion
decreased at A = 1.05, while the NO conversion continuously increased with

temperature due to the lack of oxidant at A = 0.95.

When discussing the oxidation activities of the catalysts, Pt surface
is well known to be poisoned by CO, leading to the hampered oxidation
activity for CO and CsHes [99]. However, the incorporation of Pd to Pt
clearly improved the oxidation ability [99]. Moreover, the active oxygen
supplied by CeO2 would further improve the oxidation activity of Pd/CeO>
[100]. Meanwhile, Rh catalyst typically demonstrates the high NO
conversion activity. However, the NO conversion over Rh/CeO was lower
than that of Pd/CeO2, and the oxidation ability of Rh/CeO, was also lower
than that of Pd/CeO.. There should be more complex chemistries involved

7]
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with the activities of these catalysts, but they are out of scope of this study.

Figure 3-3A shows that almost 100% NO reduction is achieved over
the Pd/CeO, Pt—Pd/CeO2, and Rh/CeO; catalysts, but only above 250 °C.
Considering that the time required to heat the catalytic bed to above 250 °C
was longer than 11.5 s (Figure 3-2), a significant amount of NO would be
slipped from the after-treatment system. Unfortunately, despite our efforts
here, and those of others, to improve the low-temperature activity of TWCs,
achieving 100% NO conversion below 150 °C remains considerably

challenging [7, 64, 101].

Another strategy to remove NO emitted during the cold-start period
is temporarily storing NO on the catalyst at low temperatures. Figure 3-3B
displays the NO storage abilities of the PGM-supported catalysts (evaluated
at 120 °C) at the A of 0.95. Since both NO storage and reduction occur at
120 °C, the steady-state NO concentration at 120 °C was considered as the
baseline to evaluate the NO storage ability (Figure 3-7). All CeO,-based
catalysts provided sufficient NO storage, while Pd/y-Al.O3 did not store NO
(Figure 3-3B). Moreover, when the catalyst bed temperature was increased,
NO desorption and reduction simultaneously occurred within 170-300 °C
(Figure 3-8). Note that the NO desorption curves in Figure 3-8 were
obtained after exposure to NO for 100 min. When the samples were exposed
to NO at 120 °C for 100 s, which is closer to realistic conditions (~ 20 s of

the cold-start period), most of the desorbed NO was reduced to N» (Figure
56 T | ] 3
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3-9). Therefore, the NO emitted during the cold-start period can be
temporarily stored and removed at the elevated temperature. Since Pd/CeO;
exhibits the highest NO abatement ability among samples studied, its NO

abatement behavior was further investigated.
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Figure 3-2. Accumulated NO emissions and the exhaust gas temperatures of
the engine and catalyst bed during the first 1,200 s after starting the engine

of a typical gasoline vehicle.
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Figure 3-3. Cold-start NO emission and NO abatement activities of various
catalysts. (A) Temperature-dependent NO reduction activities of the
representative three-way catalyst (TWC) at an air-fuel equivalence ratio ()
of 0.95. (B) NO abatement activities of various catalysts at a A of 0.95 and

temperature of 120 °C.
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3.3.2. Maximizing cold-start NO abatement via engine control

The development of gasoline vehicle technology over the past 50
years has enabled the facile manipulation of A in exhaust gas by
sophisticated engine control with a powertrain control module [102-104].
Therefore, although the A in the exhaust gas is typically less than 1.0 during
the typical operation of gasoline engine, it can be increased easily to above
1.0 if necessary. It is exploited that this advantage of engine technology in
gasoline vehicles and investigated the effect of varying A on the cold-start

NO abatement ability of Pd/CeO..

When A increased from 0.95 to 1.05, the NO storage amount
increased from 24.5 to 30.7 umol/g on Pd(1)/CeO2 (the metal loading is
shown in parentheses), and from 45.6 to 78.7 umol/g on Pd(3)/CeO2 (Figure
3-10A). Therefore, higher A values benefit the catalyst NO storage ability.
The effect of varying A on the NO reduction activity is shown in Figures 3-
10B and 3-10C. When A increased from 0.95 to 1.05, the NO conversion
decreased from 22.4% to 3.7% on Pd(1)/CeO., and from 64.5% to 17.8% on
Pd(3)/CeO; (Figure 3-10B). Simultaneously, the N2O selectivity decreased
from 62.5% to 0% on Pd(1)/CeO2 and from 57.9% to 10.5% on Pd(3)/CeO>
(Figure 3-10C). Hence, although high NO conversion could be achieved at
low A, this conversion involved the conversion of NO to N2O, which is an
undesirable greenhouse gas with a stronger effect than CO2 [105]. The NO

abatement ability of Pd/CeO; at 120 °C can thus be summarized as follows:
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NO storage was promoted at A = 1.05. Conversely, NO reduction was
promoted at L = 0.95, but resulted in N2O production. Maximizing the NO
storage ability by increasing A above 1.0 was found to be a suitable
approach toward minimizing NO emissions during the cold-start period
without producing N2O (Figure 3-10). Moreover, A should be switched from
1.05 to 0.95 when the exhaust temperature reaches 200 °C (Figure 3-11).
This would maximize the NO storage capacity of Pd/CeO; at A = 1.05
during the cold-start period (Figure 3-10A) and achieve high NO reduction
activity at A = 0.95 at elevated temperatures (Figure 3-3A and 3-4). This
strategy, employing both engine control and catalytic reactivity to achieve
zero NO emissions over the wide temperature range (Figure 3-12A), further
reduced the amount of emitted NO by 25% by simply shifting A from 1.05
to 0.95 at 250 °C, compared to the case where A is constant at 0.95 (Figure
3-12B). Real-scale experiments were also conducted at the Hyundai Motor
Group to confirm the feasibility of our approach under the simulated
exhaust conditions of a typical gasoline vehicle (Figure 3-12C; see
Experimental for details). Using our A-switch strategy and incorporating the
Pd—CeO> components in the TWC of a gasoline vehicle maximized the
temporal NO storage, and successfully reduced NO emissions by 67.6%

during the cold-start period.
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Figure 3-12. Maximizing the NO abatement ability of Pd/CeO; catalyst
through the engine control. (A) Schematic illustration of the A control under
slightly fuel-lean conditions during the cold-start period and under slightly
fuel-rich conditions in the TWC-operating region. The powertrain control
module was used to manipulate the A value of the gasoline combustion,
maintaining it above 1 during the cold-start period to facilitate NO
adsorption and prevent N>O formation. As the exhaust gas temperature rises,
the A was switched to slightly below 1 (i.e., near-stoichiometric conditions)
to promote NO reduction. (B) Lab-scale NO abatement ability of
Pd(2)/CeO. was evaluated under the simulated cold-start period by
switching A from 1.05 to 0.95 at ~250 °C and comparing the resultant NO
abatement to that evaluated under constant-A conditions (1.05 or 0.95). (C)
Real-scale NO abatement ability of Hyundai Motor Group catalyst with and
without Pd—CeO> components. Here, the A switching strategy was applied to

maximize the NO abatement ability of the CeO. component.
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3.3.3. Identification of the NO storage sites on Pd/CeO:

The NO storage sites on Pd/CeO2 were further investigated to
elucidate their NO abatement ability. A series of experiments were
conducted to identify the primary NO storage site on Pd/CeO, among the Pd

surface, CeO; surface, or Pd—CeO3 interface.

The NO amount stored on Pd/CeO; with Pd loadings of 0.05, 0.5, 1,
2, 3, and 4 wt.% was evaluated at A = 1.05 and 0.95 and under both a simple
feed (i.e., NO, Oz, H2, and N (balance)) and a simulated full feed (i.e., NO,
02, Hz, CO», H20, C3Hg, and N2 (balance)). Pd exists as metallic Pd even at
L = 1.05 as will be discussed in 3.3.4. The amount of stored NO was
quantitatively compared to the number of exposed metallic Pd sites, which
was estimated by CO chemisorption (Figure 3-13). The amount of stored
NO exceeded the number of exposed Pd sites on Pd/CeO. under the simple
feed (Figure 3-14A), but it was lesser than the number of exposed Pd sites
on Pd/CeOz under the full feed (Figure 3-14B). This indicates that the full
feed components that were not present in the simple feed inhibit the NO
storage on Pd/CeO,. Further, in both cases, the NO amount stored on

Pd/CeO: increased as the number of exposed Pd sites increased.

The correlation between the stored NO amounts and the number of
exposed Pd sites implies that Pd plays an important role in storing NO.

However, the 4 nm-sized Pd NPs of Pd(5)/y-Al>03 showed low NO storage
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ability at L = 1.05 unlike Pd(2)/CeO2 (Figure 3-15). These results indicate
that, although Pd surfaces are important for NO adsorption, the support
material also plays a significant role in completing the NO storage
mechanism. It is believed that the adsorbed NO is not simply kept on Pd,
but gets converted to N2, N2O, or NO2 depending on reaction conditions. In
addition, the Pd surface may also indirectly contribute to the NO storage
process by promoting Vo formation at the Pd-NP—CeO; interface. This will

be discussed in detail below based on extensive DFT calculations.

The NO storage ability of Pd(2)/CeO. was also investigated under
feeds consisting of (i) NO and N2, (ii) NO, H20, and Ny, (iii) NO, H20, COx,
and Nz (iv) NO, H20, CO;, CsHs, and N2. The stored NO amount decreased
from 77.3 to 63.7 umol/g when H.O was added to the feed, but further
decreased to 20.2 pumol/g when CO2 was added (Figure 3-14C). CO> is
known to strongly interact with the CeO> surface; therefore, the significant
inhibitory effect of CO, on the NO storage ability implies that the CeO-
surface stores NO or NO: at low temperatures [106, 107]. Notably, despite
its reduced NO storage ability in the presence of CO> (as well as H>0 and
CsHs), Pd/CeO> exhibited a sufficient NO storage ability to remove most of

the NO released during the cold-start period (i.e., < 20 s) (Figure 3-12C).

As the Pd-CeO:> interactions seem to be key contributors in NO
storage, a method of estimating the Pd—CeO- interfacial area was devised to

quantitatively evaluate its NO storage ability. After oxidative treatment at
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500 °C, the surface areas of CeO, and Pd(2)/CeO were 125 m?/g (Figure 3-
14D). However, after oxidative treatment at 800 °C, the surface area of
Pd(2)/CeO, (108 m?/g) was larger than that of CeO. (70 m?/g). This
indicates that the Pd—CeO- interface prevents the thermal sintering of CeO-
support [43, 108, 109]. The surface area of Pd/CeO, measured after
oxidation at 800 °C increased as the Pd loading increased from 0.05 to 4
wt.% (Figure 3-14E). This improvement in the thermal stability of Pd/CeO;
can be attributed to a larger Pd—CeO: interfacial area at higher Pd loading.
Indeed, Figures 3-14D and 3-14E imply that the interfacial area of Pd/CeO;
can be quantitatively deduced from the change in the surface area after

800 °C-treatment.

As the surface area of Pd/CeO: increased, the amount of NO stored
on the sample also linearly increased (Figure 3-14F); this linear correlation
strongly indicates that the CeO> surface is the storage site for NO at a low
temperature. Interestingly, the x-intercept of the linear correlation line in
Figure 3-14F was non-zero (70 m?/g). The non-zero x-intercept suggests
that the CeO> surface alone does not store NO and is consistent with our
experimental observation that bare CeO2 does not store NO (Figure 3-15).
In other words, Pd of Pd/CeO, plays a major role in the NO storage
mechanism. Note that some deviation from the linear correlation was
observed at the higher Pd loadings (3 and 4 wt. %, Figure 3-14F), probably
due to the formation of significantly larger Pd clusters (Figure 3-13).
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Emmett-Teller (BET) surface area of the CeO, and Pd(2)/CeO, samples
when the oxidation temperature was increased from 500 to 800 °C. (E) The
dependence of the BET surface area of Pd/CeO, samples, which were
oxidized at 800 °C, on the Pd loading. (F) Correlation between the NO
storage abilities at the A of 1.05 and 0.95 and the BET surface areas of

Pd/CeO2 samples with different Pd loadings.
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3.3.4. State of Pd/CeO2 catalyst’s surface under working conditions

The state of the Pd/CeQO> surface under working conditions was
investigated to further reveal the active sites for NO storage. Both Oz and H>
are present in the exhaust gas of gasoline vehicles. The color of oxidized
Pd/CeO; changed from yellow to dark brown after treatment with H; at
400 °C (Figure 3-16A). Interestingly, the color of oxidized Pd/CeO; also
became dark even after treatment with an 8:1 Ox/H> mixture at 120 °C

(Figure 3-16A).

In situ CO adsorption diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS) spectra of Pd(2)/CeO, were collected after
pretreatment with Oz at 400 °C, with Hz at 400 °C, or with O2/H> (8:1) at
120 °C. The sample was then cooled to 35 °C under N2 before collecting the
spectra. After O treatment, Pd existed as Pd?*; however, after H, treatment,
Pd existed as Pd® (Figure 3-16B) [110-112]. Interestingly, even after
treatment with O2/H> (8:1) at low temperatures, oxidized Pd was reduced by
the minor H> component despite the presence of the excess amount of Oa.
Thus, the Pd in Pd/CeO; catalysts would exist in the reduced state at A =

1.05 during the cold-start period.

The H-temperature-programmed reduction (TPR) curve of
Pd(2)/CeO- reduced and re-oxidized at 120 °C was compared to those of

pristine CeO2 and bulk PdO. Unlike CeO, the Pd(2)/CeO: surface was
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reduced even below room temperature (Figure 3-16C). This would be
ascribed to metallic Pd NPs (Figure 3-16B) promoting the partial reduction
of the CeO. surface by activating H> at the lower temperature. Mass
spectrometry measurements also show that the consumed Hz produces H.O
leaving Vos on CeO: (Figure 3-17). This role of Pd NP is also studied by
DFT calculations. Upon comparing the free-energy diagrams for Vo
formation by H> on the pristine CeO, surface and at the Pd-NP-CeO:
interface, the presence of metallic Pd NPs considerably promote the
homolytic dissociation of H> (Figure 3-16D) [113, 114]. Consequently, the
highest free-energy barrier for Vo formation by H> decreases significantly
from 2.04 eV (homolytic H. activation to 2H* is considered as rate
determining step (RDS) on pure CeO> surface) to 1.16 eV (RDS is Hpg* +

Ho* — H20 + Vo at the Pd-NP—CeO: interface).

Figure 3-16D compares the calculated free energy diagrams for
hydrogen reacting with lattice oxygen of CeO. to form an oxygen vacancy
and water at the Pd/CeO»(111) interface vs on the pristine CeO2(111) surface.
It can be seen that both the homolytic dissociation of hydrogen and the
diffusion of hydrogen atoms are particularly difficult on the pristine
Ce0(111) surface. This is because, their transitions states are found to be
fairly unstable due to a relatively long distance (4 A) between the lattice
oxygens. Thus, it is believed that Vo formation by H> would be promoted
particularly near the Pd nanoparticles. For the CeO2(111) surface far away
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from the Pd nanoparticles, Vo formation may occur by a different reductant

such as CO particularly at high temperature.

Since Vo formation by H: is found to be highly feasible at the
Pd/Ce0O2(111) interface, the free-energy diagram for the second Vo
formation have obtained (Figure 3-18). It can be seen that the second Vo
formation is thermodynamically quite feasible with the highest reaction
energy of 0.71 eV, indicating that the Vo concentration at the interface can
be as high as 2/2 = 100% under the reaction condition. This is the reason
why the Pd/CeO; interfaces with different Vo concentrations are considered
(InterfaceX represents the Pd/CeO- interface with X % of Vo concentration).
In addition, once H: is activated on the Pd surface, the activated H atoms
readily spill over onto the CeO> surface to react with oxygen to form an
oxygen vacancy and water, in agreement with previous reports [75, 115-118].
In summary, the combined in situ CO-DRIFTS spectra, H>-TPR curves, and
DFT calculations indicate that both Pd and CeO: surfaces would exist in the
reduced state during the cold-start period, even at A = 1.05, owing to the

presence of Ho.
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Figure 3-16. Identifying the state of the Pd NPs and CeO. surface under
working conditions. (A) Color of Pd(2)/CeO; after H treatment at 400 °C or
after Oo/H> (8:1 in volumetric ratio) treatment at 120 °C. (B) In situ CO-
diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS)
spectra of Pd(2)/CeO, after treatment by O or H at 400 °C or by O2/H; at
120 °C. (C) Ho-temperature-programmed reduction (TPR) curve of
Pd(2)/CeO- (reduced and re-oxidized at 120 °C) compared to those of
pristine CeO2 and PdO bulk. Reduction of CeO; surface, bulk PdO, and
Pd(2)/CeO- surface consumed 0.22, 0.24, and 0.44 mmol/gcat of Hz,
respectively. Here, the reduction of Pd/CeO- surface would include the
reduction of PdO and CeO. surface. (D) The calculated free-energy diagram
for oxygen vacancy (Vo) formation by H on the pristine CeO- surface vs. at
the Pd-NP—CeO:; interface at 120 °C with the configurations of each step

during reduction.
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Figure 3-17. Ho-TPR curve of Pd(2)/CeO; after oxidative pretreatment at
400 °C. TCD and mass spectrometer were used together to analyze the
outlet stream. Since TCD can only detect the consumption of Hz, a mass
spectrometer was used to confirm the formation of H20 and Vos. Although
quantitative analysis cannot be accurately performed using a mass
spectrometer, it can be seen that H>O was generated by the reaction of H»

and O of CeO2 based on the peak position.
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Figure 3-18. The free energy diagram of second oxygen vacancy (Vo)
formation at the Pd/CeO: interface under the reaction condition (T =
120 °C). The dark blue, yellow, and red indicate palladium, cerium, and
oxygen atoms, respectively. The subscripts “Pd” and “O” represent the Pd

and lattice oxygen sites at the Pd/CeO; interface.
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3.3.5. Investigation of the NO storage mechanism at the Pd NP-CeO:2

interface

Because PGMs have high NO oxidation ability, NO adsorbed on
Pd/CeO: has the potential to be oxidized to NO,. DFT calculations were
employed to investigate the competition between NO* desorption and NO*
oxidation to NO2 on the Pd(111) surface vs. at the Pd NP-CeO,(111)
interface with different Vo concentrations. Figure 3-19A shows that NO*
oxidation to NO- is favored over NO* desorption at the Pd-NP-CeO(111)
interface with Vo concentrations of 50 % and 100 %, probably because the
free energies of all the transition states involved in the former pathway are
lower than that required to desorb NO* thermodynamically. Interestingly,
the Pd NP-CeO:; interface modified by the Vos created slightly under the Pd
atoms significantly stabilizes NO2>* compared to other intermediates such as
NO* and O* (Figure 3-20 and 3-21). This is because of a unique adsorption
configuration of NO2>* at the Pd NP—CeO:- interface, which adsorbs through
two oxygen atoms forming a bidentate structure at the interface whereas it
adsorbs through one nitrogen atom forming a monodentate structure on
Pd(111) (Figure 3-22). Therefore, the Pd NP-CeO:; interface modified by
Vos promote NO* + O* — NO2* by significantly stabilizing the final and
transition states (Figure 3-19A). Once NO>* is formed and accumulated at
the Pd NP—CeO: interface, it will desorb as NO: since adsorbate-adsorbate
interactions will weaken its adsorption strength. A couple of questions then
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arise as to what happens to NO> produced at the Pd NP—CeO: interface, why
NO- was not detected as final products in our experiments, and why the NO
storage ability was slightly better at higher A (Figure 3-10A) where less Vos
would be formed at the interface. It is possible to suggest that, at low
temperatures (T < 120 °C), the NO2 would be easily captured by Vo formed
by H2 near the Pd clusters (Figure 3-16D). At elevated temperature (T >
300 °C), the captured NO2 will be released as NO, leaving its one oxygen
atom to fill Vo, as shown in our DFT calculations (Figure 3-23). The
improved NO storage ability of Pd/CeO> at higher A can then be explained
as follows. Although more Vo will generally promote NO* + O* > NO*,
higher A is desired to promote O2 = 20*, which is found to be the RDS for
NO oxidation to NO at the Pd/CeO. interface with e.g. 100% of Vo

concentration (Figure 3-19A).

In addition to the NO storage on Pd/CeO,, NO* reduction to N2O
(mainly at low A) or N2 (mainly at high A) was also observed at 120 °C
(Figure 3-10). Hence, the reaction energetics of NO* reduction to N2 via H-
assisted NO dissociation mechanism (Figures 3-24 and 3-25) on the Pd(111)
surface vs. at the Pd NP—-CeO2(111) interface with a Vo concentration of
100% (Figure 3-19B) were investigated [92]. Evidently, Vos created at the
interface increased the highest free-energy barrier for NO* reduction to N2
from 1.91 eV (RDS is 2N* — Nz on the Pd(111) surface) to 2.10 eV (RDS
iIs HNO* — NH* + O* at the Pd-NP—CeO; interface). This is because a

7]

-
|

84



relatively stable adsorption configuration was possible for HNO* only at the
Pd/CeO: interface. Figure 3-26 shows that HNO* adsorbs through its
nitrogen and oxygen atoms forming a bidentate structure at the interface,
whereas it adsorbs through one nitrogen atom forming a monodentate
structure on Pd(111). Thus, the effect of Vo is to suppress NO reduction by
significantly stabilizing HNO*, which increases the activation barrier for H-

assisted NO dissociation (HNO* - NH* + O%*).

The proposed mechanism for NO abatement by Pd NP—CeO: is
schematically illustrated in Figure 3-19C. Overall, DFT calculations showed
that NO* oxidation to NO2 mainly occurs at the Pd NP—CeO: interface
promoted by the Vos created at the interface (i.e., slightly under Pd atoms).
Meanwhile, NO* reduction to N2O or N2 primarily occurs on metallic Pd
and is promoted by H* adsorbed on the Pd surface. This is consistent with
the observation of NO storage only on ceria-supported samples, but not on
alumina-supported sample (Figure 3-3B). It is worth mentioning that the
concentration of Vo was not measured experimentally in this study. Thus,
future studies will require experimental validation of the proposed
mechanism. Here, in-situ studies (e.g., in-situ XPS) will be needed to
measure Vo concentration as reduced CeO> can be rapidly re-oxidized by

ambient air.
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Figure 3-19. NO storage and reduction mechanism of Pd/CeO, with Vos.
(A) The calculated free-energy diagrams for NO oxidation on the Pd(111)
surface vs. at the Pd NP—CeO: interface with different Vo concentrations
(InterfaceX represents the Pd NP—CeO: interface with a Vo concentration of
X%). (B) The free-energy diagram for NO reduction to N> via H-assisted
NO dissociation on the Pd(111) surface vs. at the Pd-NP-CeO; interface
with a Vo concentration of 100%. The configuration for each reaction step
and the adsorption energy for each reaction intermediate are shown below
the free-energy diagram. (C) The schematic illustration of the NO abatement

mechanism for Pd/CeO, with Vos.
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Pd nano particle

Pd (interface) lattice oxygen of CeO,

Figure 3-20. A cartoon showing various adsorption sites for Pd/CeO.: the Pd
site of Pd(111) and at the interface, the lattice oxygen site at the interface
and on CeO2(111), and the oxygen vacancy (Vo) site of CeO2(111). The
dark blue, yellow, and red indicate palladium, cerium, and oxygen atoms,

respectively.
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Figure 3-21. The top and side views of the slab models for the Pd/CeO:
interface with different concentrations of oxygen vacancies (Vo). The X in
InterfaceX indicates the % of Vo concentration at the interface (X = 0/2, 1/2,
and 2/2). The table on the right shows the calculated adsorption energies of
different adsorbates at different adsorption sites. The orange and green
circles indicate the 3-fold sites, and the blue and purple squares indicate the
bridge sites. Pda, Pdg, and Pdc indicate the Pd atoms coordinated by

different atoms.
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Figure 3-23. NO: strong adsorbs on Vo of CeO> during the cold-start period.
When the temperature is elevated, the adsorbed NO>* is desorbed as NO
leaving oxygen atom at the oxygen vacancy. Free energy diagram indicates
that NO desorption is thermodynamically favorable than NO2 desorption on
CeOz. The yellow, blue, and red indicate Cerium, Nitrogen, and Oxygen

atoms, respectively.
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Direct NO dissociation

Figure 3-24. Direct NO dissociation vs. H-assisted NO dissociation
mechanisms. A comparison between Figure 6B in the main text and Figure
S20 indicates that the H-assisted mechanism is more favorable on both the
Pd(111) surface and at the Pd NP—CeO»(111) interface with oxygen

vacancies.
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Chapter 4. Developing light hydrocarbon abatement

catalyst for gasoline system

4.1. Introduction

Due to concerns about environmental pollution emitted from
automobiles, governments have been strengthening their emission
regulations for several decades [1]. One of the upcoming regulations is the
combined regulation of non-methane organic gas and NOx (NMOG + NOXx)
[119]. Therefore, reducing NO emissions and decreasing unburned
hydrocarbon (HC) species in exhaust gas is crucial. In particular, it is key to
reduce the emission during the cold-start period before the catalytic
converters reach a sufficient temperature. Several studies utilize zeolite-
based catalysts as an HC trap to alleviate cold-start HC emissions [5].
However, the zeolite-based HC traps have several drawbacks that it is

difficult to apply directly without any modification for gasoline application

[5].

Because of the easily adsorbable larger molecular weight molecules,
the lower aging temperatures, and the lean operating conditions, the
hydrocarbon trap has been widely investigated and successfully applied in
diesel applications [5]. Beta zeolite and ZSM-5 are the most effective for
trapping Ce and higher hydrocarbons. However, zeolite-based hydrocarbon
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traps may not be the best option for gasoline applications. The trap is placed
upstream of the TWC and right after the engine. In this condition, zeolites
are not stable enough to withstand the high temperatures of gasoline engines
[59]. Also, the low oxygen concentration in gasoline vehicles may be partly
responsible for the poor conversion of the released hydrocarbon and lower-
emitting temperature than the light-off temperature of TWC [5]. Therefore,
there is a need for a new system that can compensate for the shortcomings
of the current zeolite-based hydrocarbon trap and work well in a gasoline
environment. To this end, this chapter investigated the Pd/CeQ; catalyst as a
potential hydrocarbon mitigation catalyst for gasoline cold-start applications.

When combined NMOG+NOX regulation is applied, it is crucial to
reduce NOx and hydrocarbon together, especially during the cold-start
period. Studying the interaction with NOx when developing a hydrocarbon
trap in this context is necessary. Here, the effect of NOx when using
Pd/CeO2 as a hydrocarbon trap was investigated. Recently, it has been
reported that NOx emitted in the cold-start period in a gasoline vehicle can
be successfully abated using Pd/Ce-based catalysts [59]. Oxygen vacancy of
the catalysts played an essential role in NOx storage. To analyze and
compare the interaction between the abatement of NOx and hydrocarbon,
we selected propene (CsHe) as a model hydrocarbon compound and
compared the abatement ability of each substance of Pd/CeO. at low
temperatures.

In this chapter, the applicability of Pd/CeO> for gasoline HC trap is
o : y 1)

¥
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carefully reviewed as part of designing the low-temperature catalytic
converter for gasoline engine vehicles. Based on the experimental results, a
possible storage mechanism is proposed. In addition, it also investigated
how the use of Ce—Zr mixed oxide (Ce-Zr-Q) affects the thermal stability
of the catalyst to develop an advanced catalytic converter with better
durability. Since the trapping catalyst is mainly located right after the engine,

stability against high temperatures is essential.

4.2. Experimental

4.2.1. Catalyst preparation

The catalysts were prepared using the conventional incipient
wetness impregnation method. Commercial CeOz, CeoaZroslag.osY0.0502
(S1), Ceo.31Zro4slaoosYo12NdoosO2 (S2), Ceo.21Zr0.72L80.02Ndo.0sO2 (S3),
Ceo0.4ZrossProosO2 (S4) were obtained from Solvay. y-AloOsz (Sasol) was
obtained from Sasol. All support powders were dried in an oven at 105 °C
for 3 h before impregnating metal precursors. The desired amounts of Pd, Pt,
and Rh were loaded onto the supports by impregnating aqueous solutions of
Pd(NOz3)2-2H20 (Merck), Pt(NH3)s(NO3)2 (Alfa Aesar), or Rh(NO3)3 (10
wt.% Rh in solution, Merck) as the metal precursor, respectively. The
resulting powder was dried at 105 °C overnight and then calcined at 800 °C

under a 100 mL/min gas flow of 15 vol.% O with an N2 balance for 2 h.
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The prepared catalysts were named as Pt(1)Pd(1)/CeO,, Pt(2)/CeO,,
Rh(2)/Ce0,, CeO, Pd(2)/AlOs, Pt(2)/A,0s, Rh(2)/Al,0s, Pd(2)/TiO2,
Pd(1)/CeO2, Pd(2)/CeO2, Pd(3)/CeO2, Pd(4)/CeO., Pd(5)/CeO2, Pd(2)/S1,
Pd(2)/S2, Pd(2)/S3, Pd(2)/S4. The number in the parentheses shows the

metal loading.

4.2.2. Catalyst characterization

N2 physisorption was conducted to measure the Brunauer—Emmett—
Teller (BET) surface areas and pore volumes using a BELSORP-mini 11
(MicrotracBEL, Japan) instrument. The samples were pretreated at 150 °C
for 4 h under a vacuum. In situ DRIFTS spectra were collected using an FT-
IR spectrometer (Nicolet 6700, Thermo Fisher Scientific) equipped with a
diffuse reflectance cell (Praying Mantis, Harrick Scientific Products Inc.)
and an MCT detector. Pd(2)/CeO, powder (130 mg) was loaded onto the
DRIFTS cell. Pretreatment was conducted under O treatment for 30 min at
400 °C. After pretreatment, the samples were purged with N2 for 30 min and
then cooled. The background spectrum was obtained at 20 °C after each
pretreatment. Pulsed CO chemisorption was conducted using BELCAT 1.
Typically, 0.05 g of the sample was heated at 400 °C under a He gas flow
and cooled to 120 °C under He. The sample was then reduced using a 5
vol.% Ha/Ar mixture at 120 °C for 30 min, then purging with a He flow and
cooling to -78 °C with a liquid nitrogen spray. The CO pulse was dosed in a
He stream until the catalyst was saturated with CO. Pulsed CO
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chemisorption was performed at -78 °C to suppress CO adsorption on the
CeO, surface and avoid overestimating the Pd dispersion [86]. The
stoichiometric factor (the ratio between Pd atoms to chemisorbed CO
molecules) was assumed to be 1. The number of Pd atoms exposed on the
surface is supposed to be the same as the number of chemisorbed CO
molecules. X-ray diffraction patterns were recorded on a powder X-ray
diffractometer (Smartlab, Rigaku) with a current of 30 mA and voltage of 40

kV in the 20 range from 10° to 90°.
4.2.3. Performance evaluation

The catalytic activities and NO storage abilities of the catalysts
were evaluated using a continuous-flow quartz tubular reactor. First, 0.1 g of
catalyst (80-100 mesh) was loaded in the reactor with 0.1 g of a-Al.Oz (80—
100 mesh) to dissipate the heat produced during the experiments. The total
flow rate was maintained at 200 mL/min (gas hourly space velocity, GHSV
= 120,000 mL/h-gcat) under atmospheric pressure, with various gas
compositions (NO, H20, CO», 0., CO, H», and CzHe) to simulate gasoline
exhaust. The A values, defined as A = ([O2] + 0.5[CQO] + 0.5[H20] + [CO.] +
0.5[NQO])/([CO] + 0.5[H2] + 4.5[CsHe] + 0.5[H20] + [CO:]), was also
controlled. Typically, 100 ppm NO, 5 vol.% H-0, 5 vol.% CO2, 6,000 ppm
CO, 2,000 ppm Hz, 1,000 ppm CsHs, and N (as the balance) were
introduced, while the Oz concentration was varied from 0.5 to 1.35 vol.%;

this changed the A from 0.95 to 1.05. The concentrations of the outlet gas
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components are analyzed using an online FT-IR spectrometer (Nicolet iS50,

Thermo Fisher Scientific) with a mercury cadmium telluride (MCT) detector.

The samples were pre-treated at 700 °C with a ramping rate of
10 °C/min for 30 min under 5 vol.% Oz, 5 vol.% H20, and 5 vol.% CO:
(balanced with N2). After that, they were cooled down to 120 °C and
maintained. The gas composition of 5 vol.% H20, 5 vol.% CO3, 6,000 ppm
CO, 2,000 ppm Ha, and 1,000 ppm CzHs, with and without 100 ppm NO and
N2 as a balance was introduced to evaluate the C3Hs abatement ability of

catalyst.

4.3. Results and discussion

Figure 4-1 shows the result of catalyst screening on the CzHs
abatement performance of various CeOz-supported and Al>Os-supported
catalysts. Among them, Pd(2)/CeQO2 showed the best performance and was
adopted as the standard catalyst in this study. This result is probably due to

the strong interaction of Pd and CeO> [120]. The Pd—CeO. interaction is
often very important in many catalytic reactions. For example, the Pd—CeO>

interaction was essential in NOXx storage in our previous research [22, 59].
NOXx storage performance was not shown when only one of Pd or CeO was

present. Similar results were obtained in the CsHe abatement activity test,
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indicating that the interaction between Pd and CeO; is important. The
catalytic abatement activity was higher at A of 1.05 with higher oxygen
concentration than at A of 0.95 with low oxygen concentration in Pd/CeO..
This phenomenon indirectly shows that oxygen involves itself in the CzHs

abatement ability of Pd/CeO..

Next, several abatement activity tests were performed to see if
Pd/CeO2 shows the abatement activity of HCs other than CsHe (Figure 4-2).
In case of the A value of each experiment, the hydrocarbon concentration
was adjusted according to the slightly lean condition. There was little
abatement effect for iso-pentane, while toluene had some abatement effect.
There was no abatement activity at all in the case of CsHg and CHa4. From
this point of view, it can be seen that functional groups such as double bonds

are very important for surface adsorption.

Next, the effect of Pd loading was investigated (Figure 4-3). Up to 4
wt.%, the abatement activity increased as Pd loading increased, but 5wt.%
showed the same result as 4 wt.%. The amount of adsorption for the total
number of Pd decreased with loading, but the amount of adsorption for Pd
exposed on the surface increased with loading. It can be inferred that larger-
size Pd nanoparticles exhibit better CsHe abatement performance. Further
analysis is required as this may result from maintaining a high surface area

due to stronger metal-supporter interaction with higher loading [43].
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In order to find out about the relationship between NO abatement
and CsHe abatement, a few activity tests were conducted according to the
presence or absence of each gas component (Figure 4-4). When NO is
adsorbed in advance or introduced together with C3Hs, the CsHe abatement
ability is significantly reduced. However, in the opposite case, the decrease
was relatively small. This decrease is because NO can preferentially bind to
oxygen vacancy sites [22]. However, this phenomenon may vary depending
on the oxygen concentration. In fuel-lean environments such as diesel
combustion, the oxygen concentration is excessive, and in this case, the
presence of CsHe has an enhancing effect on the NO abatement ability
(Figure 4-5A). Even in this case, the presence of NO suppressed the CsHe
abatement ability of Pd/CeO. (Figure 4-5B). It can be seen that the CsHs
abatement ability was significantly decreased when NO was present, but the

abatement ability was activated again when NO was turned off (Figure 4-6).

It can also be confirmed from the results of in-situ DRIFT
experiments that oxygen greatly affects the CsHe reduction ability (Figure 4-
7). At around 120°C, CsHe abatement includes the ability to adsorb on the
Pd/CeO: surface and oxidize it on the surface. In Figure 4-7A, only a small
amount of C3Hs had adsorbed before oxygen was turned on. It can be seen
that oxidation occurred on the catalyst surface from the carbonate peak
(1554 cmt, 1423 cm™), which increases when oxygen is turned on, and the
adsorption amount also increases from the adsorption peak observed in the

1]
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2700-3000 cm™ wavenumber region (Figure 4-7B). However, it can be
confirmed that the growth of the carbonate peak was not observed in the
90 °C test result because oxidation did not occur (Figure 4-7C). However,
even at 90 °C, it can be seen that the CsHe adsorption capacity was

increased when oxygen was turned on (Figure 4-7D).

From another DRIFT experiment result, the interaction between NO
and CsHe can also be confirmed (Figures 4-5 and 4-8). Based on these
results, the following CsHs abatement mechanism over Pd/CeO. can be
suggested (Figure 4-9). Without NO, CsHe can be combined with the surface
lattice oxygen and be stored or oxidized on the catalyst surface. At this time,
the oxygen concentration in the atmosphere plays an important role in
replenishing the lattice oxygen. However, when NO is present, CzHs can no
longer be adsorbed because NO is stored in oxygen vacancy. However, if
NO is removed, C3Hs can be reduced again because the adsorption and

desorption of NO are under dynamic equilibrium.

Lastly, the NO abatement ability and CzHe abatement ability of
Pd/CeO> and Pd/Ce-Zr—O were evaluated after reductive aging at 800 and
900 °C, as the exhaust temperature of gasoline vehicles can rise above
800 °C in the presence of reducing gases (Figures 4-10 and 4-11). From the
XRD data, it can be seen that all the samples well maintained the crystalline
fluorite structure (Figure 4-12). Due to the size difference between the Ce

atom and the Zr atom, the higher the Zr content, the smaller the lattice
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parameter, resulting in a more significant peak shift in the XRD pattern [57].
Pd/S1 maintained the highest activity ratio compared to the initial activity
even after reductive aging (Figure 4-10A). Ce-Zr-O-based catalyst also
showed better CsHe oxidation ability than Pd/CeO, without the Zr
component. This oxidation ability is attributed to improved oxygen mobility
[57]. In the case of Ce-Zr-O mixed oxide, the ability to diffuse out lattice

oxygen is better than pure CeOa.

The NO storage ability of Pd/CeO, was severely degraded after
reductive aging at high temperatures; this can be attributed to CeO; sintering,
as it decreases the Pd-NP-CeO: interfacial area (Figure 4-11). Previous
research demonstrated that the NO is stored near the oxygen vacancies of
the CeO- surface interacting with Pd NP. However, after the reductive aging
at 800 and 900 °C, the NO storage ability of Pd/CeO, was severely
diminished by the reduction of NO storage sites (Pd-CeO; interfaces).
Because of the structural distortion during the reduction of CeO: bulk, the
surface area of CeO» was significantly decreased after reduction at 800 and
900 °C (Figure 4-11C). Moreover, the strong metal-support interaction
(SMSI) would also decrease the Pd—CeO:. interfaces by CeO> covering Pd
particles [121-124]. To overcome the deactivation occurring by the
reductive aging, we adopted Ce—Zr mixed oxide (Ce—Zr-QO) as support. As
previously mentioned, the thermal stability of Ce—Zr—O is much superior to
pure CeOg, as the intercalation of Zr, which has a smaller atomic size than

1]
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Ce, into CeO; lattice improves the oxygen mobility and structural stability
of Ce-Zr-0 [125-127]. As a result, Ce-Zr—O only negligibly agglomerates
even after reductive aging at 900 °C. This enables the reduction of bulk
oxygen in the Ce-Zr—O without the collapse of the bulk structure.
Consequently, even after the reductive aging at 800 and 900 °C, Pd/Ce-Zr—
O showed minor changes in the crystalline structure and surface area,
resulting in only a slightly reduced NO storage efficiency. For this reason,
Ce-Zr-O-type materials should be used in practical applications rather than

pure CeOo.
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Figure 4-2. Abatement test of various hydrocarbons over Pd(2)/CeO:
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of Pd/CeO, with and without NO under fuel-lean condition with excess

oxygen.
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Figure 4-6. C3He abatement activities of Pd(2)/CeO2 upon NO addition and

removal of NO in the feed stream.
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Figure 4-7. In-situ CsHe-diffuse reflectance infrared Fourier-transform
spectroscopy spectra of Pd(2)/CeO> after CsHe adsorption with and without
02. (A) wavenumber 1800 — 800 cm™ at 120 °C (B) wavenumber 3000 —
2700 cm™ at 120 °C (C) wavenumber 1800 — 800 cm™ at 90 °C (D)

wavenumber 3000 — 2700 cm™ at 90 °C
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Figure 4-8. In-situ DRIFT spectra of Pd(2)/CeO.. Spectra were collected
after 20 min, 90 min adsorption of CsHs, 20 min adsorption of CzHs
followed by 60 min NO adsorption, and 60min NO adsorption followed by
60 min C3Hs adsorption. (A) wave number 1800 — 800 cm™ (B) wave

number 3000 — 2700 cm™
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Figure 4-9. Schematic illustration of CsHe adsorption on Pd/CeO with and

without NO.

113 Jn A &) &



Il 800 °C calcination
I 800 “C reduction

504 200 -

A

"
200 4 I 900 °C reduction 1000
° 1 =
g z A=1.05
? 450 ] 2 8004
=1 c
2 ] ——Pd(2)/Ce0,
= 8
g £ e00- Pd(2)/S1
S 100 8 ——Pd(2)s2
s £ —Pd(2)s3
2 o 4004 ——Pd(2)s4
8 -

- In

2 1)
°

©

P
T

,
o

=}
1

T T T T T T T 1
150 200 250 300 350 400 450 500
Temperature (°C)

CeO, S1 S2 S3 S4

Figure 4-10. (A) Amount of CsHe abatement activities of Pd(2)/CeOg,
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Figure 4-11. (A) NO storage ability, (B) XRD patterns, and (C) N2
adsorption-desorption profiles with BET surface areas of Pd/CeO2 before
and after the reductive aging at 800 and 900 °C. (D) NO storage ability, (E)
XRD patterns, and (F) N2 adsorption-desorption profiles with BET surface
areas of Pd/S1 before and after the reductive aging at 800 and 900 °C. NO

flowed for 100 sec at 120 °C.
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Figure 4-12. XRD patterns of Pd/CeO2, Pd/S1, Pd/S2, Pd/S3 and Pd/S4.
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Chapter 5. Summary and Conclusions

Pd/CeO, was investigated to evaluate the possibility of low-
temperature  NOx and CsHe abatement application under various

environments.

The promoting effect of CO on the NOx adsorption ability of
Pd/CeO2 was investigated. Furthermore, the study compared the adsorption
performances of CeO,, Pd/CeO2, and Pd/Al,Oz and determined that the
promoting effect of CO was observed only for Pd/CeO». This promoting
effect was attributed to the unique low-temperature CO oxidation ability of
Pd/CeO2. When the Pd/CeO> surface was reduced by reductive pretreatment,
NOx adsorption was promoted. In this respect, NOx adsorption could be
facilitated by CO oxidation. When CO oxidation occurred via the M—vK
mechanism at low temperatures, oxygen vacancies were generated on the
catalyst surface, and NOx could be further adsorbed. The promotion of NOx
adsorption by CO oxidation can be extended to other ceria-based PNA

systems.

In the following study, a strategy geared toward achieving zero NO
emissions from gasoline vehicles was devised through the joint
implementation of catalyst and engine functions. The combined application
of adsorptive and catalytic functionalities of Pd-incorporated CeO> catalyst
enabled zero NO emissions over the entire temperature range of gasoline
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vehicle operation. To the best knowledge, this is the first attempt to
eliminate NO emissions during the cold-start period of a gasoline vehicle by
harmonizing the adsorption and catalytic converting functions through
engine control. However, further studies to increase the number of active Pd

NP—CeO; interface sites, improve the thermal stability of the CeO> domain

in a reducing atmosphere, and optimize the synchronization of catalytic
function and engine control will be needed to maximize the commercial

advantage of this strategy.

Finally, the possibility of applying Pd/CeO. to store CsHs at low
temperatures is reviewed to address future regulations on unburned
hydrocarbons. The relationship between NO adsorption and C3Hs adsorption
over Pd/CeO> surface was also investigated. A possible mechanism for the
propene adsorption on Pd/CeO: surface was suggested based on the
experimental and characterization data. In addition, Ce-Zr-O was
successfully introduced to improve thermal stability and overcome

deactivation by reductive aging at high temperatures.
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