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Abstract

Low-temperature methane combustion

over Co and Pd-based catalysts

Sangbeom Yoo
School of Chemical and Biological Engineering

The Graduate School

Seoul National University

Natural gas is one of the most abundant energy sources on earth and can
be used for electric power generation, heating, and transportation. Methane, a
major component of natural gas, produces less pollution during combustion than
conventional petroleum-based fuels. Thus, a large number of gasoline and diesel
engines are being replaced by natural gas engines to reduce the emission of
nitrogen oxides, sulfur oxides, and hydrocarbons. However, unburned methane is
emitted from natural gas vehicles. Because the global warming potential of
methane is 25 times greater than that of CO,, methane emission regulation is being
implemented for environmental protection. The catalytic combustion of methane
(CH4 + 20, — CO: + 2H0) is one of the most effective methods for reducing
methane emissions from natural gas engines. However, methane is very stable
because of its strong C—H bonds; methane oxidation requires high temperatures

and consumes a large amount of energy. Therefore, catalysts for low-temperature
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methane oxidation are urgently required to reduce the energy consumption of this
process.

Currently, Pd-based noble metal catalysts are the most widely used and
most active catalysts for the methane combustion reaction. However, the volatile
price of noble metals limits their industrial applications. Fortunately, transition
metal oxide catalysts, such as perovskite oxides or spinel oxides, are attractive
alternatives. Among these transition metal oxides, spinel-type cobalt oxide is
widely used as an active catalyst for methane combustion reactions. However, the
poor intrinsic activity of metal oxides relative to Pd catalysts limits their
application in low-temperature methane oxidation reactions.

In chapter 2, the poor activity of bulk cobalt oxide catalyst was enhanced
by two different methods. First, the textural property of the bulk catalyst was
enhanced by the introduction of mesoporosity. Second, the synthesized mesoporous
cobalt oxide catalysts were treated with nitric acid to further modify the surface
structure and chemistry. The prepared catalysts were applied to the methane
combustion reaction and a significant enhancement in catalytic activity was
observed for the acid-treated catalysts compared to the pristine catalyst. The
properties of the acid-treated catalyst were investigated in detail using various
characterization techniques. In particular, transmission and scanning electron
microscopy images revealed a roughening in the surface morphology of the acid-
treated catalysts. Meanwhile, the H, temperature-programmed reduction results
showed that the reducibility of the cobalt oxides was enhanced by the acid
treatment. In addition, O, temperature-programmed desorption and X-ray
photoelectron spectroscopy analyses revealed that the acid-treated catalysts
contained larger amounts of surface chemisorbed oxygen than the pristine catalyst,
which may explain the enhanced reducibility and oxidation activity of the acid-
treated catalysts. In conclusion, simple acid treatment is a useful post-treatment

method for the synthesis of highly active bulk oxide catalysts for the methane
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combustion reaction.

Although it was possible to significantly increase the methane oxidation
activity of the cobalt oxide catalyst by the acid treatment, the catalytic activity was
still inferior than the noble metal catalysts. Noble metal catalysts, especially those
containing Pd, have attracted significant attention due to the excellent catalytic
activities for various oxidation reactions. Because of their high cost, noble metal
catalysts are generally prepared by dispersing a small amount of the precious metal
on a support material, such as alumina, ceria, or zeolite. However, Pd catalysts are
vulnerable to H>O in the exhaust gas, which is known to severely inhibit the initial
activity and cause deactivation during the long-term operation. One of the possible
solutions for synthesizing the catalyst that is resistant to H>O is using hydrophobic
support. Among the various support materials, zeolite can be effective support for
the methane oxidation catalyst because the hydrophobicity can be enhanced by
increasing Si/Al; ratio. Zeolite can be easily dealuminated by steam treatment at
high temperature, which is often called as hydrothermal treatment.

In chapter 3, the effects of dealumination on Pd/SSZ-13 catalysts for
methane combustion were investigated. Pd(1)/SSZ-13 (HTA), which was prepared
by treating the catalyst hydrothermally at 750 °C, displayed extremely low catalytic
activity. On the contrary, Pd(1)/SSZ-13 (DeAl) catalyst, which was prepared by
treating the SSZ-13 support hydrothermally and subsequent Pd impregnation,
exhibited superior catalytic activity for methane oxidation. Catalytic properties,
including zeolite hydrophobicity, Pd location and states were investigated by using
various characterization techniques to clarify the differences between the catalysts.
Most Pd species in the Pd/SSZ-13 (HTA) catalyst existed as Pd ions, which were
not very active for the reaction. On the contrary, most Pd species in the Pd(1)/SSZ-
13 (DeAl) catalyst existed as PdO nanoparticles at the external surface, which were
highly active for the methane oxidation. In summary, the amount of external PdO

nanoparticles should be maximized in order to synthesize highly active Pd/SSZ-13



catalyst for the methane combustion, which was achieved by dealuminating the
SSZ-13 support before the Pd impregnation.

Because it was revealed that the hydrophobicity of the zeolite support was
not critical factor for the catalytic activity, we decided to use other support material.
Ceria is generally utilized for oxidation reactions owing to the redox properties
arising from the Ce*"/Ce** cycle, strong interaction with supported metals and large
oxygen storage capacity. Because of the limited availability of noble metals, the
synthesis of highly active catalysts with low metal loadings is essential for
industrial applications. Pd species in Pd/CeO; catalysts can exist in various states,
most commonly as metallic Pd, PdO nanoparticles, and highly dispersed Pd ions
stabilized in ceria defect sites by forming a PdCe <O solid solution. Each Pd
phases exhibits different catalytic activities for different reactions. Therefore,
understanding the active phase of Pd for a specific reaction is important to
synthesize a highly active catalyst with an appropriate Pd state.

In chapter 4, the effects of Pd precursor on the state of Pd species in the
Pd/CeO; catalysts were investigated. The Pd/CeO; catalysts were prepared using
different Pd precursors and applied to CH4 and CO oxidation. Significantly, the
Pd/CeO; catalyst prepared using palladium nitrate (Pd(2)/CeO, (N)) was highly
active toward CH, oxidation, whereas the catalyst prepared using palladium acetate
(Pd(2)/Ce0; (A)) exhibited high CO oxidation activity. The effects of the precursor
on the catalytic activity and other properties were studied using various
characterization techniques. The Pd(2)/CeO> (N) catalyst contained surface PdO
nanoparticles, which were active sites for CH4 oxidation. On the contrary, the
Pd(2)/Ce0Os (A) catalyst possessed Pd ions stabilized at CeO- defect sites, which
were not very reactive. However, the high Pd dispersion was beneficial for the CO
oxidation reaction. Therefore, the Pd precursor clearly altered the Pd dispersion and

state in the Pd/CeO,, which are critical for catalytic activity.
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Chapter 1. Introduction

1.1. Catalysts for low-temperature methane combustion

One of the most important issues over the global economic growth is the
solution for the increasing energy demand. Although there is ongoing researches on
the development of clean and renewable energies, the use of fossil fuel is still
dominant. Among the available fossil fuel resources, natural gas has received much
attention because of the pronounced increase in the shale gas production past few
decades. In addition, it is accepted as clean energy source compared to the other
fossil fuels because it emits less pollution, such as nitrogen oxides, sulfur oxides
and hydrocarbons during combustion . As a result, the consumption of natural gas
has been increasing rapidly in the past decades, which is used in various sectors,
such as industrial, power, transport and others .

Therefore, due to the advantages of utilizing natural gas as energy source,
large number of gasoline and diesel engines are being replaced by natural gas
engines to meet the stringent environmental regulations. However, the presence of
unburned methane in the exhaust gas of natural gas vehicles has become a serious
problem for the clean environment because the global warming potential of
methane is 25 times greater than that of CO; . One of the most effective methods
for reducing methane emission is complete CHs oxidation to CO, and H,O .
However, complete methane oxidation at low temperature is still challenging
because of the highly stable C-H bond in the non-polar CH4 molecule . Therefore,
developing highly active catalysts for the low temperature methane oxidation has
gained much attention over the past decades.

Platinum-group metals have been widely used as active catalysts for the

oxidation of CO and hydrocarbons . Among them, Pd-based catalysts are accepted
3 , 1
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as the most active catalysts for the low temperature methane combustion . Because
of their high cost, noble metal catalysts are generally prepared by dispersing a
small amount of the precious metal on a support material, such as alumina, ceria, or
zeolite . However, the Pd catalysts are vulnerable to the poisoning effects of H,O
and SO, which are usually present in the exhaust gas of natural gas engines. Water
can react with PdO particles to form inactive PdA(OH); and inhibit oxygen exchange
between Pd and support . In the case of SO.-poisoning, the deactivation is
explained by the formation of sulfates on Pd, which blocks active sites for the
reaction . Therefore, developing highly active catalysts at low temperature that are
resistant to the poisoning effects of H,O and SO, is required for the industrial
application. Mixed oxide catalysts, such as perovskite and spinel oxide catalysts
are attractive alternatives because of their low price and high thermal stability .
However, their catalytic activities are much lower than that of the Pd catalysts
especially at the low temperature region, which need to be improved significantly

for the industrial application.
1.2. Objectives

As mentioned earlier, the Pd-based noble metal catalysts are the most
active catalysts for the methane combustion reaction. However, the volatile price of
noble metals limits their industrial applications. Fortunately, transition metal oxide
catalysts, such as spinel-type cobalt oxide catalysts, are attractive alternatives,
although their catalytic activity must be improved for industrial applications. In
chapter 2, the poor activity of bulk cobalt oxide catalyst was enhanced by two
different methods. First, the textural property of the bulk catalyst was enhanced by
the introduction of mesoporosity. Second, the synthesized mesoporous cobalt oxide
catalysts were treated with nitric acid to further modify the surface structure and

chemistry. The prepared catalysts were applied to the methane combustion reaction
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and a significant enhancement in catalytic activity was observed for the acid-
treated catalysts compared to the pristine catalyst. The properties of the acid-treated
catalyst were investigated in detail using various characterization techniques.

Although it was possible to significantly increase the methane oxidation
activity of the cobalt oxide catalyst by the acid treatment, the catalytic activity was
still inferior than the noble metal catalysts. Because of the high cost, noble metal
catalysts are generally prepared by dispersing a small amount of the precious metal
on a support material. However, Pd catalysts are vulnerable to H-O in the exhaust
gas, which is known to severely inhibit the initial activity and cause deactivation
during the long-term operation. One of the possible solutions for synthesizing the
catalyst that is resistant to H,O is using hydrophobic support. Among the various
support materials, zeolite can be effective support for the methane oxidation
catalyst because the hydrophobicity can be enhanced by increasing Si/Al; ratio .
Zeolite can be easily dealuminated by steam treatment at high temperature, which
is often called as hydrothermal treatment . In chapter 3, the effects of
dealumination on Pd/SSZ-13 catalysts for methane combustion were investigated.
Pd(1)/SSZ-13 (HTA), which was prepared by treating the catalyst hydrothermally
at 750 °C, displayed extremely low catalytic activity. On the contrary, Pd(1)/SSZ-
13 (DeAl) catalyst, which was prepared by treating the SSZ-13 support
hydrothermally and subsequent Pd impregnation, exhibited superior catalytic
activity for methane oxidation. Catalytic properties, including zeolite
hydrophobicity, Pd location and states were investigated by using various
characterization techniques to clarify the differences between the catalysts.

Because it was revealed that the hydrophobicity of the zeolite support was
not critical factor for the catalytic activity, we decided to use other support material.
Ceria is generally utilized for oxidation reactions owing to the redox properties
arising from the Ce*"/Ce** cycle, strong interaction with supported metals and large

oxygen storage capacity . Pd species in Pd/CeO; catalysts can exist in various
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states and understanding the active phase of Pd for a specific reaction is important
to synthesize a highly active catalyst with an appropriate Pd state . In chapter 4, the
effects of Pd precursor on the state of Pd species in the Pd/CeO, catalysts were
investigated. The Pd/CeO, catalysts were prepared using different Pd precursors
and applied to CH4 and CO oxidation. Significantly, the Pd/CeO; catalyst prepared
using palladium nitrate (Pd(2)/CeO- (N)) was highly active toward CH4 oxidation,
whereas the catalyst prepared using palladium acetate (Pd(2)/CeO> (A)) exhibited
high CO oxidation activity. The effects of the precursor on the catalytic activity and

other properties were studied using various characterization techniques.

Chapter 2. Methane combustion over
4 A CH



mesoporous cobalt oxide catalysts:

Effects of acid treatment

2.1. Introduction

Natural gas is one of the most abundant energy sources on earth and can
be used for electric power generation, heating, and transportation . Methane, a
major component of natural gas, produces less pollution during combustion than
conventional petroleum-based fuels . Thus, a large number of gasoline and diesel
engines are being replaced by natural gas engines to reduce the emission of
nitrogen oxides, sulfur oxides, and hydrocarbons. However, unburned methane is
emitted from natural gas vehicles. Because the global warming potential of
methane is 25 times greater than that of CO,, methane emission regulation is being
implemented for environmental protection . The catalytic combustion of methane
(CH4 + 20, — CO; + 2H;0) is one of the most effective methods for reducing
methane emissions from natural gas engines . However, methane is very stable
because of its strong C—H bonds; methane oxidation requires high temperatures
and consumes a large amount of energy. Therefore, catalysts for low-temperature
methane oxidation are urgently required to reduce the energy consumption of this
process .

Currently, Pd-based noble metal catalysts are the most widely used and
most active catalysts for the methane combustion reaction . However, the volatile
price of noble metals limits their industrial applications . Fortunately, transition
metal oxide catalysts, such as perovskite oxides or spinel oxides, are attractive
alternatives, although their catalytic activity must be improved for industrial

i

5)

i
S— |



applications . Among these transition metal oxides, spinel-type cobalt oxide is
widely used as an active catalyst for methane combustion reactions . However, the
poor intrinsic activity of metal oxides relative to Pd catalysts limits their
application in low-temperature methane oxidation reactions. To date, there have
been many studies into methods to improve the catalytic activity of cobalt oxide
catalysts, and one method for enhancing the catalytic activity of bulk cobalt oxide
is to modify the structure of the catalyst by introducing mesoporosity . For example,
using a mesoporous silica template, metal oxides with well-defined mesopores and
high surface areas can be synthesized. These catalysts generally exhibit higher
catalytic performance than conventional bulk catalysts because the mass transfer
efficiency is enhanced in the ordered porous structures .

Recently, several researchers have reported that acid treatment is an
effective method for enhancing the catalytic activity of bulk oxide materials,
especially for oxidation reactions. For example, several researchers have studied
the effects of acid treatment on perovskite catalysts . Perovskites are mixed metal
oxides having the general formula ABOs;, where the A-site ion is usually a
lanthanide and the B-site ion is a transition metal . The acid treatment process
results in the selective removal of the A-site cations, thus exposing the catalytically
active B-site cations at the surface. Tang et al. reported a similar treatment for other
metal oxides, such as spinel-type Co3Os, which resulted in better catalytic activity
than the fresh catalysts for the propane combustion reaction .

Previously, our group have successfully synthesized mesoporous spinel
oxide catalysts via a nano-replication method and discovered that the mesoporous
catalysts exhibit better catalytic activity for methane combustion than the bulk
counterparts . Therefore, in this study, a mesoporous cobalt oxide catalyst was
treated with various concentrations of nitric acid, and the prepared catalysts were
applied to the methane combustion reaction. In addition, the effects of the acid

treatment on the properties of the catalysts were investigated extensively using



various characterization methods.

2.2. Experimental

2.2.1. Catalyst preparation

The bulk cobalt oxide catalyst was prepared using the oxalate
precipitation method. Specifically, Co(NO3),6H,O (98%, Junsei) and Na,C,O4
(99%, Junsei) were dissolved in distilled water. Both aqueous solutions were
heated at 80 °C for 15 min and mixed under vigorous stirring. Then, the mixture
was stirred at 80 °C for a further 30 min, and the precipitate was filtered. The
powder was dried at 80 °C for 12 h and calcined at 550 °C for 3 h. The prepared
catalyst was named as b-Co0304.

SBA-15, a mesoporous silica template, was synthesized using a well-
established method . Briefly, Pluronic P123 triblock copolymer (Average Mn 5,800,
Sigma-Aldrich) was dissolved in a solution of concentrated HCl (35% ~ 37%,
Samchun) and distilled water. After the complete dissolution of P123, tetraethyl
orthosilicate (98%, Sigma-Aldrich) was dropped into the solution, and the
temperature of the solution was adjusted to 40 °C. The mixture was stirred at 40 °C
for 24 h, followed by aging at 100 °C in an oven for 24 h. The resulting solid
product was filtered with ethanol to remove any residual surfactant. Finally, the
powder was dried at 80 °C for 12 h and calcined at 550 °C for 3 h.

The mesoporous cobalt oxide was synthesized via the nano-replication
method using SBA-15 as a mesoporous template. Co(NO3),6H>O (98%, Junsei)
was dissolved in ethanol, and the solution was impregnated into the pores of SBA-
15. After the impregnation process, the powder was dried at 80 °C for 12 h and

calcined at 550 °C for 3 h. The silica template was removed by treating the catalyst



with a 2 M NaOH (98%, pellets, Sigma-Aldrich) solution. After filtration, the
sample was dried at 80 °C for 12 h, and the template-free mesoporous cobalt oxide
was obtained.

Mesoporous cobalt oxide powder (500 mg) was added to 50 mL of nitric
acid (60%, Samchun) solution (either 1 or 0.01 M), and the suspension was stirred
at 60 °C for 1 h. The samples were filtered and washed with deionized water. After
drying at 80 °C for 12 h, the powder was calcined at 550 °C for 3 h. The acid-
treated samples were denoted as m-Co3;04-1M or m-Co0304-0.01M, depending on

the concentration of nitric acid used.

2.2.2. Catalyst characterization

Nitrogen adsorption—desorption isotherms were obtained using a
BELSORP-mini II (BEL Japan) apparatus, and the surface areas of the catalysts
were calculated using the Brunauer—Emmett-Teller (BET) equation. The
morphologies of the catalysts were observed by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). TEM images of the catalysts
were obtained using a JEM-3010 (Jeol) operated at 200 kV, and SEM images of the
catalysts were obtained using a JSM-7800F Prime (Jeol). X-ray diffraction (XRD)
measurements were conducted using a Rigaku SmartLab instrument with Cu-K,
radiation (A = 1.541 A, 30 kV, 40 mA). Raman spectra were acquired using a
LabRAM HR Evolution (HORIBA) with an Ar" (532 nm) laser as the excitation
source. Hydrogen temperature-programmed reduction (H»-TPR) profiles were
obtained using a BELCAT-B (BEL Japan) instrument. The catalyst (50 mg) was
pretreated under a flow of He (50 mL/min) at 400 °C for 1 h. After cooling to
50 °C, the furnace temperature was increased to 700 °C at a ramping rate of
10 °C/min under a mixed flow of H, (2.5 mL/min) and Ar (47.5 mL/min).
Hydrogen consumption was assessed using a thermal conductivity detector (TCD).
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Oxygen temperature-programmed desorption (O,-TPD) profiles were acquired
using a gas chromatography—single quadrupole mass spectrometer (GC-MSD,
6890N GC-5975MSD, Agilent). The catalysts (50 mg) were pretreated under a
flow of He (20 mL/min) at 400 °C for 1 h. After cooling to 50 °C, a mixed flow of
O (2 mL/min) and He (20 mL/min) was introduced into the reactor for 1 h. The
physisorbed O, was removed at 100 °C for 30 min using a flow of He (20 mL/min).
Finally, the furnace temperature was increased to 800 °C at a ramping rate of
10 °C/min under a flow of He (20 mL/min), and the desorbed O» was analyzed by
GC-MSD. X-ray photoelectron spectroscopy (XPS) analysis was conducted using a
VG Multilab 2000 spectrometer (Thermo Electron Corporation) with an Al K, X-
ray source (1486.6 eV).

2.2.3. Catalytic reaction system

The methane combustion reaction was carried out in a fixed-bed quartz
reactor. The catalyst (200 mg) was mixed with 400 mg of a-AlO; beads to
dissipate the heat generated by the reaction. The mixed gas was composed of 1000
ppm CHs, 200 ppm NO, 3% CO., 5% H>0, 20% O,, and N, balance with a total
flow rate of 200 mL/min was supplied to the catalyst bed by using a mass flow
controller and syringe pump. The mass hourly space velocity was maintained at
60,000 mL g' h”, and the outlet gas composition was analyzed using an on-line
gas chromatograph (ACME 6500, Younglin) equipped with a TCD. The reaction
temperature was increased from 350 to 500 °C in 25 °C intervals, and the methane
conversion at each point was obtained after stabilization for 30 min.

The apparent activation energy for the methane combustion reaction was
obtained when the methane conversion was less than 20% . We confirmed that
there was no mass transfer limitation in this kinetic region based on the Weisz—
Prater criterion . The reaction rate was calculated using equation (1) .



r=— 1

Here, N represents the total flow rate of methane (mol s™), X denotes the methane
conversion, and W is the catalyst weight (g). The activation energy (E.) was

calculated from an Arrhenius plot using equation (2).

1nr=£—;‘,+c )

2.3. Results

2.3.1. Catalytic performance

The methane combustion reaction was performed in a fixed-bed quartz
reactor. The inlet gas composition was designed to mimic the exhaust gas
composition of vehicles having a natural-gas-powered engine. A mixed gas
containing N», O, CH4, CO,, NO, and H,O was introduced into the reactor, and the
reaction was carried out under lean-burn conditions, under which the O,
concentration was 200-times higher than the CH4 concentration. A bulk cobalt
oxide catalyst was prepared using the conventional precipitation method, and the
prepared bulk catalyst was treated with nitric acid to modify its surface structure
and chemistry. The light-off curves are presented in Fig. 2-1(a), and the
temperatures at which the methane conversion reached 50% (Tso) are summarized
in Table 2-1. The methane conversion increased with increase in temperature, and
Tso was used as a criterion for comparing the methane combustion activities of the
catalysts. As shown in Fig. 2-1(a), the methane combustion activity increased
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significantly after the acid treatment. Specifically, Tso decreased from 473 to
447 °C after acid treatment. However, the activity of the bulk catalyst was still
inferior to that of the conventional Pd(2)/ALLOs catalyst. As shown in Fig. 2-2, the
Tso of the Pd(2)/Al,O; catalyst prepared using the incipient impregnation method
was 371 °C. Many researchers have reported that the poor intrinsic activity of the
bulk oxides may hinder their potential catalytic activity . To overcome this problem,
mesoporous cobalt oxide catalysts were synthesized using the nano-replication
method with an SBA-15 silica template. The catalyst was treated with different
concentrations of nitric acid and applied for catalytic methane combustion. Fig. 2-
1(b) and Table 2-1 show that the catalytic activity of the mesoporous cobalt catalyst
was superior to that of its bulk counterpart. In addition, the methane combustion
activity increased after the acid treatment, although the catalytic activities of the m-
C0304-1M and m-Co304-0.01M catalysts were almost identical. Table 2-1 shows
that the Tso values of the acid-treated catalysts were 409 °C and 411 °C, both of
which were lower than that of the fresh catalyst by 42 °C and 40 °C. Therefore, it
can be concluded that the catalytic activity was enhanced significantly after acid
treatment, although the concentration of acid was not a critical factor.

To investigate the long-term activity of the acid-treated catalyst, the
activity of the m-C0304-0.01M catalyst was evaluated at 450 °C for 15 h. Fig. 2-
1(c) shows the methane conversion with increasing time-on-stream. The methane
conversion slightly decreased from 74% to 70% after 15-h reaction. Crucially, the
reduction in methane conversion after 15 h was only 4%, suggesting that the acid-

treated catalyst is stable under these reaction conditions.

11 M 2]



1004 (@) 1004 (b) 1004 (©)
—a— b—C0304

— — —— ]Il—C0304 —
S —a— h-Co30,-0.01M o —s m-Co0y0,-0.01M Q
?: 304 ?: g0l — m-Co0 1M 3; 0.
= = .E iy B R R S S BRI N
5 604 5 60 S 60-
5 : s
S 40 S 40 < 40
z z H
;] [ o
= 204 = 20 < 20
= = E

=

(=]
1
(=]
1
=
1

350 400 450 500 350 400 450 500 0 2 4 6 8 10 12 14 16
Temperature (°C) Temperature (°C) Time (h)

Fig. 2-1. Light-off curves of methane combustion over the (a) bulk cobalt oxide catalysts, (b) mesoporous cobalt oxide catalysts and (c) methane
conversion with time-on-stream in the methane combustion reaction over the m-Co0304-0.01M catalyst at 450 °C.
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Table 2-1. Catalytic activities (Tso) of the Co3O4 catalysts.

Catalyst T (°C)
b-Coy Oy 473
h-Co;04-0.01M 447
m-Co;0y4 451
m-Co304-0.01M 411
m-CoyOy-1M 409
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Fig. 2-2. Light-off curves of methane combustion over the Pd(2)/AL,O3
catalyst.
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Kinetic studies of the methane combustion reaction over the cobalt oxide
catalysts were carried out at methane conversions lower than 20%, and the
activation energy of each catalyst was calculated from the slope of the Arrhenius
plot, as shown in Fig. 2-3. Interestingly, the activation energy of the m-Co3O4-
0.01M catalyst was 102 kJ/mol, which was much lower than that of the m-Co0304
catalyst (130 kJ/mol). Considering that the lower activation energy is typically
advantageous for catalytic reaction, the results were well in line with the superior
catalytic activities of the acid-treated cobalt oxide catalysts. Thus, it can be
concluded that the acid treatment reduced the reaction activation barrier, which
allowed the acid-treated catalyst to oxidize methane at lower temperatures.

In order to compare the catalytic activities of the acid-treated catalysts
with other transition metal oxide catalysts, Tso values of the cobalt based catalysts
reported in the literatures were summarized in Table 2-2. Although the acid-treated
catalysts showed lower activity than the noble metal catalyst (Fig. 2-2), Table 2-2
clearly displays that the catalytic activities of the acid-treated catalysts were higher
than other transition metal oxide catalysts reported in the literatures. To explain the
enhanced catalytic activity of the acid-treated catalyst, the effects of acid treatment
on the mesoporous cobalt oxide catalysts were investigated using various

characterization techniques.
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Fig. 2-3. Arrhenius plots for methane combustion over the m-Co304 catalysts.
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Table 2-2. Catalytic activities of the cobalt based catalysts reported in the

literatures.
Catalyst Ts0 (°C) Space velocity Reactant Ref.
1 1 1 1 1
0.8% CHa,
LaCoO3 470 60,000 h! 5% 02, N2
balance
0.5% CHa,
60,000 mL g!
CoszxFexO4 520 ) 4% 02, N2
.
balance
Co-Mg/Al 1% CHy, air
530 50,000 h!
mixed oxide balance

17



2.3.2. Catalyst characterization

TEM analysis was performed to confirm the mesoporous structure of the
m-Co304 catalysts. As described in the experimental section, the catalysts were
prepared using a nano-replication method. Specifically, the cobalt precursor was
impregnated into the channels of the SBA-15 template, and a template removal
process was carried out to yield the mesoporous cobalt oxide catalysts. As shown in
Fig. 2-4, a longitudinal arrangement of mesopores can be observed for the fresh
catalyst, which is a characteristic of the SBA-15 template . Therefore, we
concluded that the m-Co3Os4 sample well-replicated the SBA-15 template,
indicating the formation of an ordered mesoporous structure. Further, the
longitudinal arrangement of mesopores was still detected in the acid-treated
catalyst. Hence, the TEM images confirmed that the acid treated catalysts still
retained the original mesoporous structure.

Further morphological studies were carried out using SEM analysis, as
shown in Fig. 2-5. Agglomerates of nanorods can be observed in the SEM images,
which result from the pore structure of the SBA-15 template . In addition, the
images show that the morphology of the catalyst was clearly affected by the acid
treatment. For instance, the surface of the catalyst became rougher and the original
nanorod structure was divided into thinner wires after acid treatment. Based on the
TEM and SEM images, we concluded that the main mesoporous structure was
maintained after the acid treatment, although the morphology of the catalyst
surface was altered. On the basis of this result, we hypothesize that abundant defect

sites, such as steps or kinks, could have been generated during the acid treatment.
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Fig. 2-4. TEM images of the (a) m-C0304, (b) m-C0304-0.01M and (¢) m-Co304-1M catalysts.
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Fig. 2-5. SEM images of the (a) m-C0304, (b) m-C0304-0.01M and (¢) m-Co0304-1M catalysts.
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The textural properties of the cobalt oxide catalysts were investigated
using N, adsorption—desorption measurements. As shown in Fig. 2-6(a), the
isotherms of the mesoporous cobalt oxide catalysts can be classified as type-IV
with an H1 hysteresis loop, which indicates the presence of a mesostructure with
cylindrical channels . The pore size distribution was obtained using the Barrett—
Joyner—Halenda (BJH) method, and the results are shown in Fig. 2-6(b). All the
mesoporous cobalt oxide catalysts exhibited a narrow pore size distribution
centered at 3.8 nm, indicating that the ordered mesoporous structure was
maintained even after the acid treatment. The BET surface areas and pore volumes
of the mesoporous catalysts are listed in Table 2-3. For comparison, the textural
properties of the bulk catalyst are shown in Fig. 2-7 and listed in Table 2-4. As
expected, the introduction of mesopores significantly improved the textural
properties of the bulk catalyst. For instance, the surface areas of the mesoporous
cobalt oxide catalysts (100-107 m*g) were much larger than those of the bulk
cobalt oxide catalyst (14 m%g), and this can be ascribed to the ordered mesoporous
structure . Interestingly, the pore volume of the mesoporous catalyst slightly
increased after acid treatment, which indicates that pore enlargement occurred.
Nonetheless, the differences in the textural properties of the fresh and acid-treated
catalysts did not significantly affect the catalytic activity for the methane oxidation

reaction.
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Fig. 2-6. (a) N, adsorption-desorption isotherms and (b) pore size distribution of

the m-Co304 catalysts.

22



Table 2-3. Textural properties of the m-Co3O4 catalysts.

Catalyst Surface area (m%/g) Pore volume (cm?/g)
m-Co;0y 107 0.39
m-Co;0,-0.01M 105 0.44
m-Coy04-1M 100 0.43
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Table 2-4. Textural property of the b-Co304 catalyst.

Catalyst Surface area (m%/g) Pore volume (cm?/g)

b-Coa0y 14 0.13
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The crystal structure of the mesoporous cobalt oxide catalyst was
investigated using XRD analysis. As shown in Fig. 2-8(a), diffraction peaks at
31.1°, 36.9°, 44.6°, 59.2°, and 65.1° were observed, which correspond to the spinel
structure of Co304 . The XRD patterns of all catalysts are almost identical, and the
XRD patterns of the acid-treated catalysts indicate that they are also composed of
crystalline spinel-type Co3;04. The most intense reflection, (311), was analyzed in
detail at a slow scan rate (0.1°/min) to enable a precise analysis of the crystal
structure. As shown in Fig. 2-8(b), the (311) reflection shifted from 37.0° to 36.9°
after acid treatment. This shift toward a lower angle indicates an increase in the
lattice parameter of the Co3O4 phase .

Raman spectra were also obtained to examine the crystal structure of the
catalyst further. As shown in Fig. 2-9, peaks corresponding to the E,, F2,, and Ay,
symmetry bands of CosO4 were observed . According to the literature, the main
band at 668 cm™ (A, symmetry) can be ascribed to the characteristic octahedral
sites (i.e., CoOg) . Because Co’* species occupy the octahedral sites of the Co304
structure, the A, peak arises from the Raman vibration of the Co’*~O* bonds.
After the acid treatment, the Aj, peak shifted from 668 to 656 cm’ and, then,
further to 658 cm™. This redshift indicates that the acid treatment induced lattice
distortion and caused residual stress in the original Co3Os4 spinel structure,
suggesting that defects had been formed . Lattice defects are known to be
beneficial for the oxidation reaction because they provide vacancy sites for the

adsorption and migration of molecular oxygen .
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Fig. 2-8. (a) XRD patterns of the m-Co304 catalysts and (b) (311) peak of the m-
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Fig. 2-9. Raman spectra of the m-Co304 catalysts.
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Hydrogen TPR experiments were conducted to study the redox properties
of the mesoporous cobalt oxide catalysts. Fig. 2-10 shows the TPR profiles of the
catalysts. Two reduction peaks can be seen in the profiles of each catalyst. The first
peak at around 310 °C can be attributed to the reduction of C0304 to CoO, and the
second peak near 450 °C can be ascribed to the reduction of CoO to metallic Co .
Fig. 2-10 clearly shows the shifts of the reduction peaks to lower temperatures in
the acid-treated catalysts; the first peak shifted from 465 to 436 °C and the second
peak shifted from 341 to 309 °C. These results indicate that the reducibility of the
cobalt catalyst was significantly enhanced after acid treatment. The reducibility of
metal oxide is related to the formation of oxygen vacancies, which indicates the
tendency of the oxide to lose oxygen . Hence, the enhancement of reducibility will
be beneficial for the catalytic combustion of methane. In addition, the hydrogen
consumption corresponding to each peak was calibrated after the deconvolution
process, and the results of the quantitative analysis are summarized in Table 2-5.
Interestingly, the hydrogen consumption corresponding to the second peak was
almost constant irrespective of acid treatment, although that corresponding to the
first peak decreased after the acid treatment. This result indicates that a fraction of

the Co®" ions was reduced to Co*" ions during the acid treatment.
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Table 2-5. Hydrogen consumption during the H,-TPR experiments.

Hydrogen consumption (mmol/g)

Catalyst
Peak 1 Peak 2
m-Coy0y 36 11.5
m-Co30,-0.01M kN | 11.5
m-Coy0y-1M 29 11.4
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O,-TPD analysis was performed to identify the oxygen species in the
cobalt oxide catalysts. As shown in Fig. 2-11, various oxygen species were
desorbed with increase in temperature. For instance, chemisorbed oxygen desorbs
below 300 °C and is known to participate in the catalytic oxidation reaction
because of its high mobility . In contrast, lattice oxygen desorbs at temperatures
higher than 450 °C because of the strong bonds in the crystal structure of cobalt
oxide . Therefore, the low-temperature peak (< 300 °C) can be ascribed to the
desorption of surface reactive oxygen species, whereas the medium-temperature
peak between 400 and 600 °C can be assigned to the surface lattice oxygen .
Finally, the high-temperature peak (> 700 °C) represents the release of bulk lattice
oxygen arising from the decomposition of Co3O4 . The quantification results for the
oxygen desorption corresponding to each peak are summarized in Table 2-6. The
amounts of desorbed chemisorbed oxygen for the acid-treated catalysts are 5.6 and
6.3 a.u., both of which are much larger than that of the fresh catalyst (1.4 a.u.).
Therefore, we hypothesize that abundant oxygen vacancies were easily generated
on the surfaces of the acid-treated catalysts. Under oxygen-rich conditions, oxygen
can be adsorbed at the vacancy sites, thus generating active oxygen species . These
active oxygen species were desorbed at temperatures below 300 °C during the TPD

experiment, resulting in the larger peak areas observed for the acid-treated catalysts.

32 A 22 '



m/z =32

— m-Co;0,
— m-Co,0,-0.01M
— m-C 0504—11\'.[

Intensity (a.u.)

200 400 600 800
Temperature (°C)

Fig. 2-11. O,-TPD profiles of the m-Co0304 catalysts.
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Table 2-6. Oxygen desorption during the O,-TPD experiments.

Oxygen desorption (a.w.)
Catalyst
Peak 1 Peak 2
m-Caoy0y 14 259
m-Co304-0.01M 5.6 23.2
m-Coy0-1M 6.3 24.5
¥ by
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XPS analysis was conducted to obtain further information about the
composition and chemical state of the catalyst surface. Fig. 2-12(a) displays the full
XPS spectrum of the m-Co304 catalysts. Since the catalyst was treated with NaOH
solution to remove silica template, it could be contaminated with sodium species.
Choya et al. reported that the residual sodium could induce negative impact on the
catalytic activity of Co3O4 catalyst . However, it was confirmed that the residual
sodium species was removed during the filtration process because Na 1s spectrum
(~1070 eV) was not detected. In addition, it was also confirmed that the acid
treated catalysts did not possess any residual nitrogen species resulting from the
nitric acid treatment because N 1s spectrum (~400 eV) was not observed. In
addition, high-resolution Co 2p and O 1s spectrum of the catalysts are shown in Fig.
2-12(b) and (c), respectively. The Co 2p XPS spectrum of the catalysts exhibited
typical characteristics of C030s. The Co 2p spectrum displays spin—orbit splitting
into the 2pi» and 2ps3» components. In addition, a satellite peak was observed,
which is consistent with tetrahedrally coordinated Co®" ions . For quantitative
analysis, the Co 2ps2 spectrum was deconvoluted into two components: the
component at 780.7 eV can be assigned to Co®" species, whereas that at 779.3 eV
can be assigned to Co’" species . In addition, to ensure accuracy in the
deconvolution process, the spin—orbit doublet splitting was set to 15.2 eV with a
fixed 2:1 ratio for the 2p3;-to-2pi1» peak area . Following deconvolution, the ratios
of surface Co®" and Co* were calculated, and the results are summarized in Table
2-7. As shown in the table, the ratio of surface Co®" was higher for the acid-treated
catalysts than the fresh catalysts. Therefore, a small fraction of the Co®" ions was
reduced to Co*" during the acid treatment, which is consistent with the H,-TPR
results.

The O 1s XPS spectra of the catalysts are shown in Fig. 2-12(c). Using a

similar deconvolution method as used for the Co species, the O 1s peak was fitted
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with two components: one corresponding to lattice oxygen (530.0 eV) and one
corresponding to surface chemisorbed oxygen species (531.4 eV) . Table 2-7
summarizes the ratio of chemisorbed oxygen (Ochem) and lattice oxygen (Ora) for
each catalyst and clearly shows that the amount of chemisorbed oxygen increased
after the acid treatment. In addition, the ratios of surface lattice oxygen to total
cobalt species were calculated from the XPS results. The surface Oia/Cooral Tatios
of the acid treated catalysts were lower than that of the fresh catalyst, which further
supported the hypothesis of oxygen vacancy formation. Thus, these results lead us
to a similar conclusion to that obtained from the O,-TPD and XPS analyses. As
discussed earlier, chemisorbed oxygen is more mobile than lattice oxygen and is,
thus, expected to participate more actively in the oxidation reaction . Therefore, the
abundance of active chemisorbed oxygen in the acid-treated catalysts could be the

reason for their enhanced catalytic activity for the methane oxidation reaction.
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Fig. 2-12. XPS spectra of the m-Co304 catalysts; (a) Full spectrum, (b) Co 2p and (¢) O 1s.
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Table 2-7. Cobalt and oxygen species on the surface of the m-Co3;04 catalysts

obtained from XPS analysis.

Catalyst Co™/Co* O e/t Onatt/Cootal
m-Co30y 133 0.76 122
m-Co30,-0.01M 1.56 0.92 1.07
m-Co:0y-1M 1.58 0.98 1.06
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2.4. Discussion

In this work, the methane oxidation activity of a bulk cobalt oxide catalyst
was enhanced by the introduction of mesopores and acid treatment. As discussed
on our previous study, the improvement of catalytic activity after the addition of
mesoporosity is understood as a result of the enhanced mass transfer efficiency of
the bulk material in the presence of an ordered mesoporous structure . However,
the effect of the acid treatment is not straightforward; therefore, the catalysts were
further characterized to clarify the origin of the activity enhancement. The TEM
images and N adsorption-desorption isotherms confirmed that the ordered
mesoporous structure was maintained even after acid treatment. As shown in Table
2-3, the surface areas and pore volumes of the catalysts were almost identical.
Therefore, acid treatment had a negligible effect on the textural properties of the
catalysts. However, a slight distortion from the original structure was observed in
the TEM and SEM images, suggesting that defect sites, such as steps or kinks,
could be generated during the acid treatment process.

XRD and Raman analyses provided detailed information about the crystal
structures of the catalysts. XRD analysis showed that the lattice parameter
increased slightly after the acid treatment. One possible explanation for the lattice
expansion is the formation of oxygen vacancies. Once oxygen vacancies have been
generated, Co®" ions must be reduced to Co*" ions to achieve charge balance .
Because the size of Co*" ions is larger than that of Co®" ions, lattice expansion
occurs to reduce the lattice strain . A similar result was observed in the Raman
spectra. Specifically, the A;; peaks of the m-C0304-0.01M and m-Co3;041M
catalysts were observed at 656 and 658 cm™, respectively, which are lower than
that of the fresh catalyst (668 cm™). Because the Aj, peak originates from the
vibration of the Co**—0% bond, such a redshift indicates an increase in the bond_
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length . Thus, acid treatment resulted in lattice distortion and residual stress in the
original crystal structure, which further supports our hypothesis of defect site
formation.

In addition, the formation of oxygen vacancies was further confirmed by
H,-TPR and Co 2p XPS analysis, which revealed that the acid-treated catalysts
possessed larger amounts of Co®" compared to the fresh catalyst. As discussed
earlier, Co®" must be reduced to Co®* for charge balance after oxygen vacancy
formation. Oxygen vacancies are known to be beneficial for the generation of
chemisorbed oxygen because gas-phase oxygen can be adsorbed on these vacant
sites. Such surface chemisorbed oxygen species (0,>, O") are more mobile than
lattice oxygen (O*), which implies that it can be easily utilized and recycled during
the oxidation reaction . Therefore, the reducibility enhancement observed in the H»-
TPR experiment can be explained by the abundance of mobile oxygen species in
the acid-treated catalysts.

Quantitative analysis of the mobile chemisorbed oxygen species was
carried out based on the O,-TPD and O 1s XPS spectra. Both characterization
methods revealed that the acid-treated catalysts contained larger amounts of surface
chemisorbed oxygen species than the fresh catalyst. This can be explained on the
basis of oxygen vacancy formation. Under oxygen-rich conditions, such as during
oxidation reactions, oxygen is adsorbed on the vacancy sites and catalytically
active oxygen species are generated. As discussed above, the surface chemisorbed
oxygen is more mobile than lattice oxygen. In addition, the chemisorbed oxygen
species are strongly electrophilic and attack organic molecules in regions of high
electron density, thus resulting in the degradation of the organic framework .
Zasada et al. reported that the activation energy of C-H bond becomes lower when
the surface of cobalt oxide is abundant with reactive oxygen species . Therefore,
the abundance of surface chemisorbed oxygen may explain the lower activation

energy barrier of the methane combustion for the acid-treated catalysts. However,
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the catalytic activities of the m-Co3;0s-1M and m-Co0304-0.01M catalysts were
similar. Therefore, it can be concluded that the catalytic activity of the mesoporous
cobalt oxide catalyst can be enhanced by simple acid treatment, but the acid

concentration is not a critical factor.
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Chapter 3. Effects of dealumination
on the methane combustion activity

of Pd/SSZ-13 catalysts

3.1. Introduction

The natural gas production has been increasing rapidly in the world for
past few decades because of the shale gas revolution . In addition, natural gas is
considered as clean energy source compared to other fossil fuels because of less
pollutant emission . Therefore, the number of liquefied natural gas (LNG) vehicles
is also continuously increasing . However, methane slip, in other words, unburned
methane is emitted from the LNG engines. It has been serious problem for the
environment because the global warming potential of methane is 25 times higher
than that of CO,. The most efficient method for eliminating methane in the exhaust
gas is the complete oxidation of methane to CO,. However, methane is very inert
chemical because of the high symmetry and low polarizability . Therefore, active
catalyst is required in order to oxidize methane at low temperature and save energy
consumption.

Supported Pd catalysts are accepted as the most active catalysts for the
methane combustion reaction . However, the Pd catalysts are vulnerable to H>O in
the exhaust gas, which is known to severely inhibit the initial activity and cause
deactivation during the long-term operation . One of the possible solutions for
synthesizing the catalyst that is resistant to H,O is to use hydrophobic support.

Among the various support materials, zeolite can be effective support for the
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methane oxidation catalyst because the hydrophobicity can be enhanced by
increasing Si/Al, ratio . Zeolite can be easily dealuminated by steam treatment at
high temperature, which is often referred to as hydrothermal treatment .

The effects of hydrothermal aging on catalytic activities of Pd/zeolite
catalysts have been studied by various groups. Wang et al. reported that CO
oxidation activity and NOy storage capacity of Pd/SSZ-13 catalyst decreased after
thermal aging at harsh condition (900 °C) . They claimed that the severe damage to
the SSZ-13 structure and sintering to the bulk PdOx particles on the zeolite surface
were the reasons for the activity loss. On the contrary, our group reported that the
NOx storage ability and CO oxidation activity of Pd/SSZ-13 catalyst can be
enhanced by the hydrothermal treatment at 750 °C . The hydrophobic zeolite
exhibited higher NOy storage capacity in the presence of H,O because the
concentration of dehydrated Pd ions increased after the dealumination. However, to
the best of our knowledge, there are few papers that investigated the effects of
hydrothermal treatment on the methane oxidation activity of the Pd/zeolite
catalysts. In this contribution, we attempted to apply the Pd/SSZ-13 catalyst to the
methane oxidation reaction and improve the activity by the dealumination process.
In addition, the catalysts were investigated by various characterization techniques
to elucidate the change in catalytic activity after the dealumination. It was revealed
that zeolite hydrophobicity, state and location of Pd species were all affected by the
hydrothermal treatment. Among them, the Pd state and location were the critical

factors for determining the methane oxidation activity.

3.2. Experimental

3.2.1. Catalyst preparation
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Since the active phase for the methane oxidation is accepted as PdO, all
Pd/SSZ-13 catalysts were prepared by incipient impregnation method instead of
ion exchange method . First, Pd was impregnated on the H-SSZ-13 (Si/Al, = 23,
Heesung catalysis) using Pd(NO3),-2H>O (Sigma Aldrich) by incipient
impregnation method with Pd loading of 1 wt%. After the impregnation, the
catalyst was dried at 80 °C overnight and calcined at 500 °C for 2 h. The as-made
catalyst was denoted as Pd(1)/SSZ-13.

In order to study the effects of dealumination, Pd(1)/SSZ-13 (HTA)
catalyst was prepared by treating the Pd(1)/SSZ-13 catalyst at 750 °C for 20 h in
the presence of 10% H>O and 15% O, (N> balance).

However, our previous studies revealed that the hydrothermal treatment
can disintegrate PdO nanoparticles to isolated Pd ions, which are less active in the
methane combustion reaction . Therefore, another catalyst was prepared by slightly
different method. First, H-SSZ-13 was hydrothermally aged in the same condition
that was described earlier. Then, Pd was impregnated on the dealuminated H-SSZ-
13 by incipient impregnation method with Pd loading of 1 wt%. The catalyst was
dried at 80 °C overnight and calcined at 500 °C for 2 h. The as-made catalyst was

denoted as Pd(1)/SSZ-13 (DeAl).
3.2.2. Catalyst characterization

The textural properties of the samples were examined by solid state magic
angle spinning nuclear magnetic resonance (MAS NMR), N, adsorption-desorption
and X-ray diffraction (XRD) analysis. Solid state ”’Al and *Si MAS NMR
experiments were conducted using 500 MHz Bruker Avance III HD (Bruker,
German) under room temperature. 4 mm MAS probe and spinning rate of 10 kHz
were used to measure the data. N adsorption-desorption experiments were
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conducted using a BELSORP-mini II (BEL Japan). The samples were degassed at
200 °C for 3 h under vacuum to eliminate adsorbed impurities on the catalysts. The
surface areas were calculated using the Brunauer-Emmett-Teller (BET) equation,
while the micropore volumes were obtained from the t-plot. XRD analysis was
carried out on a SmartLab (Rigaku) system (30 mA, 40 kV).

The hydrophobicity of the catalysts was examined by thermogravimetric
analysis (TGA), H,O adsorption isotherms and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). TGA analysis was conducted using a Discovery
TGA (TA Instruments) apparatus to quantify the amount of desorbed H,O. The
temperature was heated to 500 °C under air condition (5 °C/min). H,O adsorption
isotherms were obtained using 3 Flex (Micrometrics). The samples were pre-
treated at 300 °C for 4 h to eliminate impurities and the experiments were
conducted at 40 °C. DRIFTS experiments were performed in a diffuse reflectance
cell (Praying Mantis, Harrick) installed in a Fourier transform infrared (FT-IR)
spectrometer (iS-50, Thermo Fisher Scientific) with an MCT detector (32 scans,
resolution of 4 cm™). Pre-treatment was conducted to eliminate any impurities
under N; condition at 300 °C for 1 h and the total flow rate was fixed at 50 mL/min.
H,0 adsorption was conducted at 120 °C and DRIFT spectra were collected after
N; purging.

The characterization of Pd state was examined by Raman analysis,
DRIFTS, H» temperature programmed reduction (H>-TPR) and NH; temperature
programmed desorption (NH3-TPD). Raman spectra were obtained from a Raman
spectrometer II (DXR2xi) with the samples excited at 532 nm. DRIFTS spectra
were collected by pre-treating the samples under N» condition at 300 °C for 1 h.
Saturation with CO molecules was conducted to every sample for 30 min, followed
by N purging for 30 min. DIRFTS spectra were obtained by subtracting
background spectra collected before the saturation of CO molecules. H>-TPR was

operated on a BELCAT II system. Pre-treatment was conducted before the analysis
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with 50 mL/min Ar at 300 °C. H»-TPR profiles were obtained by elevating the
temperature from -80 °C to 300 °C with 30 mL/min of 5% H,, balanced with Ar
(10 °C/min). NH3-TPD was operated on a BELCAT B system. Pre-treatment was
conducted at 300 °C for 1 h in He gas and then cooled to 50 °C. NH3 adsorption
was conducted with 10% NH3, balanced with He. After removing the physically
adsorbed NH; by flowing He gas at 100 °C for 1 h, NH3-TPD profiles were
obtained by elevating the temperature up to 700 °C under He gas.

The characterization of Pd location was examined using high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM)
and X-ray photoelectron spectroscopy (XPS). HAADF-STEM was conducted on a
JEM-ARM200F (JEOL) with a spherical aberration corrector (200 kV). XPS was
operated on a K-alpha spectrometer (Thermo Fischer Scientific). The C 1s

reference peak (284.6 eV) was utilized to correct the binding energies.
3.2.3. Catalytic reaction system

CH,4 combustion was operated in a quartz reactor. The catalysts were
mixed with SiO; beads to disperse heat generated from the reaction. The feed
consisted of 1,000 ppm CHa4, 15% O, 5% H,O and N> balance flowed into the
reactor (60,000 mL/gc.-h). The outlet feed gas composition was analyzed via
online gas chromatography (Younglin 6500) with a thermal conductivity detector
(TCD) and flame ionization detector (FID). The CH4 conversion was determined
after stabilization for 30 min in the range of 300 to 450 °C at 25 °C intervals.

Activation energy for the methane combustion reaction was obtained
when the methane conversion was less than 20%. The activation energy was
calculated from the slope of the Arrhenius plot.

The catalytic stability was examined from long-term operation, which was

conducted for 30 h at 400 °C. Deactivation rate was calculated after normalizing
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the initial methane conversion as 1.

3.3. Results

3.3.1. Catalytic performance

Herein, the effects of dealumination on the Pd/SSZ-13 catalysts were
investigated with 3 different catalysts; Pd(1)/SSZ-13 (pristine catalyst), Pd(1)/SSZ-
13 (HTA), which was prepared by hydrothermal treating the pristine catalyst and
Pd(1)/SSZ-13 (DeAl), which was prepared by hydrothermal treating the SSZ-13
support and subsequent Pd impregnation. The prepared Pd/SSZ-13 catalysts were
applied to the methane combustion reaction. The Pd(1)/SSZ-13 (HTA) exhibited
extremely low activity compared to the other catalysts; it could not oxidize
methane at temperature lower than 450 °C (Fig. 3-1). On the other hand, the
Pd(1)/SSZ-13 (DeAl) exhibited the highest activity among the Pd/SSZ-13 catalysts.
The Tso of the Pd(1)/SSZ-13 (DeAl) was 386 °C, which was 23 °C lower than that
of the pristine catalyst (Table 3-1). This results imply that the hydrothermal
treatment is not always beneficial for the methane oxidation activity; Pd should be
impregnated after hydrothermal treating the zeolite support in order to synthesize
highly active catalyst for the methane combustion. In order to explain the change of
the catalytic activity after the hydrothermal treatment, the catalysts were

investigated extensively by using various characterization techniques.
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Fig. 3-1. Light-off curves of methane oxidation over the Pd/SSZ-13 catalysts.
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Table 3-1. Tso values of the Pd/SSZ-13 catalysts.

Catalyst Tz (°C)
Pd(1)/SSZ-13 100
Pd(1)/SSZ-13 (DeAl) 386
Pd(1)/SSZ-13 (HTA)
49
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3.3.2. Catalyst characterization

First, dealumination of the zeolite support after the hydrothermal
treatment was verified by solid state NMR analysis. The Al species in zeolite can
be analyzed from *’Al NMR spectra (Fig. 3-2(a)). The main peak around 59 ppm
can be assigned to tetrahedrally coordinated Al (framework Al) and another peak at
0 ppm is attributed to octahedrally coordinated Al (extra-framework Al) After the
hydrothermal treatment, the tetrahedrally coordinated Al peak decreased sharply,
indicating that the framework Al species were eliminated during the aging. In
addition, slight increase in the extra-framework Al peak was observed after the
hydrothermal treatment, which implies the generation of defective framework after
the dealumination process . The Si species in the zeolite catalysts were examined
by ¥Si NMR analysis (Fig. 3-2(b)). The main peak around 111 ppm is attributed to
Q* Si(O-Si)s, and another peak at 105 ppm belongs to Q* Si(O-Si)3(0-Al) [13].
After the hydrothermal treatment, the increase of the Q* peak intensity and the
decrease of the Q° peak intensity were observed, which implies the decrease of Al
species in the zeolite framework. In addition, Si/Al, ratio was calculated from the
peak area since it represents the number of aluminum atoms next to the silicon
atom . The Si/Al; ratio increased from 23 to 64, which further supports that the

zeolite was successfully dealuminated as expected.
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Fig. 3-2. (a) A1 NMR and (b) *Si NMR spectra of the Pd/SSZ-13 catalysts.

Second, the effect of the hydrothermal treatment on the zeolite textural
property was examined by N adsorption-desorption and XRD analyses. Sharp
slope was observed from the N, adsorption-desorption isotherms at the low
pressure range, which suggests the presence of micropores (Fig. 3-3). In addition,
the hysteresis loop indicates the existence of mesopores, which arises from the
stacking of the zeolite particles . Nevertheless, there was no noticeable difference
in the N adsorption-desorption isotherms between the catalysts. The BET surface
area (532 vs 543 cm?/g) and micropore volume (0.24 vs 0.25 cm®/g) were also
similar, which indicates that the zeolite microporous structure was not destroyed by
the dealumination process (Table 3-2). Meanwhile, all catalysts exhibited the
chabazite structure of the SSZ-13 support from the XRD patterns, demonstrating
the stable zeolite structure (Fig. 3-4) . Relative crystallinity was calculated from the
peak intensity, which was 96% for the Pd(1)/SSZ-13 (DeAl) . Based on the
characterization results, it can be concluded that the zeolite structure was
maintained, although the aluminum species were selectively eliminated during the

hydrothermal treatment.
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53



Table 3-2. Textural properties of the Pd/SSZ-13 catalysts.

BET surface area Micropore volume

Gy (cm¥g) (cm¥/g)
Pd(1)/SSZ-13 543 0.25
PA(1)/SSZ-13 (DeAl) 532 0.24
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Fig. 3-4. XRD patterns of the Pd/SSZ-13 catalysts.
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It is well-known that the hydrophobicity of the zeolite can be enhanced by
the dealumination process. Thus, the hydrophobicity change after the hydrothermal
treatment was explored by TGA, H,O adsorption and HO-DRIFTS analyses. Since
the catalysts were calcined at 500 °C before the TGA analysis, the weight loss
observed during the experiment can be considered as the desorption of adsorbed
H>0 on the zeolite support (Fig. 3-5). The relatively small weight loss observed
from the Pd(1)/SSZ-13 (DeAl) catalyst indicates that it is more hydrophobic than
the pristine catalyst. In addition, the larger amount of adsorbed H,O observed from
the H,O adsorption isotherms further supports that the zeolite became more
hydrophobic after the dealumination (Fig. 3-6). The hydrophobicity change was
further confirmed from the DRIFTS spectra, which were collected after H,O
adsorption and subsequent N, purging process (Fig. 3-7). The broad band from
2800 to 3500 cm™ can be ascribed to the OH stretching vibration of adsorbed
water . The OH band was hardly observed from the Pd(1)/SSZ-13 (DeAl), which
implies that it became more hydrophobic after the dealumination, consistent with
the previous characterization results. The increase of hydrophobicity can be
explained by the characteristics of Al-O-Si and Si-O-Si bonds in the zeolite. The
Al-O-Si bond is more polar than the Si-O-Si bond because the Al-O is combination
of covalent and ionic bonds, while the Si-O is completely covalent bond . Thus, the
decrease of Al-O-Si bond after the hydrothermal treatment explains the increase of

hydrophobicity.
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Fig. 3-7. DRIFT spectra of the Pd/SSZ-13 catalysts obtained after H,O adsorption.
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Next, the effect of the dealumination on the property of the active site, the
state of Pd was investigated by Raman, DRIFTS and H,-TPR analyses. It is well-
known that Pd species in the zeolite catalyst can exist as PdO nanoparticles or
monoatomic Pd ions . The formation of bulk PdO particles was explored by the
Raman analysis (Fig. 3-8). The peak from 450 to 500 cm™ belongs to the T-O-T
vibration in the chabazite zeolite structure and another peak at 650 cm™ can be
assigned to the bulk PdO . From the intensity of the PdO peak, it can be inferred
that the bulk PdO formation was accelerated in the Pd(1)/SSZ-13 (DeAl), while the
Pd(1)/SSZ-13 (HTA) catalyst possessed the least amount of PdO. Pd ion species in
the zeolite catalysts were confirmed by the CO-DRIFTS experiment (Fig. 3-9).
Various peaks were observed from 2100 to 2200 cm™, which can be assigned to CO
adsorbed on the Pd ions (Pd** or Pd(OH)") . CO adsorption peak was hardly
observed from the Pd(1)/SSZ-13 (DeAl), which indicates the absence of Pd ions in
the catalyst. On the other hand, the peak intensity of the Pd(1)/SSZ-13 (HTA) was
higher than that of the pristine catalyst, which implies that the formation of Pd ions
was promoted by the hydrothermal treatment. H>-TPR analysis was conducted to
further confirm the previous results because PdO nanoparticles and Pd ions can be
distinguished from the reduction temperature (Fig. 3-10). The sharp peak in the
range of 0-50 °C belongs to the reduction of PdO . The formation of PdH, after the
reduction of PdO to Pd metal was confirmed from the negative peak near 100 °C,
which arises from the decomposition of PdHx . The TPR profiles of the pristine and
Pd(1)/SSZ-13 (DeAl) catalysts were similar, although the peak intensity of PdO
reduction was slightly higher for the latter one. On the other hand, the TPR profile
of the Pd(1)/SSZ-13 (HTA) was completely different from those of other catalysts.
The PdO peak intensity was much lower than the other catalysts and new broad

peak appeared in the range of 100-200 °C, which can be ascribed to the reduction

60 2] ,



of Pd ions . Since the peak area represents the amount of H, consumption, the
PdO/Pdioa ratio could be calculated from the H,-TPR results (Table 3-3). The
concentration of PdO was in the order of Pd(1)/SSZ-13 (DeAl) > Pd(1)/SSZ-13 >
Pd(1)/SSZ-13 (HTA). Based on the previous characterization results, it can be
concluded that most of the Pd species existed as PdO in the pristine and Pd(1)/SSZ-
13 (DeAl) catalysts, while Pd ions were the major species for the Pd(1)/SSZ-13
(HTA). The larger amount of PdO in the Pd(1)/SSZ-13 (DeAl) than that in the
pristine catalyst can be explained by the NH3-TPD results (Fig. 3-11). The low
temperature peak around 150 °C can be assigned to weakly bound NH3 species and
the high temperature peak above 300 °C belongs to the Bronsted acid sites
(framework Al sites) . The number of acid sites decreased significantly after the
hydrothermal treatment because large proportion of framework Al species were
eliminated during the aging. Thus, it is reasonable to assume that the formation of
Pd ions will be suppressed when Pd is impregnated on the dealuminated zeolite
because Brensted acid sites are required for the stabilization of Pd ions . In contrast
to the other catalysts, most of the Pd species existed as Pd ions in the Pd(1)/SSZ-13
(HTA) catalyst. It is reported that the mobility of Pd species increases during the
hydrothermal treatment (high temperature and humid condition) . Thus, the
increase of Pd ions can be explained by the re-dispersion of PdO nanoparticles to

the isolated Pd ions during the aging process.
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Table 3-3. PdO/Pd;oa ratio of the Pd/SSZ-13 catalysts.

Catalyst PAO/Pdiyta (%0)
Pd(1)/SSZ-13 78
PA(1)/SSZ-13 (DeAl) 99
Pd(1)/55Z-13 (HTA) 24
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Due to the unique microporous structure of the SSZ-13, the PdO
nanoparticles can exist at different location; external zeolite surface and internal
zeolite pores. Therefore, the location of PdO in the Pd(1)/SSZ-13 and Pd(1)/SSZ-
13 (DeAl) catalysts was investigated by STEM and XPS analyses. HAADF-STEM
and EDX mapping images displayed the location of PdO particles (Fig. 3-12).
Compared to the Pd(1)/SSZ-13 catalyst, the images of the Pd(1)/SSZ-13 (DeAl)
clearly displayed that the surface of the dealuminated SSZ-13 support was covered
with the large amount of PdO nanoparticles. Thus, it is reasonable to assume that
the concentration of external PdO nanoparticles would be larger in the Pd(1)/SSZ-
13 (DeAl). The location of PdO particles was further supported by the XPS
analysis (Fig. 3-13). The Pd 3d spectra displayed a peak around 336.7 eV, which
can be assigned to the either PdO or Pd ions because both oxidation states are Pd*" .
The peak position was similar, but the peak intensity was much higher for the
Pd(1)/SSZ-13 (DeAl). In addition, the surface atomic concentration was calculated
from the XPS results (Table 3-4). Although the bulk Pd concentration obtained
from the ICP-AES analysis was similar, the XPS results demonstrated that the
surface Pd concentration was different. The surface Pd concentration of the
Pd(1)/SSZ-13 (DeAl) was 0.95%, which was much higher than that of the pristine
catalyst (0.48%). Thus, it can be assumed that most of the Pd species in the
Pd(1)/SSZ-13 (DeAl) were exposed at the external zeolite surface. The difference
in the location of PdO species can be explained by the hydrophobicity of the zeolite
support because it would be more difficult for the Pd precursor solution to
penetrate into the internal pores of the hydrophobic zeolite . Based on the previous
characterization results, it can be concluded that the Pd(1)/SSZ-13 possessed both
external and internal PdO nanoparticles, while most of the Pd species in the

Pd(1)/SSZ-13 (DeAl) were exposed at the external zeolite surface.

67 A0 '



=
300nm

5i K series

Pd L series

Pd(1)/SSZ-13 (DeAl)

250nm

Al K series Si K series

250nm

250nm

Fig. 3-12. HAADF-STEM and EDX mapping images of the Pd/SSZ-13 catalysts.
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Table 3-4. Surface and bulk Pd concentration of the Pd/SSZ-13 catalysts.

Surface atomic .
Bulk concentration

concentration
Catalyst
Pd (%o) Pd (wt.%0)
Pd(1)/S5Z-13 0.48 0.87
Pd(1)/SSZ-13 (DeAl) 0.95 0.94
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3.4. Discussion

The Pd(1)/SSZ-13 (DeAl) catalyst exhibited superior catalytic activity in
methane oxidation compared to the other Pd/SSZ-13 catalysts, which was prepared
by the dealumination of the SSZ-13 support. However, various catalytic properties
were affected by the dealumination, including hydrophobicity of zeolite, state and
location of Pd species. Thus, in order to elucidate whether the enhancement of
activity was induced by the change of zeolite hydrophobicity, the catalytic
activities of the zeolite catalysts were also evaluated in dry condition, where feed
gas did not contain H,O (Fig. 3-14). Interestingly, the catalytic activity of the
Pd(1)/SSZ-13 (DeAl) was superior than that of the pristine catalyst even in the dry
condition. The Tso values of both catalysts increased after the introduction of water,
which indicates the decrease of initial activity (Table 3-5). In addition, activation
energies were calculated from the Arrhenius plot (Fig. 3-15). The activation
energies for the dry condition were in the range of 107-116 kJ/mol, while
significant increase was observed when water was added (178-194 kJ/mol). The
increase of activation energy in the presence of water in the feed indicates that the
catalytic activity of the Pd(1)/SSZ-13 (DeAl) was still inhibited by H>O even
though the zeolite surface became more hydrophobic after the dealumination.
Therefore, it was reasonable to conclude that the hydrophobicity of zeolite was not

a key factor for determining the methane oxidation activity.
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Table 3-5. Ts values of the Pd/SSZ-13 catalysts; dry and wet condition.

Dry condition

Wet condition

Catalyst
¥ T (°C) T5 (°C)
Pd(1)/558Z-13 365 409
Pd(1)/SSZ-13 (DeAl) 337 185
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Meanwhile, it was confirmed from the Raman, CO-DRIFT and H,-TPR
analyses that the state of Pd was altered after the hydrothermal treatment. For
instance, Pd species mainly existed as Pd ions in the Pd(1)/SSZ-13 (HTA) catalyst,
which exhibited extremely low methane oxidation activity compared to the other
catalysts. Thus, it is reasonable to assume that the isolated Pd ions were not very
active for the methane oxidation reaction compared to the PdO nanoparticles,
which is consistent with previous reports . It is reported that Pd-O pairs are active
sites for C-H bond activation, which is rate determining step for the methane
oxidation reaction . Therefore, it can be concluded that the Pd paired with extra-
lattice oxygen (PdO nanoparticle) is more active for the C-H bond cleavage
compared to the Pd paired with the lattice oxygen of zeolite (Pd ion) .

On the other hand, previous characterization results demonstrated that
most Pd species existed as PdO in the Pd(1)/SSZ-13 and Pd(1)/SSZ-13 (DeAl)
catalysts, although the location of PdO was different. The PdO species in the
Pd(1)/SSZ-13 (DeAl) were exposed at the zeolite surface, while portion of PdO
species in the Pd(1)/SSZ-13 were encapsulated inside the zeolite pores. The
previous catalytic activity test demonstrated that the methane oxidation activity of
the Pd(1)/SSZ-13 (DeAl) was superior to that of the Pd(1)/SSZ-13. Thus, it is
reasonable to assume that the external PdO nanoparticles were more active than the
encapsulated PdO. Considering that the SSZ-13 is small pore zeolite, it can be
inferred that the size of the PdO inside the micropores would be very small
compared to the PdO at the surface. Recently, various groups reported that highly
dispersed Pd species are not active for the methane oxidation reaction. Goodman et
al. claimed that single atom catalysts are not active for the reaction because critical
ensemble size is required for the adsorption of oxygen and dehydrogenation of

methane . In addition, Murata et al. reported that the size of Pd particle and
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methane oxidation activity displayed volcano-shaped curve and 5-10 nm Pd
particles exhibited highest activity . Moreover, the accessibility of reactant to the
active site can be another reason for the low activity. It is reasonable to assume that
methane will more easily adsorb on the PdO nanoparticles exposed at the zeolite
surface, while diffusion to the PdO confined in the zeolite pores will be more
difficult .

In order to further prove that the property of Pd was more critical factor
for the catalytic activity compared to the zeolite hydrophobicity, we converted the
Pd ions in the Pd(1)/SSZ-13 (HTA) to the PdO nanoparticles by reduction at
400 °C and re-oxidation at 500 °C. Generally, Pd ions are highly dispersed in the
zeolite pores and stabilized at the Brensted acid sites . Therefore, it can be assumed
that the Pd ions inside the zeolite pores will be converted to the encapsulated PdO
nanoparticles after the mild reduction and re-oxidation process because of the
zeolite confinement effect . Thus, it is reasonable to assume that the hydrophobicity
of the Pd(1)/SSZ-13 (HTA-400R500C) will be similar to the Pd(1)/SSZ-13 (DeAl),
while the location of PdO will be completely different. Although the Pd(1)/SSZ-13
(HTA-400R500C) possessed hydrophobic surface, the catalytic activity was still
inferior to the Pd(1)/SSZ-13 (DeAl), even lower than the pristine catalyst (Fig. 3-
16). Such a low activity further proves that the hydrophobicity was not critical
factor for the catalytic activity and the PdO nanoparticles confined inside the

zeolite pores were not very active for the reaction.
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Fig. 3-16. Light-off curves of methane combustion over the Pd/SSZ-13 catalysts

including Pd(1)/SSZ-13 (HTA-400R500C) catalyst.
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The inhibition effect of H,O on the initial methane oxidation activity was
examined from the previous catalytic activity test and activation energy calculation,
which demonstrated that the initial activity was still inhibited by H>O even after the
dealumination process. In addition, the deactivation effect of H>O on the catalytic
stability was investigated by the long-term activity test at 400 °C (Fig. 3-17).
Deactivation was observed from both catalysts, but the deactivation rate of the
Pd(1)/SSZ-13 (DeAl) was lower than that of the pristine catalyst. The deactivation
in the presence of water is frequently observed from Pd/AlO; catalysts . However,
recent studies demonstrated that the deactivation can be alleviated when Pd is
impregnated on the zeolite with high Si/Al; ratio or pure silica zeolite (silicalite-1) .
Thus, it is reasonable to assume that the Al,O3 support or PAO-ALOs interface is
responsible for the deactivation. Cui et al. reported that the PdO nanoparticles
encapsulated in the zeolite pores are decorated with Al layer . However, the PdO
nanoparticles in the Pd(1)/SSZ-13 (DeAl) will be less affected by the Al decoration
because they are mostly exposed at the external surface and the Si/Als ratio
increased significantly after the dealumination process. Therefore, it can be
concluded that the Pd(1)/SSZ-13 (DeAl) was less vulnerable to the deactivation
because the PdO nanoparticles exposed at the surface were less decorated by Al

In summary, various catalytic properties, including zeolite hydrophobicity,
state and location of Pd species were affected by the dealumination process.
Among them, it was revealed that the state and location of Pd species were critical
factors for the methane oxidation activity. Pd(1)/SSZ-13 (DeAl) was the most
active catalyst for the reaction because it possessed large amount of PdO
nanoparticles exposed at the surface, which were more active than the encapsulated

PdO and isolated Pd ions.
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Chapter 4. Effects of Pd precursors on the
catalytic properties of Pd/CeQ: catalysts

for CH4 and CO oxidation

4.1. Introduction

The number of transport vehicles has grown significantly over the past
few decades owing to global economic growth. However, toxic gases, including
nitrogen oxides, hydrocarbons, and carbon monoxide, are emitted from internal
combustion engines, which can seriously impact the environment . Among the
available technologies, catalytic oxidation is considered the most effective for
reducing hydrocarbon and carbon monoxide emissions . Thus, developing highly
active catalysts for CHs and CO oxidation reactions is essential to meet stringent
regulations implemented to promote clean environments.

Noble metal catalysts, especially those containing Pd, have attracted
significant attention due to the excellent catalytic activities for various oxidation
reactions . Because of their high cost, noble metal catalysts are generally prepared
by dispersing a small amount of the precious metal on a support material, such as
alumina, ceria, or zeolite . Among them, ceria is generally utilized for oxidation
reactions owing to the redox properties arising from the Ce*"/Ce*" cycle, strong
interaction with supported metals and large oxygen storage capacity .

Because of the limited availability of noble metals, the synthesis of highly
7] O

1
=
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active catalysts with low metal loadings is essential for industrial applications. Pd
species in Pd/CeO; catalysts can exist in various states, most commonly as metallic
Pd, PdO nanoparticles, and highly dispersed Pd ions stabilized in ceria defect sites
by forming a Pd«Cei«O2s solid solution . Each Pd phases exhibits different
catalytic activities for different reactions. Therefore, understanding the active phase
of Pd for a specific reaction is important to synthesize a highly active catalyst with
an appropriate Pd state.

It is widely reported that the state of Pd in Pd/CeQO; catalysts can be
adjusted by various methods. First, the Pd state can be altered by the morphology
of ceria support . Chen et al. and Hu et al. studied methane, propane and CO
oxidation activities of Pd/CeQ, catalysts prepared using ceria supports with
octahedron, cube, and rod morphologies . The catalyst prepared using a ceria
support with octahedral morphology was more active toward methane and propane
oxidation compared to the rod morphology catalyst because PdOx nanoparticles on
the former cracked C-H bonds more efficiently than the highly dispersed Pd ions
on the latter. On the other hand, the rod morphology catalyst was more active
toward CO oxidation because the Pd ions in PdiCe|xO25 solid solution easily
created oxygen vacancy sites. In addition, the preparation method is another critical
factor for altering the Pd phase in Pd/CeQO; . Ma et al. investigated CH4 combustion
over Pd/CeO, synthesized by different methods . The ratio of PdO particles to
Pd.CeixO25 was affected by the preparation method, and catalytic activity was
correlated to the surface PdO concentration. Liu et al. also investigated the effects
of Pd state on the propane oxidation activity of Pd/CeQO; by modifying preparation
method . They claimed that PAO was more favorable for propane activation and
oxidative decomposition of reaction intermediates compared to the solid solution.
Compared to the numerous studies on the ceria morphology and preparation
method, the role of Pd precursors on the properties and activities of Pd/CeO»

remains largely unexplored to the best of our knowledge. Danielis et al. explored
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the effects of Pd salt in Pd/CeO, prepared by dry milling method, but their work
was more focused on tuning the oxidation state of Pd by altering the calcination
condition . Monteiro et al. investigated CO oxidation over Pd/Al,O; and
Pd/CeO,/AlLO; catalysts prepared by different precursors . They revealed that the
Pd dispersion was affected by the precursor type, but the chemical state of Pd
species was not discussed in detail. Herein, the Pd/CeO, catalysts prepared using
different Pd precursors (palladium nitrate and acetate) were applied to the catalytic
oxidation of CHs and CO. After combining results from various characterization
techniques, it was revealed that the type of Pd precursor clearly affected the state

and dispersion of Pd species, which were critical factors for the catalytic activity.

4.2. Experimental

4.2.1. Catalyst preparation

Commercial CeO; (Rhodia), palladium nitrate dihydrate (Sigma-Aldrich),
and palladium acetate (Sigma-Aldrich) were utilized to prepare Pd/CeO, catalysts
containing 2 wt% Pd (incipient impregnation method). After the impregnation, the
catalysts were dried (80 °C for 16 h) and subsequently thermally treated under
static air condition (500 °C for 2 h). The samples prepared using palladium nitrate

and acetate are designated as Pd(2)/CeO; (N) and Pd(2)/CeO, (A), respectively.
4.2.1. Catalyst characterization

Microstructural characterization using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and energy

dispersive X-ray spectroscopy (EDX) was carried out on a JEM-ARM200F (JEOL)
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with a spherical aberration corrector (200 kV). CO chemisorption was conducted
on a BEL-CAT-II (BEL Japan) system. The samples were reduced under 5% Hy/Ar
at 300 °C for 30 min before the analysis. After lowering the temperature to -78 °C,
pulsed-CO chemisorption was performed. The dispersion of metallic Pd, D (%),

was computed from the following equation.

D (ﬂf‘ﬁ]Z YV EF MW %100

Vingl XW
V is the volume of adsorbed CO; SF is the stoichiometric factor (Pd/CO = 2); MW
1s the Pd molar mass; Vme 1s the standard molar volume of CO, and W is the
supported Pd weight . X-ray diffraction (XRD) analysis was carried out on a
SmartLab (Rigaku) system (30 mA, 40 kV). Raman spectroscopy experiment was
operated on a DXR2xi (Thermo Fischer Scientific) system with the samples
excited at 532 nm. Hp-temperature programmed reduction (H,-TPR) was operated
on a BEL-CAT-II system. Before the analysis, the samples were pretreated with 50
mL/min Ar at 300 °C. After lowering the temperature to -80 °C, it was raised to
600 °C with 30 mL/min of 5% H, balanced with Ar (10 °C/min). X-ray
photoelectron spectroscopy (XPS) was operated on a K-alpha spectrometer
(Thermo Fischer Scientific). The C 1s reference peak (284.6 ¢V) was utilized to
correct the binding energies. Bulk Pd loading was calculated via inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using an OPTIMA 8300
(Perkin-Elmer) apparatus. X-ray absorption spectroscopy (XAS) data were
obtained from the 7D-XAFS beamline of the Pohang Light Source (PLS-II) at the
Pohang Accelerator Laboratory. X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) data were acquired from the
raw data using the Athena program (Demeter) for data processing.
Thermogravimetric analysis (TGA) of the uncalcined Pd(2)/CeO: (A) sample was
conducted using a Discovery TGA (TA Instruments) apparatus. The temperature

was heated to 500 °C under air or N> (5 °C/min).
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4.2.1. Catalytic reaction system

CHs combustion was operated in a quartz reactor. The catalysts were
mixed with SiO; beads to disperse heat generated from the reaction. The feed was
consisted of 1,000 ppm CH4 and 15% O, (N balance) and flowed into the reactor
(60,000 mL/ge-h). In addition, 5% H>O was included to the feed for the
investigation of H,O effects. The outlet feed gas composition was analyzed via
online gas chromatography (Younglin 6500) with a thermal conductivity detector
(TCD) and flame ionization detector (FID). The CHs conversion was determined
after 30 min stabilization in the range of 250 to 450 °C at 25 °C intervals.

Similar to the CH4 combustion reaction, CO oxidation was also operated
in a quartz reactor. The catalysts were reduced at 400 °C for 30 min before the
reaction (10% H, balanced with N,). The reactant feed was comprised of 1% CO
and 10% O> (N balance) and flowed into the reactor (400,000 mL/gc.-h). After 1 h
of stabilization at 40 °C, the temperature was increased by 2 °C/min from 40 to
160 °C. The outlet feed gas composition was examined using a Nicolet iS50
Fourier-transform infrared (FTIR) spectrometer (Thermo Fischer Scientific). The

turnover frequency (TOF) was determined from the equation.

TOF (s%) =<2 (s)

¢ is the moles of methane or CO in the reactant; X is the methane or CO

conversion; N is the total amount of Pd (mole), and D is the Pd dispersion.

4.3. Results

4.3.1. Catalytic performance

The Pd/CeO, catalysts prepared using different Pd precursors were
3



applied to the CH4 and CO oxidation reactions. The light-off curves for methane
combustion are displayed in Fig. 4-1. Tso values, the temperatures required for
achieving 50% of CH4 conversion are in Table 3-1. Both Fig. 4-1(a) and Table 4-1
illustrate that the activity of the Pd(2)/CeO, (N) was superior to that of Pd(2)/CeO-
(A). Specifically, the Tso of the Pd(2)/CeO, (N) was 318 °C, 75 °C lower than that
of its counterpart. In addition, it should be considered that the exhaust of natural
gas engines usually contains high water vapor concentrations. It is well-known that
the CH4 oxidation activity is hindered by H,O owing to the accumulation of
hydroxyl species, thereby reducing the number of active sites and hindering oxygen
exchange between the Pd and support . Therefore, the methane combustion reaction
was also evaluated using a reactant containing 5% H,O (Fig. 4-1(b)). Compared to
the dry conditions, the catalytic activities of both catalysts decreased after H.O
addition, and the Tso increased by 50—60 °C. Nevertheless, the activity of the
Pd(2)/CeO: (N) remained superior to that of its counterpart under both conditions.
CO oxidation was also carried out with the Pd/CeQO,, as displayed in Fig.
4-2. Reduction process was conducted at 400 °C before the reaction because it has
been reported that Pd metal is more active toward CO oxidation than PdO .
Contrary to the CH4 oxidation results, the activity of Pd(2)/CeO, (A) was superior
to that of Pd(2)/CeO: (N). Specifically, the Tso of the Pd(2)/CeO: (A) was 107 °C,
22 °C lower than that of its counterpart. The effect of H2O on the catalyzed CO
oxidation is displayed in Fig. 4-2(b). Significantly, the catalytic performance was
enhanced after H>O addition. Wang et al. described that the reaction of CO with
hydroxyl can yield a carboxyl intermediate, decreasing the activation energy barrier
by activating molecular O, . However, the Pd(2)/CeO, (A) exhibited superior
activity under both conditions. Therefore, it can be summarized that Pd/CeO,
catalytic activity was altered by the type of Pd precursor used, with opposite trends
in catalytic activity for the reactions studied herein. The Pd precursor effects on the

catalytic activity and properties was studied using subsequent characterization
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techniques.
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Fig. 4-1. Light-off curves of CH4 oxidation over the Pd(2)/CeO; catalysts; (a) dry

condition and (b) wet condition (5% H»O).
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Fig. 4-2. Light-off curves of CO oxidation over the Pd(2)/CeO; catalysts; (a) dry

condition and (b) wet condition (5% H»O).

Table 4-1. Tso values of the Pd(2)/CeO, catalysts for oxidation reactions.
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Catalyst CI-ISI;x(iDni:,a;ion COT;IEﬂDE;inn
Pd(2)/Ce0; (N) - dry 318 129
Pd(2)/Ce0; (A) - dry 383 107
Pd(2)/Ce0; (N) — wet 70 120
Pd(2)/Ce; (A) — wet 446 80
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4.3.2. Catalyst characterization

The metal size distribution in the catalysts is generally analyzed using
TEM images. However, it was hard to differentiate the Pd and ceria supports from
the TEM images because the atomic numbers (Z-contrast) are similar . Therefore,
the elemental distribution in the Pd/CeO; catalysts was analyzed via STEM-EDX
mapping (Fig. 4-3). The Pd species agglomerated in an oval shape in the
Pd(2)/Ce0O, (N), indicating that the PdO nanoparticles were present on the ceria
surface. In contrast, the Pd signal was very weak in the Pd(2)/CeO; (A) catalyst,
which indicates the highly dispersed Pd species throughout the ceria. In summary,
EDX mapping clearly demonstrated that the size distribution of Pd metal is

affected by the Pd precursor type.
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Fig. 4-3. HAADF-STEM images and EDX mapping of the (a) Pd(2)/CeO; (N) and (b) Pd(2)/CeO; (A) catalysts.
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To further clarify the STEM-EDX mapping results, Pd metal dispersion
was examined after the CO chemisorption experiment. For accurate measurements,
CO should only be adsorbed on metallic Pd, but the literature suggests that CO can
also adsorb on the CeO, support at room temperature. Therefore, CO
chemisorption was performed at -78 °C because CO cannot chemisorb on CeO; at
such low temperatures . The Pd metal dispersion of the Pd(2)/CeO, (N) and
Pd(2)/Ce0Os (A) were 18.8 and 52.6%, respectively (Table 4-2). Assuming that the
metals on the surface are spherical, the average metal size was determined using

the following equation.

2.1
o

dpa (nm] o “1%:|

D (%) is the dispersion of metal [21]. The average sizes of the metallic Pd in the
Pd(2)/CeO; (N) and Pd(2)/CeO, (A) were 2.1 and 5.9 nm, respectively. Therefore,
both STEM and CO chemisorption results confirmed the higher Pd dispersion in
the Pd(2)/CeO: (A), while large PdO particles were produced at the Pd(2)/CeO>

(N) surface.
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Table 4-2. Dispersion and average size of Pd in the Pd(2)/CeO,. catalysts.

Catalyst Pd dispersion (%0) Average Pd size (nm)
Pd(2)/Ce0; (N) 18.8 5.9
Pd(2)/Ce0; (A) 52.6 21
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The XRD patterns of the samples exhibited a typical cubic fluorite phase
of CeO> (Fig. 4-4) . As the catalysts were calcined under static air, it was expected
that peaks corresponding to PdO would be observed for both catalysts. However, it
is challenging to detect the characteristic diffraction peaks of PdO because the
characteristic PdO peak (33.8°) overlaps with a large peak arising from the ceria

support (33.2°) .
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Fig. 4-4. XRD patterns of the Pd(2)/CeO, catalysts.
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Because it was difficult to detect the PdO peak from the XRD analysis,
the crystallinity of the PdO phase was analyzed using Raman spectroscopy. Fig. 4-
5 displays that the peaks at 247 and 461 cm™ arise from the CeO, support, which
are the second-order transverse acoustic (2TA) and fluorite F»; mode, respectively .
A new peak is found at 642 cm™ only for the Pd(2)/CeO- (N), which arises from
the Pd-O bond stretching in the PdOy4 structure often found at the core of crystalline
nanoparticles . Therefore, it was confirmed that the Pd(2)/CeO, (N) contained a
large amount of crystalline PdO nanoparticles, which agrees well with the EDX

mapping and CO chemisorption results.
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Fig. 4-5. Raman spectra of the Pd(2)/CeO; catalysts.
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H,-TPR experiments were conducted to investigate catalyst reducibility.
Fig. 4-6 shows two reduction peaks for both catalysts, where the low-temperature
peak at <100 °C is referred to PdO reduction and another peak at 400 °C to the
surface CeO: reduction . The PdO reduction temperature was 54 °C for the
Pd(2)/CeO, (N), which was 45 °C lower than that for its counterpart. Stronger
metal-support interactions generally increase the reduction temperature of the
metal oxide . Hence, it can be inferred that the metal-support interaction was
stronger in the Pd(2)/CeO, (A). Furthermore, the sharp reduction peak of the
Pd(2)/CeO> (N) indicates a rapid reduction process, further confirming that the
metal-support interaction was weaker than in its counterpart . Meanwhile, the H»
consumptions of the Pd(2)/CeO, (N) and Pd(2)/CeO, (A) samples were 0.41 and
0.49 mmol/g, respectively, both larger than the value required for the PdO
reduction (0.19 mmol/g). This additional hydrogen consumption can be ascribed to
the surface CeQO; reduction near the Pd species, which was likely facilitated by

hydrogen spillover from palladium to the ceria .
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Fig. 4-6. H>-TPR profiles of the Pd(2)/CeO; catalysts.
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The Pd state on the catalyst surface was examined by XPS analysis. Pd 3d
spectra presents two peaks at 336.5 eV, arising from Pd*" in PdO nanoparticles, and
337.7 eV, from Pd"" (2=<n=4) in the PdiCeix0,.; solid solution (Fig. 4-7) . The
peak corresponding to Pd metal (335 eV) was not observed because the catalysts
were thermally treated under normal atmospheric conditions. The quantitative data
calculated from the XPS spectra confirm that the Pd state is altered by the
precursor type (Table 4-3). Clearly, the PdO nanoparticles were major species in
the Pd(2)/CeO; (N), while the Pd species of the Pd(2)/CeO, (A) were inserted into
the defect sites of the CeO, support and induced the formation of PdiCei«O»5. In
addition, the peak intensity was higher for the Pd(2)/CeO; (N) catalyst. Since XPS
analysis is surface-sensitive, it can be interpreted that the PdO particles were
exposed on the Pd(2)/CeO; (N) surface, while the Pd species of the Pd(2)/CeO: (A)
sample were stabilized within the bulk ceria lattice.

The surface atomic concentrations computed from the XPS data are
displayed in Table 4-4. Notably, the surface concentration of Pd was higher for the
Pd(2)/CeO, (N) catalyst, even though both catalysts were prepared with the same
Pd loading (2 wt%), as confirmed via ICP-AES. Hence, the difference between the
surface and bulk Pd concentrations can be explained by the chemical state. As
previously discussed, Pd species exist at the ceria surface as PdOx nanoparticles in
the Pd(2)/CeO; (N). In contrast, the Pd species are located in the bulk CeO, lattice
as a PdiCe1 025 in the Pd(2)/CeO; (A) sample.

100 M 2]



336.5eV

Intensity (a.u.)

337.7 eV

346 344 342 340 338 336 334
Binding energy (eV)

Fig. 4-7. Pd 3d XPS spectra of the Pd(2)/CeO; catalysts.
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Table 4-3. Pd species on the surface of the Pd(2)/CeO; catalysts.

Pd
Catalyst
PdO (%) Pd,Ce, ;015 (%)
Pd(2)/CeD; (N) 81.7 183
Pd(2)/Ce0; (A) 20.8 70.2
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Table 4-4. Surface and bulk Pd concentration of the Pd(2)/CeO, catalysts.

Surface atomic concentration Bulk concentration
Catalyst
Pd (%) Ce (%) O (%) Pd (wt.%0)
Pd(2)/Ce0; (N) 3.0 30.9 66.1 18
Pd(2)/Ce0, (A) 11 334 63.5 L7
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The Pd states were further examined by XAFS analysis. The XANES and
EXAFS profiles are displayed in Fig. 4-8(a) and (b), respectively. The absorption
edge profiles of both catalysts are close to that of the PdO reference (Fig. 4-8(a)).
However, more detailed analyses of the XANES profiles highlight that the white
line intensity of the Pd(2)/CeO, (A) was slightly higher than that of the PdO
reference. The increment of the white line intensity is caused by the increased Pd
oxidation state . This can be ascribed to the Pd"" species in the Pd(2)/CeO> (A),
which is previously confirmed from the XPS analysis.

The EXAFS profiles displays a peak at 1.5 A arising from the first Pd-O
coordination shell was detected from both catalysts, confirming that Pd was
oxidized (Fig. 4-8(b)) . Another peak at 2.9 A was assigned to second shell Pd-O-
Pd coordination and the relative intensity of this peak was lower for the
Pd(2)/CeOs (A) catalyst compared with its counterpart. These results indicate that
the Pd size was smaller for the Pd(2)/CeO; (A) sample than for its counterpart,
which is in agreement with the STEM-EDX mapping and CO chemisorption

results.
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3.4. Discussion

Herein, Pd/CeO; catalysts were prepared using different Pd precursors and
applied to CH4 and CO oxidation reactions to examine their differing catalytic
activities. The Pd(2)/CeO, (N) catalyst was highly active for CH4 oxidation,
whereas the Pd(2)/CeO, (A) catalyst exhibited high CO oxidation activity.
Therefore, it can be interpreted that catalytic performance is largely affected by the
type of Pd precursor. The effects of the Pd precursor on the catalytic properties and
activities were studied using various characterization techniques.

Fig. 4-9 shows images of the Pd(2)/CeO, samples, wherein it is clear that
the color of the Pd(2)/CeO, (N) catalyst is brown, whereas the Pd(2)/CeO, (A)
catalyst is dark yellow, closer to the ceria support color. From these results, it is

plausible to assume that the Pd state differed between the two catalysts.
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Fig. 4-9. The color of the Pd/CeO; catalysts.
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Despite some discrepancies in literature regarding the identification of the
active Pd states for methane oxidation, many authors have reported that PdO is the
active state . Chen et al. claimed that PdO can dissociate methane and fully oxidize
to CO,, whereas the highly dispersed Pd ions are inactive in producing CO and
tend to generate carbonate and formate species . In addition, they claimed that the
incomplete coordination of Pd*" and adjacent oxygen atoms were responsible for
the high activity of PdO. Thus, the difference in the methane oxidation activity can
be explained by the difference in the Pd state, which was discussed in the previous
catalyst characterization section. The STEM-EDX mapping images revealed the
presence of PdO nanoparticles on the Pd(2)/CeO, (N) surface, although it was
difficult to observe them in the Pd(2)/CeO, (A). From the Raman and XPS spectra,
it can be inferred that a PdiCe;«O2.5 was produced, and Pd species were highly
dispersed in the ceria support defect sites. Therefore, it can be hypothesized that the
Pd state is critical for determining the methane oxidation catalytic activity. For
Pd(2)/CeO; (A), Pd"" stabilized in the bulk ceria lattice could not easily facilitate
methane oxidation. In contrast, the PdO nanoparticles exposed on the Pd(2)/CeO>
(N) surface acted as active sites for methane oxidation.

The CHs oxidation over Pd/CeO, proceeds via Mars-van Krevelen
mechanism . Accordingly, oxygen vacancies are produced when CH4 reacts with
PdO. The oxygen vacancies are replenished by lattice oxygen diffusion from the
ceria and adsorption of gas-phase O». Therefore, methane oxidation activity can be
affected by the oxygen vacancy replenishment rate. The Pd«Ce.<O25 can act as a
transition layer for oxygen species from the ceria to Pd . Therefore, the inferior

activity of the Pd(2)/CeQO; (A) sample than that of its counterpart can be explained
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by excess PdiCei.«O2s because the transition channel thickness may limit the
oxygen diffusion rate.

However, the trend of activity was opposite for the CO oxidation. The
Pd(2)/CeO: (A) exhibited superior activity than the Pd/CeO; in previous studies
prepared by similar method (Table 4-5) . In contrast to CH4 oxidation, the Pd/CeO;
samples were reduced prior to the reaction because metallic Pd has been reported
to be the active site. Therefore, the difference in the CO oxidation activity between
the catalysts cannot be explained using the Pd oxidation state. STEM-EDX, CO
chemisorption, and EXAFS analyses revealed that the average Pd size was smaller
in the Pd(2)/CeO; (A) sample compared to that of its counterpart. The Pd species
were introduced into the bulk ceria lattice, forming strong Pd-O-Ce bonds in the
acetate catalyst. Therefore, the metal-support interaction was stronger than that in
the Pd(2)/CeO, (N) catalyst, as confirmed via the H,-TPR experiment. The strong
metal-support interaction may explain the presence of highly dispersed Pd species
because the Pd is stabilized by the support, and Pd agglomeration is prevented
during reduction . Therefore, the high activity of the Pd(2)/CeO, (A) can be

ascribed to high Pd dispersion that provided additional sites for CO adsorption.
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Table 4-5. CO oxidation activities of the Pd/CeQO, catalysts reported in the

literatures.
Space
Catalyst refl;irsor Too (°C) Reactant velocity Reference
P (mL/geach)
I 1 1 1 1 1 1
CO 1%, 02
Pd(z()li(;eoz Acetate 112 10%, N2 400,000  This work
balance
CO 1%, 02
Pd/CeO2 Nitrate 130 10%, He 120,000 [99]
balance
CO 1%, 02
Pd/Ce0O2 Nitrate 148 2.5%, N 200,000 [100]
balance
CO 1%, 02
Pd/Ce0O2 Chloride 205 20%, N2 100,000 [101]
balance

All catalysts (2 wt% Pd) in Table 3-5 were prepared using the conventional
impregnation method.
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Although the light-off curves showed that the Pd(2)/CeO, (A) catalyst
exhibited superior activity than its counterpart, comparing catalytic activities in
terms of TOF may be more appropriate because the number of active sites differs
for catalysts with varying particle sizes. Fig. 4-10(a) shows the CO oxidation
activity in terms of TOF values. The catalytic activity data in the kinetically
controlled regime (under 20% CO conversion) was used to improve accuracy . The
TOFs were similar in the kinetically controlled region (from 40 to 70 °C), although
the Pd dispersion was different. In addition, the activation energy was obtained
from the Arrhenius plot (Fig. 4-10(b)). The activation energies were within the
range of the experimental error (44—48 kJ/mol). These results indicate that the
catalytic active sites and reaction pathway are identical for both catalysts,
irrespective of Pd dispersion. Therefore, the reaction is structure-insensitive
reaction, as reported from previous research . From the kinetic study, it can be
concluded that the catalytic activity normalized by the catalyst weight was higher
for Pd(2)/CeO; (A) than that of its counterpart because of the larger number of
active sites, whereas the activities normalized by the number of active sites were
similar. Fig. 4-10(c) displays the Arrhenius plots of the catalysts for CH4 oxidation.
In contrast to CO oxidation, the activation energy of Pd(2)/CeO, (N) (73 kJ/mol)
was significantly smaller than that of its counterpart. Because the active site for the
methane oxidation reaction is known as PdO, the PdO nanoparticles on the
Pd(2)/CeO, (N) surface were more active in cleaving the methane C-H bond than

the Pd 1ons stabilized in the ceria lattice .
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Fig. 4-10. (a) CO oxidation activities of the Pd(2)/CeO, catalysts in terms of TOF, Arrhenius plots (b) for CO and (c) CH4 oxidation.
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The major difference between Pd nitrate and acetate lies in their
decomposition behavior. Pd nitrate directly decomposes to PdO, whereas Pd
acetate initially decomposes to Pd metal and slowly oxidizes to PdO under
oxidative conditions . To investigate the decomposition behavior of Pd acetate
impregnated on the ceria support, H-TPR and TGA analyses were conducted on
the Pd(2)/CeO, (A) catalysts. Fig. 4-11(a) displays the H,-TPR results of
Pd(2)/CeO, (A) calcined under different conditions. As discussed previously, a
reduction peak at 99 °C was detected from the Pd(2)/CeO; (A) catalysts calcined in
air, corresponding to Pd reduction. However, a reduction peak was not detected
from -100 to 300 °C for the Pd(2)/CeO;, (A) sample calcined under N,, which
implies the presence of metallic Pd on the catalyst. Therefore, the decomposition
behavior of Pd acetate remained unchanged even after impregnation. Fig. 4-11(b)
shows the TGA profiles of the Pd(2)/CeO: (A) catalyst under air and N» conditions.
Notably, similar TGA profiles were obtained under both conditions, implying that
the Pd species were inserted into the ceria lattice to form a PdiCe;.<O2.5. This is
because if Pd metal was oxidized to PdO, weight increases would be observed
during the TGA process. Therefore, it can be concluded that Pd nitrate is more
effective for synthesizing catalysts with PdO nanoparticles exposed on the ceria
support surface. In contrast, Pd acetate impregnated on ceria decomposed into Pd
metal, and subsequent calcination induced the incorporation of Pd species into the
defect sites of ceria to form a Pd-O-Ce structure. It was induced by the interaction
between the highly dispersed metallic Pd and ceria, which was higher than the
interaction between the agglomerated PdO nanoparticles and ceria . In conclusion,
the Pd(2)/CeO, (N) catalyst was highly active for CH4 combustion because the
PdO nanoparticles exposed at the surface acted as active sites. In contrast, the
Pd(2)/CeO: (A) catalyst was more active for the CO oxidation reaction because the

highly dispersed Pd provided additional sites for CO adsorption.
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Fig. 4-11. (a) H» -TPR profiles and (b) TGA profiles of the Pd(2)/CeO; (A)
catalysts calcined in air or N; condition.
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Chapter S. Conclusions

In chapter 2, mesoporous cobalt oxide catalysts were prepared using an
SBA-15 template, and the catalysts were treated with nitric acid to modify the
surface chemistry and structure. The prepared catalysts were applied to the
methane combustion reaction, and significant enhancements in the catalytic
activities of the acid-treated catalysts were observed compared to that of the fresh
catalyst. The effects of acid treatment were investigated using various
characterization methods. First; TEM and SEM observation revealed the
morphological changes, such as surface roughening, as a result of the acid
treatment. In addition, XRD and Raman analyses demonstrated that acid treatment
resulted in lattice distortion and residual stress in the crystal structure. Thus, on the
basis of these results, it was reasonable to hypothesize that defect sites, such as
oxygen vacancy sites, are generated by the acid treatment. Furthermore, H»-TPR,
0,-TPD, and XPS analyses showed that the acid-treated catalysts possessed larger
amounts of Co®" and surface chemisorbed oxygen species, which adds weight to
the hypothesis concerning oxygen vacancy formation. In conclusion, in-depth
characterization of the surface chemistry and defect structure of mesoporous cobalt
oxide catalysts reveals that modification by acid treatment is beneficial for
enhancing the catalyst activity for the catalytic oxidation of methane.

In chapter 3, the dealumination of the Pd/SSZ-13 catalysts were
conducted by the hydrothermal treatment in order to study the effects of
dealumination on the catalytic properties and activities. The Pd(1)/SSZ-13 (HTA),
which was prepared by hydrothermal treatment of the pristine catalyst, displayed
extremely low methane oxidation activity compared to the other catalysts. On the
other hand, the Pd(1)/SSZ-13 (DeAl), which was prepared by hydrothermal

treatment of the SSZ-13 support and subsequent Pd impregnation, exhibited
3 , i |
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enhanced catalytic activity compared to the pristine catalyst. From the TGA, H,O
adsorption, DRIFTS analyses, it was confirmed that the hydrophobicity of zeolite
was enhanced after the dealumination process. However, the increase of Tso and
activation energy in the presence of H,O indicated that the Pd(1)/SSZ-13 (DeAl)
catalyst was still inhibited by H,O and the hydrophobicity change was not key
factor for the activity enhancement. Next, the state of Pd was investigated by the
Raman, DRIFTS and H,-TPR analyses. Pd species mainly existed as PdO in the
pristine and Pd(1)/SSZ-13 (DeAl) catalysts, while Pd(1)/SSZ-13 (HTA) possessed
large amount of Pd ions. Thus, the inferior activity of the Pd(1)/SSZ-13 (HTA) can
be explained by the Pd state because Pd ions are not active in the C-H bond
activation compared to PdO. Although the pristine and Pd(1)/SSZ-13 (DeAl)
catalysts both possessed large amount of PdO, the location of PdO was different.
Most of the PdO in the Pd(1)/SSZ-13 (DeAl) was exposed at the external zeolite
surface, while the Pd(1)/SSZ-13 possessed both external and internal PdO
encapsulated in the zeolite pores. Therefore, the activity enhancement observed
from the Pd(1)/SSZ-13 (DeAl) can be explained by the larger amount of external
PdO nanoparticles, which were more active than encapsulated PdO. In addition, the
Pd(1)/SSZ-13 (DeAl) was more resistant to the deactivation in the long-term
activity test because the external PdO nanoparticles were less decorated by Al. In
summary, the hydrothermal treatment is not always beneficial for the methane
oxidation activity; Pd should be impregnated after hydrothermal treating the zeolite
support in order to synthesize highly active and stable catalyst (Pd(1)/SSZ-13
(DeAl)) for the methane combustion.

In chapter 4, the effects of the Pd precursor on the activities and properties
of Pd/CeO; catalysts were examined. Raman and XPS spectra disclosed that the Pd
state was altered by the precursor type. The PdO nanoparticles exposed at the
surface were active for CHs combustion, which were more abundant on the

Pd(2)/CeO, (N) catalyst compared to that on its counterpart. However, most Pd
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species in the Pd(2)/CeO; (A) existed as Pd ions stabilized in the ceria defect sites,
which were not very active for the reaction. In addition, Pd dispersion was
confirmed to be affected by the precursor type. The STEM-EDX mapping images,
CO chemisorption, and EXAFS spectra revealed that the size of Pd was smaller in
the Pd(2)/CeO: (A) catalyst than that in its counterpart. The stronger metal-support
interaction arising from the Pd-O-Ce bond of the Pd«Ce;xO25 structure was the
underlying cause of the high dispersion. Because of its high Pd dispersion, a large
amount of CO was adsorbed on the Pd(2)/CeO: (A) sample, which promoted the
CO oxidation. In conclusion, the chemical state and dispersion status of Pd were
largely affected by the Pd precursor and these proved to be critical for CH4 and CO

oxidation activities.
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