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ABSTRACT

5792004063: Polymer Science Program
Sureerat Jampa: Catalytic Applications of CuO Loaded Mesoporous CeO2
and CuO Loaded Mesoporous CeO,-ZrO; Catalyst.
Thesis Advisors: Prof. Sujitra Wongkasemjit, Prof. Apanee
Luengnaruemitchai, and Assoc. Prof. Thanyalak Chaisuwan 150 pp.
Keywords: Mesoporous CeO,/ Mesoporous CeO,-ZrO,/ Cu-CeO,/ Cu-CeO,-ZrO,/
Nanocasting process/ Deposition-precipitation method/ Preferential
oxidation of CO (CO-PROX)/ Autothermal steam reforming of
methanol (ASRM)

Copper oxide (CuO) loaded mesoporous ceria (CeO2) and Copper oxide
(CuO) loaded mesoporous ceria-zirconia (CeO2-ZrO2) catalysts are successfully
synthesized for preferential oxidation of CO (CO-PROX) and autothermal steam
reforming of methanol (ASRM). Mesoporous CeO2 and mesoporous CeO2-ZrO: as
catalyst supports with high specific surface area and ordered structure are prepared via
a nanocasting process by using MCM-48 as template. Deposition-precipitation
technique is chosen to load various Cu contents (1 to 9 wt.%) on the synthesized
mesoporous supports. The synthesized CuO loaded mesoporous CeO2 (Cu-C) and
CuO loaded mesoporous CeO2-ZrO2 (Cu-CZ) catalysts are characterized by N2
adsorption-desorption, X-ray diffraction, transmission electron microscopy, atomic
absorption spectroscopy, X-ray photoelectron spectroscopy, and temperature-
programmed reduction by Hz. The catalytic performance of Cu-C and Cu-CZ catalysts
for the CO-PROX reaction in presence of excess hydrogen and autothermal steam
reforming of methanol (ASRM) reaction are investigated. The Cu-C and Cu-CZ

catalysts illustrate an excellent efficiency for these reactions.
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CHAPTER1
INTRODUCTION

Nowadays, the world’s fossil fuel consumption has continuously risen because of
the increasing of population that affects the rapid decreasing of fossil fuels. Furthermore,
carbon emissions from fossil fuels are the main factor to rise global temperature and
pollutions, causing the important risk of global climate change. To solve these problems,
to find new energy sources which can use to replace of fossil fuel are very necessary.
Hydrogen is very attractive to produce the clean energy. Hydrogen is not a primary energy
source like coal and gas but it is an energy carrier. Hydrogen can be obtained from diverse
resources, both renewable (hydro, wind, wave, solar, biomass) and non-renewable (coal,
natural gas and nuclear) sources. The importance of hydrogen as a potential energy carrier
has increased significantly over the last decade due to the development of fuel cell
technology (Edwards et al., 2007). Fuel cells are alternative sources for clean energy
production. Fuel cells directly convert the chemical energy in hydrogen to electricity, with
pure water and potentially useful heat as by products. Among the various types of fuel
cells, proton exchange membrane fuel cells (PEMFC) are widely used because of their
low temperature of operation (80 °C), high power density and high efficiency (Mishra et
al., 2011).

Generally, the hydrogen-rich gas contains 0.5-2.0 vol.% CO, which poisons the
PEMEFC electrodes typically made from Pt. The amount of CO in hydrogen-rich gas must
be removed to a level below 10 ppm. Preferential oxidation of CO (CO-PROX) is an
efficient method for CO removal from a hydrogen-rich gas mixture (Potemkin et al.,
2012). The PEMFC'’s ideal fuel is hydrogen which is stored on-board in high-pressure
tanks. However, the current technology does not provide the storage of enough hydrogen
to the driving range. Thus, PEMFC vehicles probably use liquid fuels to solve problems
of safety and handling of hydrogen.

Methanol has been identified as a suitable liquid fuel which can produce

hydrogen. A hydrogen-rich gas can be produced on-board of the vehicle by several



reactions, such as steam reforming of methanol (SRM), partial oxidation of methanol
(POM), and oxidative steam reforming of methanol (OSRM) (Agrell et al., 2002).
However, oxidative steam reforming or autothermal steam reforming of methanol (OSRM
or ASRM) provides high efficiency for Hz production.

As aresult, catalyst is an important factor for CO preferential oxidation (PROX)
and Hz production from methanol. Mostly, mesoporous materials are extensively used as
catalyst or catalyst support due to its high surface area and suitable pore size as well as
pore structure, allowing large molecules to penetrate inside the pore. One way to obtain
mesoporous materials is to use nanocasting method with template, and cubic MCM-48,
indexed in the space group of Ia3d, is an interesting hard template since it has a three-
dimensional pore structure and interconnected channels which can reduce the diffusion
limitations and avoid the pore-blocking of the catalysts (Monnier ef al., 1993).

Cerium oxide or ceria (CeOz) as a fluorite-type oxide is the most important rare-
earth oxide for the oxidation reactions on account of its redox cycle between two oxidation
states (Ce*"-Ce**) and high oxygen storage capacity (OSC) (Yane et al., 2014). It has also
been extensively used for oxygen storage capacity and environmental catalysis.
Furthermore, incorporation of zirconium oxide or zirconia (ZrOz2) to CeO: exhibits even
better features than pure CeOz, such as, a higher thermal resistance, a higher efficiency of
the redox property, and a better oxygen storage and release capacity (Trovarelli et al.,
2001). Thus, CeO2-ZrO: catalyst support, one of the most popular supports, has attracted
much attention from many scientists.

Copper (Cu), a transition metal, is a good candidate for catalytic industry. Cu-
based catalysts are useful for several applications due to its high activity and selectivity in
many reactions (Zhang et al., 2014). Importantly, it is low cost when compared with noble
metals. Cu-based catalyst loaded onto catalyst support is very attractive catalyst. In this
study, it is thus aimed to synthesize a high surface area Cu loaded mesoporous CeO2 and
Cu loaded mesoporous CeO2-ZrOz catalyst via the nanocasting technique, followed by the
deposition-precipitation (DP) method. The synthesized Cu loaded mesoporous CeO2 and
Ce02-ZrO: catalysts are then studied its potential in the preferential oxidation of CO (CO-



PROX) reaction and autothermal steam reforming of methanol (ASRM) reaction. All
synthesized catalysts were comprehensively characterized using various analytical

techniques, and systematically studied for their optimal conditions of each reaction.



CHAPTER I1
LITERATURE REVIEW

2.1 Preferential Oxidation of CO (CO-PROX)

Proton exchange membrane fuel cells (PEMFC) have been extensively studied in
the past decades. Typically, H2 production for PEMFC is achieved by a multi-step process
including steam reforming or partial oxidation of liquid fuels or catalytic reforming of
hydrocarbons or oxygenated hydrocarbons followed by water-gas shift (WGS). The gas
stream obtained after these processes contains about 50% Hz, 20% CO2, 0.5-1% CO, 10%
H20 and N2. The PEMFC anode made from Pt can be poisoned by CO in the Hz rich gas
at levels of 10-100 ppm (Liu et al., 2004). Therefore, it is necessary to eliminate the
amount of CO in the hydrogen gas stream to protect PEMFC anode. There are several
different methods for CO removal from the hydrogen gas stream. The main methods are
as follows (Gray et al., 1998):

1) Purification with hydrogen selective membrane

i1) CO methanation

ii1) Pressure swing adsorption

iv) Preferential oxidation of CO

The preferential oxidation of CO (CO-PROX) has been conceded as one of the
most straightforward and cost-effective methods to achieve acceptable CO concentrations
(Gamarra et al., 2007). Mishra and Prasad also studied how to purify hydrogen using CO-
PROX (Mishra and Prasad, 2011).

The CO-PROX reaction composes of 2 main chemical reactions which are shown

in Equations 2.1 and 2.2.

CO Oxidation: CO(g) + 1/202(g) — CO2(g) AH%93 = -282.98 kJ/mol 2.1
H> Consumption: Ha(g) + 1/202(g) — H20(g) AH%9s = -241.82 kJ/mol (2.2)



In CO oxidation (Equation 1), an excess of oxygen is added to CO to generate
CO2 molecules, at around a factor of 2, and about 90% of CO is transformed. Then, a
substantially higher oxygen excess, around a factor of 4, is used to reduce the CO
concentration to less than 10 ppm. The second reaction, H2 consumption reaction, as
shown in Equation 2, is to allow Hzto react with Oz to generate H2O molecules. It is highly
undesirable reaction because it reduces the activity of CO-PROX catalyst (Mishra and
Prasad, 2011).

Generally, the CO conversion is calculated, based on the CO consumption in the

reaction, as follows (Laguna ef al., 2012):

CO conversion (%) = (COin —COout) X100 (2.3)

COin
The selectivity of the CO oxidation in the presence of excess Ha is calculated from the

oxygen mass balance, as follows (Laguna et al., 2012):

CO oxidation selectivity (%) = (COin—COout) X100 (2.4)

2(02in_020ut )

2.2 H; Production from Methanol

Hydrogen is not primary energy source, but it is an energy carrier (Edwards et al.,
2007). Hz2 does not exist freely in nature because it is only produced from diverse resources
of energy. At present, H2 is considered to be an alternative transportation fuel. The
importance of Hz as a potential energy carrier has increased significantly over the last
decade due to the development of fuel cell technology, which is the important technology
in the development of zero-emission electrical vehicle (Edwards et al., 2007). In fuel cells,

H: reacts with Oz to produce heat and electricity with only water vapor as a by-product.



Proton exchange membrane fuel cells (PEMFC) have been widely studied for a
long time. What scientists mostly concern is the purity of H2 for PEMFC system and
technologies for a safe and efficient storage of H2> on-board of the vehicle which are still
not commercially available. Thus, many researchers study how to generate H> on-board
by using a reformer. Natural gas, gasoline, or alcohols (methanol, ethanol) as liquid fuels
are the potential hydrogen sources (Marifio et al., 2004). Figure 2.1 shows the efficiency
of liquid fuel as function of H/C atomic ratio. The efficiency increases with increasing the

H/C ratio.

Figure 2.1 Effect of the hydrogen-to-carbon atomic ratio in fuel on the theoretical

(maximum) fuel processing efficiency (Ahmed and Krumpelt, 2001).

Among the various types of liquid fuels, methanol is a prominent candidate
because it gives the highest fuel processing efficiency. Methanol has a high H/C ratio (4:1)
which equals to that of methane. It is a liquid at atmospheric pressure and normal
environmental temperature, unlike methane or liquefied petroleum gas (LPG). In terms of
environmental impact, methanol is readily metabolized by ambient organisms in the
environment and can be converted to hydrogen at lower temperatures (150°-350 °C) than
most other fuels (>500 °C) because methanol does not contain carbon-carbon bonds that
needs higher energy to break. Methanol is easily activated at low temperatures, causing

low levels of CO formation during H> production process (Palo et al., 2007). Furthermore,



methanol can reduce the risk of coke formation during the reaction. Hydrogen can be
produced from methanol by several different catalytic processes, such as methanol
decomposition (MD), steam reforming of methanol (SRM), partial oxidation of methanol
(POM), and oxidative steam reforming or autothermal steam reforming of methanol

(OSRM or ASRM) (Turco et al., 2007).

2.2.1 Steam Reforming of Methanol (SRM)

In the early 1960s, synthesis gas was widely produced from the steam
reforming of hydrocarbons (Twigg et al., 2003). SRM is an attractive process which is
extensively used to produce Ha. It is an endothermic reaction to produce a high yield of
Hz, about 75%, while maintaining a low selectivity of CO of less than 1% (Wild et al.,
2000). The overall reaction of SRM is shown in Equation 2.5 (Sa et al., 2010).

CH:;OH + H:0 <« CO2+ 3H: AH%9 = +49.7 kJmol ! (2.5)

The SRM reaction is accomplished by two side reactions: methanol

decomposition, Equation 2.6, and water-gas shift, Equation 2.7

CH;0H <« CO +2H>2 AH%93 = +90.2 kJmol ! (2.6)
CO+H0 <> CO:+H: AH%9s = -41.2 kJmol ™ (2.7)

The decomposition of methanol is an endothermic reaction that produces a
high yield of CO. The amount of CO must be transformed into Hz and COz2 by the water—
gas shift reaction because CO is unsuitable for on-board PEMFC applications (Huang et
al., 2009). Moreover, the SRM can also lead to the formation of toxic and undesirable
products which are formic acid (HCOOH), formaldehyde (CH20), and dimethylether
(CH30CH3) since they can limit the H2 production (Houteit et al., 2006).



In any H2 production process, there is a concern regarding carbon or coke
formation, see Equations 2.8 and 2.9 (Armor, 1999), which can take place rapidly and shut

down the Hz production process. Therefore, it is important to control the carbon formation.

200 — CO2+C (2.8)
CH: — C+2H (2.9)

2.2.2 Partial Oxidation of Methanol (POM)

Partial oxidation of methanol is another attractive process of H2 production
for PEMFC applications. The reaction route of POM, as shown in Equation 2.10 (Alejo et

al., 1997), to produce Hz is an exothermic reaction which does not require any heat supply.

CH3OH + 1/202 < 2H»+ CO2 AH%o98=-192.2 kJ/mol ! (2.10)

Advantages of POM over SRM are following:

1) It uses oxygen (or air) instead of steam as oxidant.

i1) It is more thermodynamically favorable.

ii1) It displays a higher reaction rate.

However, a number of other reactions can occur during the operation of
POM. These reactions are mainly methanol oxidation (Equation 2.11), methanol
decomposition (Equation 2.12), steam reforming (Equation 2.13), water-gas shift
(Equation 2.14), methanation (Equation 2.15), CO oxidation (Equation 2.16), and H>
oxidation (Equation 2.17) (Ubago-Pe rez et al., 2007):

CH:;OH +3/20, <+ 02+ 2H:0 2.11)
CH:OH < CO+2H: (2.12)
CH;OH + H:0 <« 3H:+CO> (2.13)
CO+H:0 <« CO:+Ha (2.14)

CO +3H> <> CH4+H20 (2.15)



CO+1/202 +=>» CO2 (2.16)
H2 +1/202 <= H0 (2.17)

Moreover, the highly exothermic reaction of POM not only leads to the
problem of removing the heat and controlling the reactor temperature, but also produces

significant amount of CO.

2.2.3 Autothermal Steam Reforming of Methanol (ASRM)

As previously mentioned, methanol can be converted to a Ha-rich stream
by POM, SRM, or OSRM. The ASRM (Equation 2.18) is a combination between SRM
and POM (Patel and Pant, 2007):

CH:OH + (120)H:0 + a0z« (320)H2+CO2  05>a>0  (2.18)
AH®208= -241.8(2a) + 49.5 kJ/mol!

where a is an oxygen to methanol (O/M) molar ratio.

The POM is a highly exothermic reaction with a rapid start-up. However,
this reaction gives a lower Hz yield than theoretical H2 concentration (67%). Furthermore,
this reaction also provides a higher formation of by-product CO than SRM. On the other
hand, SRM is an endothermic reaction and can give a higher theoretical H2 concentration
(75%) because of the additional contribution of water, while producing a low
concentration of CO (<1%). External heating of the reformer in SRM reaction is required
and fast start-up behavior unlike POM. Thus, the combination of POM and SRM which
called the autothermal steam reforming of methanol (ASRM) was studied in order to save
energy and obtain rapid start-up. In ASRM reaction, the exothermic POM supplies the
heat energy which is required for the endothermic SRM. The overall heat of reaction
depends on the value of @ in Equation 2.18. Moreover, the reaction of CO generation with

oxygen in ASRM is expected to reduce the amount of CO (Chang et al., 2010).
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Udani et al. (2009) studied SRM and ASRM over a series of coprecipitated
CuO-CeO2 catalysts and found that, see Figure 2.2, there was a rapid increase in the
methanol conversion with increasing Oz concentration. The methanol conversion with 5%
of Oz showed the highest conversion throughout the temperature range of 160°-300 °C.
They concluded that the rate of POM was much faster than that of SRM.

Figure 2.2 Effect of oxygen concentration in the feed on the methanol conversion and
CO selectivity. Feed: 100 ml/min, 10% CH3OH, 15% H20, Oz (shown) and balance He.
Catalyst: 70 wt.% CuO-CeO2, weight=0.5 g (Udani et al., 2009).

In 2001, Velu et al. reported that ASRM was more efficient for the
selective Hz production relatively at a lower temperature of around 230 °C using
CuZnAl(Zr)-oxide catalysts. They studied several parameters for ASRM reaction,
including effect of O2/CH30H molar ratio, see Figure 2.3. The methanol conversion and
the amount of H2, CO, and COz increased with increasing O2/CH30H ratio up to 0.3. They
declined with further increasing in the O2/CH30OH ratio to 0.50 because they explained
that H2 produced in the ASRM reaction was oxidized to H20, as shown in Equation 2.17.
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Figure 2.3 Effect of O2/CH30H molar ratio on the catalytic performance in the ASRM
reaction over CZAZOC-6. The inset in the top figure shows the variation of outlet CO
concentration and RH2/RMeOH conversion ratio as a function of O2/CH30H molar ratio

(Velu et al., 2001).

Furthermore, they studied effect of H2O/CH30H molar ratio on ASRM
reaction, as shown in Figure 2.4, and found that RH2/RCH30OH conversion ratio increased
from about 2.5 at lower H2O partial pressures (H2O/CH3OH ratio = 0.7) to about 3.0 with
increasing the H2O/CH3OH ratio up to 1.6, resulting in a decrease of the CO content. It
was referred that a higher partial pressure of H2O was favorable to reduce the outlet CO

concentration due to the enhancement of the WGS reaction in ASRM process.
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ratio (Velu et al., 2001).

2.3 Catalyst

A catalyst is a substance that increases the rate of a reaction without modifying
the overall standard Gibbs energy change in the reaction (Fechete et al., 2012). It is not
consumed during the reaction. A catalyst is appearing in the steps of a reaction

mechanism, but it is not appearing in the overall chemical reaction (as it is not a reactant
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or product). Furthermore, catalyst is required to increase the production yield and
selectivity of any reactions. The CO-PROX and ASRM need to use catalyst to enhance
their yield and selectivity. Catalysts can be classified into two categories, homogeneous
and heterogeneous catalysts, depending on their relationship to the phase of the reaction.
Porous material is an excellent material to utilize as heterogeneous catalysts to replace
environmentally hazardous, corrosive, and difficult to separate and dispose of

homogeneous catalysts (Fechete et al., 2012).

2.3.1 Mesoporous Materials

Porous materials have been extensively studied regarding their technical
applications as catalysts, catalyst supports, and adsorbents because of their ability to
interact with atoms, ions, molecules, and nanoparticles not only at their surfaces, but also
throughout the bulk of the materials. According to the IUPAC definition, porous materials
are divided into three classes; microporous (pore size < 2 nm), mesoporous (2-50 nm),
and macroporous (>50 nm) materials (Sing et al., 1985). Mostly, mesoporous materials
are investigated as catalyst or catalyst support because it has high surface area, suitable
pore size, and pore structure which allow large molecules to penetrate inside the pore.
These characteristics of mesoporous materials can overcome the limitation of microporous
materials.

In 1992, Mobil scientists reported the synthesis of ordered mesoporous
molecular sieves (M418S family) from liquid-crystal templates. They divided M41S family
by different arrays into 3 groups, consisting of MCM-41 (hexagonal mesoporous
structure), MCM-48 (cubic mesoporous structure), and MCM-50 (lamellar
mesostructure), as shown in Figure 2.5 (Taguchi and Schuth, 2005). The cubic MCM-48
is the most interesting material in term of catalytic activity since it has a three-dimensional
pore structure with interconnected channels which can reduce the diffusion limitations and
avoid the pore-blocking of the catalysts (Monnier et al., 1993). Furthermore, MCM-48 as
ordered mesoporous material of silica can be used as hard template for synthesis of other

moesoporous materials via nanocasting process.
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MCM-41 MCM-48 MCM-50

Figure 2.5 Structures of mesoporous M41S materials (Hoffmann et al., 2006).

2.3.2 Nanocasting Process

Although there are many synthetic pathways which have been reported for
the synthesis of porous materials, the design and the synthesis of ordered nonsiliceous
mesoporous materials are more attractive from an industrial perspective and their
syntheses provide additional challenges. Nonsiliceous mesoporous materials, such as
transition-metal and metal oxide mesoporous materials, are widely utilized as catalyst or
catalyst support. Synthesis of highly ordered structure of transition-metal or metal oxide
mesoporous materials is rather difficult because the hydrolysis and polymerization of
alkoxides are more difficult to control.

Nanocasting process is an alternative synthesis pathway which has been
developed to create mesoporous materials that are difficult to synthesize by conventional
processes. Nanocasting process needs a hard template to fabricate ordered replicas
(mesoporous materials). The hard template acts as a physical barrier to coalescence of the
crystals during the calcination process. The strong points of the nanocasting technique are
to obtain specific desired porous materials, depending on the structure of template, and
ease of scale-up. Due to excellent characteristics of MCM-48, as previously mentioned,
MCM-48 is chosen as a hard template for synthesis of moesoporous materials via

nanocasting process. There are three main steps for nanocasting pathway to create
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nanostructured materials, as shown in Figure 2.6 (Lu and Schiith, 2005 and Lu and Schiith,
20006):
1) Formation of the template
i1) The casting step with target precursors, including the conversion of the
precursor, which is typically molecular, to a solid

ii1) Removal of the template

Infiltration of Conversion of

Template
precursor ..’ precursor ..’ removal
T = 9000 T 0.’ & ¢

L X ) 90

- -

Figure 2.6 Schematic illustration of the nanocasting pathway (Lu and Schiith, 2006).

Deeprasertkul et al. (2014) synthesized ordered mesoporous ceria using
MCM-48 as hard template via the nanocasting method. The optimal conditions to achieve
the ordered mesoporous ceria were to use 50% wt of ceria precursor, 30 min stirring time,
100 °C evaporation temperature, and one filling cycle. The synthesized mesoporous ceria
exhibited high surface area of 224.7 m?/g and ordered structure. Furthermore, analysis by
TPR showed a larger area peak that is referred to the strong reduction at a lower

temperature.

2.3.3 Mesoporous CeO2-ZrO2 as Catalyst Support

Rare earth oxides have been extensively studied in catalysis field as
structural and electronic promoters to improve the activity, selectivity, and thermal
stability of catalysts. The most important rare earth oxide in industrial catalysis is cerium
oxide or ceria (CeO2) which has also been widely used for oxygen storage capacity and
environmental catalysis. Ceria has a significant role in terms of economic relevance and
tonnage for commercial catalytic processes, such as three-way catalysis (TWC) for

eliminating toxic auto-exhaust gases and fluid catalytic cracking (FCC) (Trovarelli et al.,
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1999). Two excellent characteristics for using ceria in catalysis are followed
(Deeprasertkul et al., 2014 and Yane et al., 2014):

i) Ceria has an oxidation state between Ce*" and Ce*", CeO2/Ce203, under
oxidizing and reducing conditions facilitated via oxygen vacancies, as shown in Equation
2.19.

i1) Ceria is able to storage and release oxygen, as shown in Equation 2.20.

This property of ceria is called the oxygen storage capacity (OSC).

(2.19)

Ce-0-Co=2i s 0y [ ]_Ce (2.20)

oxygen storage

The redox property of CeO: strongly depends on textural properties
because a decrease of surface area reduces all surface related to the redox processes
(Fornasiero et al., 1996).

Furthermore, incorporation of another metal to CeO: can enhance its
properties, for example, zirconium oxide (ZrO2), also known as zirconia, is a good
candidate to combine with ceria. Zirconia has a high surface acidity and a high thermal
stability. During the past several years, ZrO: is widely used as a catalyst support. The
incorporation of ZrO2 to CeOz2 has been known to stabilize ceria against high temperature
sintering (Zhang et al., 2014). It has been also shown that the redox property of ceria is
increased by incorporation of zirconia and the formation of mixed Zr—Ce oxides
(Martinez-Arias et al., 2002). The main characteristics which contribute to the success of
ceria—zirconia include (Trovarelli ef al., 2001):

1) Higher thermal resistance when compared with conventional pure CeO2

ii) Higher reduction efficiency of the redox couple Ce*"/Ce**

ii1) Good oxygen storage/release capacity

Therefore, mesoporous CeO2-ZrO: is a suitable mixed oxide for using as

catalyst support or support material.
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2.3.4 Preparation of Supported Metal Catalysts via Deposition-Precipitation (DP)

Generally, there are many methodologies for preparing supported
catalysts, such as impregnation and drying, metal-ion adsorption, DP, and chemical vapor
deposition (Lee et al., 2005). Deposition precipitation, a generic method to emplace
metals, metal oxides, metal sulfides, or metal hydroxides as small particles onto a support
material, involves in the precipitation of a metal precursor onto a suspended support
material. Usually precipitation is achieved by a controlled increase of the pH in the metal
salt solution (Lee et al., 2005). The general advantages for the DP method include (Haruta
et al., 1993 and Jong, 2009):

1) Obtaining small particle size at high metal loading

i1) Obtaining narrow particle-size distributions

ii1) Achieving good dispersion of metal catalyst on support material

As aresult, DP is extensively used for preparing supported metal catalysts.

2.3.5 Cu-based Catalyst Loaded onto Catalyst Support

Due to the high cost of noble metals (such as palladium, silver, osmium,
platinum, or gold) used as catalyst, researchers around the world attempt to look for other
alternative catalysts. A transition metal, especially Cu, is a good candidate for catalytic
industry, thus, Cu-based catalysts are useful for several applications (Zhang et al., 2014).
Moreover, Cu-catalysts usually exhibit high activity and selectivity in many reactions.
Importantly, Cu is low cost when compared with noble metals, thus, Cu-based catalyst

loaded onto catalyst support is very attractive.
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2.3.6 Catalysts for Preferential Oxidation of CO (CO-PROX)

Marino et al. (2005) studied activity of supported base metal catalysts for
CO-PROX. The catalysts investigated in this study were in a wide range of transition
metals (Co, Cr, Cu, Ni, Zn) supported on oxides with very different acidic, basic, and
redox properties (MgO, Lax03, Si0O2—-Al203, CeO2, Ceo.63Z10.3702). They found that the
Cu-catalyst showed the best behavior (Figure 2.7) with a maximum CO conversion at
temperature around 150 °C. A complete oxygen conversion was obtained at temperatures
higher than 175 °C. Oxygen and CO conversions behave in a similar way in the

temperature range between 50° and 150 °C, resulting in a constant selectivity.
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Figure 2.7 CO-PROX over 1% M/Ceo.63Z10.3702 (M = Co, Cr, Cu, Ni, Zn), evolution of
the CO conversion, the Oz conversion, and the COz selectivity as a function of the reaction

temperature (Marino et al., 2005).
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Caputo et al. (2008) synthesized CuO/CeOz catalysts with CuO content
ranging from 0.5 to 8 wt.% by using wet impregnation method onto commercial ceria.
Catalysts were characterized by XRD, BET analysis, UV spectroscopy, and TPR. All of
catalysts were tested for CO-PROX under Ha-rich conditions at 70°-210 °C, and the
results showed that the active centers for CO oxidation contain Cu in the +2 oxidation
state. Furthermore, they found that at temperature higher than 100 °C, some reduced Cu-
sites are stabilized and promote H: oxidation, thus lowering the selectivity of the CO-
PROX process. Finally, they concluded that the strong interaction between Cu and surface
ceria is responsible for the formation of new species highly reducible by CO and re-
oxidizable by O2 at room temperature. Thus, mixed Cu-Ce material exhibiting redox
properties is a good catalyst for CO-PROX reaction.

Araujo et al. (2012) prepared Ce1-xCuxO2 catalysts with x (mol%) =0, 0.01,
0.03, 0.05 and 0.10 by polymeric precursor method. They obtained a very fine dispersion
and strong metal-support interaction as well as favorably active Cu species. These
properties are suitable for CO-PROX reaction. Furthermore, they found that under the
synthetic conditions, the optimal loading for the complete CO conversion was 3% Cu, as

shown in Figure 2.8.
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Figure 2.8 CO conversion (%) at various temperatures (Araujo et al., 2012).
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Moretti ef al. (2011) used a slow co-precipitation method in the absence of
any structure directing agent for synthesis of a CuO-CeO2-ZrO2 oxide system with a
flower-like morphology. All samples were studied for the CO-PROX in the 40°-190 °C
temperature range. They reported that CO-PROX activity and selectivity values of CuO-
Ce02-ZrO2 oxide system at low temperatures were very interesting. The sample
(FCZCu650) which was treated at high temperature was attributed to the mobility at high
temperatures of the small Cu ions, which could migrate towards the surface, thus
becoming more easily reducible. Thus, FCZCu650 showed the highest catalytic activity,

as shown in Figure 2.9.
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Figure 2.9 (a) CO conversion and (b) selectivity to CO2 as a function of temperature

(Moretti et al., 2011).



21

2.3.7 Catalysts for Autothermal Steam Reforming of Methanol (ASRM)
Shan et al. (2004) mentioned that CuO/CeO: catalysts were attracted

because of their unique catalytic performances associated with environmental concerns,
especially for CO oxidation, selective oxidation of CO under rich H2 and WGS reactions.
These reactions can occur during the ASRM. Due to the higher redox properties and the
higher activity of Cu-based catalysts for ASRM, a high catalytic activity was expected for
ASRM over CuO/CeO:z catalyst. The Ceo.9Cuo.10y catalysts in this research were prepared
by DP, coprecipitation (CP), and complexation-combustion (CC) methods. The
production of H2 from ASRM was tested for all catalysts. They found that methanol
conversions higher than 85% with 90% H: yield from the ASRM at 240 °C were obtained
when using Ceo.9Cuo.10y prepared by the CC method.

Pojanavaraphan et al. (2014) studied the synthesis of gold (Au) deposited
on Ce0>—ZrO2 mixed oxides by CP technique for using in catalytic production of Hz by
ASRM reaction in the temperature range of 200°-400 °C. They reported that an active
uniform Cei1-xZrxOz2 solid solution appeared at a Zr/(Ce + Zr) ratio of 0.25. The catalyst at
this ratio calcined at 400 °C efficiently performed Zr*" incorporation inside the Ce** lattice
to produce smaller ceria crystallites and higher surface area. The highest methanol
conversion obtained was 92% at 400 °C while H2 and CO concentrations were observed
at 16 and 0.25%, respectively. Moreover, the stabilities of Au/CeO2 and Au/CeO2-ZrO2
were tested in ASRM reaction, as shown in Figure 2.10. It was also found that the
inhibition of Au/CeO2 activity by coke formation caused the loss of activity for the pure
ceria supported catalyst. On the other hand, Au/CeO2-ZrO: activity was not significantly

affected since the amount of coke formed was quite low.
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Figure 2.10 Stability testing of 3 wt% Au/CeOz2 and 3 wt% Au/Ceo.75Zr0.2502 catalysts at

reaction temperature of 350 °C (Pojanavaraphan et al., 2014).



CHAPTER III
EXPERIMENTAL

3.1 Objectives

- To synthesize and characterize CuO loaded mesoporous CeO2 and CuO
loaded mesoporous CeO2-ZrO: catalysts

- To study catalytic activity of CuO loaded mesoporous CeO2 and CuO
loaded mesoporous CeO2-ZrOz2 catalysts for the preferential oxidation of CO (CO-
PROX) reaction

- To study catalytic activity of CuO loaded mesoporous CeO2 and CuO

loaded mesoporous CeO2-ZrOz catalysts for autothermal steam reforming of methanol
(ASRM)

3.2 Experimental

3.2.1 Chemicals and Gases

- Fumed silica (Si02, 99.8%, Nippon Aerosil, Japan),

- Triethanolamine (TEA, QRéc chemical, Thailand),

- Ethylene glycol (EG, 99%, J.T. Baker, USA)

- Acetonitrile (CH3CN, 99.9%, Labscan, Thailand)

- Cetryltrimethylammonium bromide (CTAB, 96.0%, Fluka,
Germany)

- Cerium(II) nitrate hexahydrate (Ce(NO3)3.6H20, 99%, Sigma-
Aldrich, Germany)

- Zirconium oxide chloride octahydrate (ZrOCl2.8H20, 99.9%,
Merck, Germany)

- Copper(Il) nitrate trihydrate (Cu(NO3)2.3H20, 99.5%, Merck,
Germany)

- Sodium hydroxide (NaOH, 99%, Labscan, Thailand)

- Sodium carbonate (Na2CO3, 99.8%, Ajax, Thailand)

- Ethanol (CH3CH20H, 99.9%, Labscan, Thailand)
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- Methanol (CH30H, 99.9%, Labscan, Thailand)

- Deionized water

- Nitrogen (N2, 99.98% purity, Thai Industrial Gases Public
Company Limited (TIG), Thailand)

- Hydrogen (Hz2, 99.99% purity, Thai Industrial Gases Public
Company Limited (TIG), Thailand)

- Oxygen (02, 99.97% purity, Thai Industrial Gases Public
Company Limited (TIG), Thailand)

- Helium (He, 99.99% purity, Thai Industrial Gases Public
Company Limited (TIG), Thailand)

- Carbon dioxide (COz2, 99.99% purity, Thai Industrial Gases
Public Company Limited (TIG), Thailand)

- Carbon monoxide (CO, 10% in Helium, Thailand)

3.2.2 Catalyst Preparation

3.2.2.1 Preparation of Silatrane
The synthetic procedure of silatrane followed Wongkasemjit’s
synthetic method (Phiriyawirut et al., 2003). A mixture consisting of 0.1 mol fumed
silica, 0.125 mol TEA, and 100 ml EG was refluxed at 200 °C under nitrogen
atmosphere for 12 h in an oil bath. The excess EG was then removed under vacuum at
110 °C to obtain a crude brown solid. The product was washed with acetronitrile,
followed by vacuum-drying to result in white silatrane.
3.2.2.2 Preparation of MCM-48
MCM-48 was prepared following Longloilert’s synthetic
method, using a molar composition of SiO2:CTAB:NaOH:H>O = 1:0.3:0.5:62
(Longloilert ef al., 2011). CTAB was dissolved in aqueous solution containing 2 M
NaOH. The mixture was continuously stirred at 50 °C until the solution was
homogeneously dissolved. Silatrane was added to the mixture with constant stirring at
50 °C for 1 h. Then, the mixture was transferred to a Teflon-lined stainless steel

autoclave and subjected to an operating temperature of 140 °C for 16 h. The obtained
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solid product was filtered and dried. The surfactant was removed by calcination at 550
°C for 6 h to obtain MCM-48.
3.2.2.3 Preparation of Mesoporous CeQO:2 Support
Mesoporous CeOz2 support was synthesized via the nanocasting
method using MCM-48 as template. 50 wt% Ce(NO3)3.6H20 was dissolved in 5 ml of
ethanol while stirring at room temperature until a clear solution was appeared. 50 wt%
MCM-48 was directly added to the solution, with continuous stirring for 30 min at
room temperature. Subsequently, the removal of ethanol was performed by
evaporation in an oven at 100 °C. The obtained solid was calcined at 550 °C for 6 h.
The MCM-48 template was removed using 2 M NaOH at 50 °C. The resulting light
yellow powder product was washed with deionized water until neutral and dried at 80
°C overnight.
3.2.2.4 Preparation of Mesoporous CeQO2-ZrO: Support
Mesoporous CeO2-ZrO2 support was synthesized via the
nanocasting method using MCM-48 as template. Ce(NO3)3.6H20 and ZrOCl2.8H20
were dissolved in 5 ml of ethanol while stirring at room temperature until a clear
solution was appeared. The molar ratio of Ce to Zr in solution was Ce:Zr = 0.75:0.25.
MCM-48 was directly added to the solution, with continuous stirring for 4 h at room
temperature. Subsequently, the removal of ethanol was performed by evaporation in
an oven at 100 °C. The obtained solid was calcined at 550 °C for 6 h. The MCM-48
template was removed using 2 M NaOH at 50 °C. The resulting light yellow powder
product was washed with deionized water until neutral and dried at 80 °C overnight.
3.2.2.5 Preparation of Cu Loaded Mesoporous CeO: and Cu Loaded
Mesoporous CeQO:-ZrO: Catalyst
The deposition-precipitation (DP) technique was employed to
prepare Cu loaded mesoporous CeO2 and Cu loaded mesoporous CeO2-ZrOz catalyst.
Mesoporous catalyst support was added to an aqueous solution containing various
amounts of Cu(NO3)2.3H20 (% Cu loadings of 1, 3, 5, 7, and 9% by wt.). The mixture
was stirred at room temperature for 1 h. Next, 0.1 M Na2COs as precipitating agent
was added dropwise to neutralize the mixture, and the mixture was heated to 80 °C

before aging for another hour. The resulting solid was washed with boiling distilled
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water. Finally, it was dried at 80 °C overnight and calcined in air at 500 °C for 6 h to

obtain catalysts.

3.2.3 Catalyst Analysis

The Brunauer-Emmett-Teller (BET) method using Quantachrome
Autosorb-1was used to determine the specific surface area, pore volume and pore size
distribution of the prepared catalysts by N2 adsorption-desorption at -196 °C. Small
angle x-ray diffraction (SAXD, Rigaku TTRAX III) with a scanning speed of 1° min-
""and CuKoa radiation (A= 1.5406 A) in a range of 20 = 1-6° was used to characterize
the mesoporous phase and the crystallinity of the prepared catalysts. Morphology and
structure of the catalysts were directly observed by transmission electron microscopy
(TEM) on a JEOL JEM-2100F TEM instrument operating at an accelerating voltage
of 200 kV. Wide angle x-ray diffraction (WAXD) analysis of the catalysts was
performed on a Rigaku Smartlab® diffractometer with a scanning speed of 1°min™' and
CuKa radiation (A= 1.5406 A) in a range of 20 = 20-80° in order to determine the
crystallinity, phase purity of the catalysts, and dispersion of Cu on mesoporous
support. The crystallite size of the catalysts was also determined from the line width
of the XRD peak corresponding to {111} reflection by using the Debye—Scherrer
equation. The amount of Cu loading on mesoporous support was determined by atomic
absorption spectrometry (AAS. VARIAN Model 300/400). X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD spectrometer) of the catalysts was
applied to determine chemical compositions and oxidation states at the catalyst
surface. The measurements were conducted using monochromatic AlKa X-ray
radiation (15 kV) at a pressure lower than 5 x 10”Torr. The Cls peak was fixed at a
binding energy of 284.6 eV. Raman spectra were carried out using a Senterra
dispersive Raman microscope (Bruker Optics) with a 532 nm, 20 mW, argon ion laser.
For each sample, the spectral range was between 4500-70 cm’!. Temperature-
programmed reduction (H2-TPR) was measured to evaluate the reducibility of the
prepared catalysts using 50 mg of the prepared catalysts. The sample was reduced by
5.13% H2/N2 (v/v) at a heating rate of 10 °C/min. A thermal conductivity detector
(TCD) was used to detect hydrogen consumption.
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3.2.4 Catalytic Activity Measurements
3.2.4.1 Preferential Oxidation of CO (CO-PROX) Reaction

Catalytic activity measurements of the prepared catalysts for
CO-PROX reaction were carried out using a fixed bed U-tube reactor operating at a
temperature range of 50°-250 °C and atmospheric pressure. A 100 mg of catalyst was
packed into a U-tube between layers of glass wool. The reactant gas composition
containing 1 vol.% CO, 1 vol.% O3, 40 vol.% H2 balancing with He was mixed before
feeding to the CO-PROX reactor. The total flow rate of the mixed gas controlled by
mass flow controllers was about 50 ml min!. The product gas stream was detected by
an on-line gas chromatograph (Agilent Technologies 6890N) using a carbosphere
column and a thermal conductivity detector (TCD). The effect of CO2 and H20 on the
performance of CO-PROX reaction was studied by adding 10 vol.% CO:2 and 10 vol.%
H20 in the feed gas.

3.2.4.2 Oxidative Steam Reforming of Methanol (OSRM)

The OSRM reaction was carried out in a fixed-bed reactor
containing 100 mg of catalysts under atmospheric pressure at the reaction temperature
of 200°-400 °C. A mixture of distilled water and methanol was injected continuously
by a syringe pump at a rate of 1.5 ml/h. The mixture was vaporized to produce a vapor
of methanol and steam. The vapor of mixture was carried by He as carrier gas and
oxygen before entering the catalytic reactor. The O2/H20/CH30H feed molar ratio was
constantly fixed at 0.6/2/1. The product gases (e.g. H2, CO, CO2, and CH4) from the
reactor were analyzed both qualitatively and quantitatively by Hewlett Packard 5890
series I gas chromatograph (Agilent 6890N) with a packed carbosphere (80/100 mesh)
column (10 ft x 1/8 in.) and a thermal conductivity detector (TCD).



CHAPTER 1V
HIGH PERFORMANCE AND STABILITY OF COPPER LOADING ON
MESOPOROUS CERIA CATALYST FOR PREFERENTIAL OXIDATION
OF CO IN PRESENCE OF EXCESS OF HYDROGEN

4.1 Abstract

Copper (Cu) supported on mesoporous (MSP) ceria catalysts were prepared
by deposition-precipitation (DP) method for the preferential CO oxidation of CO in a
Ha-rich stream (CO-PROX). A MSP ceria support with a high surface area of 293 m?/g
and ordered structure was synthesized by a nanocasting process using MCM-48 as
template. All copper-MSP ceria catalysts show high dispersion of Cu and still maintain
the fluorite structure of MSP ceria. Moreover, TEM imaging confirmed the three
dimensional and long-range ordered pore structure of the Cu-catalysts. The reduction
temperature of the Cu-catalysts decreases compared to pure MSP ceria and the
reduction of Ce*" to Ce*" decreases with increasing copper content. An MSP ceria
catalyst with 7 wt% Cu loading (7Cu/MSP ceria) shows the highest activity with high
stability for over 48 h in various feed components, making it attractive for use as a

catalyst in purification of hydrogen.

(Keywords: Mesoporous ceria; High surface area; Copper catalyst; Deposition-

precipitation; CO-PROX reaction)
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4.2 Introduction

Hydrogen (H2) is very attractive for use in proton exchange membrane (PEM)
fuel cells as a readily available gas, a renewable energy source, a hazard-free,
environmentally-friendly and efficient fuel. However, a major problem for PEM fuel
cells is the need for high-purity H2 (Candusso et al., 2006). The preferential CO
oxidation (PROX) reaction has been widely used in the purification process of H2 due
to its low cost and ability to reduce CO content to less than 10 ppm without excessive
hydrogen consumption.

Ceria has been widely investigated for use in automotive exhaust purification,
oxygen storage and release, and catalysis via conversion between Ce*" and Ce**
oxidation states (Bunluesin et al., 1995; Bunluesin et al., 1998; Wang et al., 2002).
The catalytic performance of ceria can be increased by improving its structural
properties, such as surface area and crystal morphology (Beck et al., 1992; Kresge et
al., 1992).

Mesoporous (MSP) materials provide superior performances in allowing large
reactants to penetrate inside the pores due to their large pore sizes, between 2—50 nm,
and high surface areas. Thus, they have attracted particular attention in many
applications, including adsorption, catalysis, sensing, and as hosts for the synthesis of
nanomaterials (Idakiev et al, 2006). Cubic MCM-48, indexed in the space group of
la3d, is a very attractive mesoporous material in terms of catalytic activity due to its
three-dimensional pore structure and interconnected channels, reducing diffusion
limitations and avoiding pore blockage of reactants (Monnier et al., 1993).

Deeprasertkul et al. (2014) synthesized MSP ceria via a nanocasting method
using high surface area MCM-48 as a template. The synthesized MSP ceria has high
surface areas with strong reduction at lower temperature than commercial ceria.
However, pure MSP CeO: still has too high a reduction temperature to be used as a
catalyst in the PROX reaction. It was reported that structural modification of the CeO2
lattice by doping with transition metal oxides may improve its stability and activity
(Trovarelli et al., 1999). For example, loading copper (Cu) onto commercial CeO2
resulted in higher activity and selectivity in CO oxidation (Jacobs et al., 2004; Sedmak
et al., 2004; Martinez-Arias et al., 2006; Gamboa-Rosales et al., 2011). Moreover, not
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only is the Cu-catalyst tolerant to the products, CO2 and H20, from the PROX reaction
(Avgouropoulos et al., 2006), but also its cost is low. However, it is reported that Cu
supported on commercial ceria achieves high % conversion only at high temperature
(Li et al., 2012). Many researchers have, thus, attempted to synthesize bimetallic Au-
Cu supported on ceria to obtain high activity at low temperatures (Fonseca et al.,
2012). Another way to increase the activity of Cu is to dope Cu onto mesoporous ceria
(Tang et al., 2014). Yen et al. (2012) reported the CO-PROX performance of
mesoporous Cu/CeOz catalyst, prepared by using MCM-48 as hard template. The
Cu/CeO2 catalyst with a high Cu loading (30% Cu) was studied. The maximum CO
conversion was about 88% at 80 °C. However, the method employed to load Cu onto
the support influences the catalytic activity. The Cu-loading was prepared by the
deposition-precipitation (DP) method, which has an advantage over other methods in
terms of generating a uniform particle distribution with small particle sizes (Haruta et
al., 1993) and a closed intimate interaction between the metal particles and the support
(Bond and Thompson, 1999).

In this work, Cu loaded onto MSP ceria, with different percentages of Cu
loading, using the deposition-precipitation (DP) method, was prepared and
characterized, after which the catalytic activity and stability for the PROX reaction
was determined using various feed components. All prepared copper catalysts were
characterized by various techniques to elucidate the relationship between structure and

catalytic performance.

4.3 Experimental

4.3.1 Materials

Fumed silica (Si02, 99.8%, Nippon Aerosil, Japan), HP grade nitrogen
(N2, 99.98% purity, Thai Industrial Gases Public Company Limited (TIG), Thailand),
ethylene glycol (EG, 99%, J.T. Baker, USA), triethanolamine (TEA, QRé&c chemical,
Thailand), acetonitrile (CH3CN, 99.9%, Labscan, Thailand), cerium(III)nitrate
hexahydrate (Ce(NO3)3.6H20, 99%, Sigma-Aldrich, Germany), ethanol (CH3CH20H,
99.9%, Labscan, Thailand), sodium hydroxide (NaOH, 99%, Labscan, Thailand),
cetryltrimethylammonium  bromide (CTAB, 96.0%, Fluka, Germany),
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copper(IDnitrate trihydrate (Cu(NO3)2.3H20, 99.5%, Merck, Germany), and sodium
carbonate (Na2COs3, 99.8%, Ajax, Thailand) were used without further purification.

4.3.2 Catalyst Preparation

Following Longloilert’s synthetic method (Longloilert et al., 2011),
CTAB, as surfactant, was dissolved in 2 M NaOH solution. The mixture was stirred at
50 °C until a clear solution was obtained, after which silatrane was added, as the silica
source, until the  molar  composition of the  mixture  was
1.0S5102:0.3CTAB:0.5NaOH:62H20. The mixture was then stirred for 1 h before
hydrothermal treatment at 140 °C for 16 h in a Teflon-lined stainless steel autoclave
to obtain solid product. The solid product was collected by filtration, dried, and
calcined at 550 °C for 6 h to remove all organic components.

Following Deeprasertkul’s synthetic method (Deeprasertkul et al.,
2014), the MSP ceria was prepared via nanocasting method by mixing 50 wt% of
cerium nitrate as a precursor with MCM-48 as a template in 5 ml of ethanol. After 30
min stirring, the ethanol in the mixture was removed by evaporation in an oven at 100
°C. The dried powder was calcined in air at 550 °C for 6 h to decompose the nitrate
species. The silica hard template was removed by stirring 3 times with 2 M NaOH at
50 °C, washed with deionized water until neutral and dried at 100 °C.

CuO/MSP ceria catalysts were prepared by deposition-precipitation
(DP) from aqueous solution of Cu(NO3)2.3H20 with different loadings of Cu (3, 5, 7
and 9 wt%). The mixture was stirred at room temperature for 1 h, heated to 80 °C, and
its pH adjusted to 7 by Na2COs. The mixture was then aged for 1 h to obtain a crude
solid product, which was filtered, washed with warm distilled water, dried over night

at 80 °C, and finally calcined in air at 500 °C for 6 h.

4.3.3 Catalyst Characterization

The residual silica was determined by X-ray fluorescence
spectrophotometry (XRF) technique on a PANalytical AXIOS PW 4400 and the actual
content of copper loaded on MSP ceria was determined by atomic adsorption

spectroscopy (VARIAN Model 300/400). Mesoporous phase morphology of the
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prepared catalysts was evaluated by Small Angle X-Ray Diffraction (SAXD) (Rigaku
TTRAX III) with a scanning speed of 1 °min and CuKa source (A= 1.5406 A) in a
range of 20 = 2-6°. Crystallinity was evaluated via Wide Angle X-Ray Diffraction
(WAXD), performed on a Rigaku Smartlab® with a scanning speed of 1°and 0.1 ®min
"'and CuKa source (A=1.5406 A) in a range of 20 = 20-80° to investigate the metal
nano-crystals and dispersions. Crystallite sizes of ceria and CuO were determined
using the Scherrer equation with a Scherrer constant of 0.94 for spherical cubic crystals
(Langford and Wilson, 1978). Moreover, the lattice parameter (a) of the cubic phase
was estimated as. The specific surface area and pore size distribution of the catalysts
were determined by N2 adsorption-desorption isotherms (Quantachrome Autosorb-1
MP). Transmission electron microscopy (TEM) images were characterized on a JEOL
JEM-2100F TEM instrument. The samples were prepared by dispersion in methanol
and then the solution was dropped on a hollow carbon grid and dried at room
temperature. The photographs were taken at an accelerating voltage of 200 kV. X-ray
photoelectron spectroscopy (XPS) was used to characterize the surface composition
and oxidation state of the surface elements measured on a Kratos AXIS Ultra DLD
spectrometer with a monochromatic Al-Ka X-ray source (15 kV). The pressure in the
analysis chamber was lower than 5 x 10”7 Torr. The survey spectra were observed in
the binding energy (BE) between 0 to 1200 eV. The detailed spectra were obtained for
the C 1s, O 1s, Ce 3d and Cu 2p regions. The charging effect was subtracted by fixing
the C s peak at the binding energy of 284.9 eV. Raman spectra were carried out using
a Senterra dispersive Raman microscope (Bruker Optics) with a 532 nm, 20 mW,
argon ion laser. For each sample, the spectral range was between 4500-70 cm™.

The redox properties were evaluated by temperature-programmed
reduction under hydrogen (H2-TPR) using a 50 mg sample. The samples were
pretreated in N2 at 250 °C for 30 min, and then cooled to room temperature. H2-TPR
profiles were observed from room temperature to 900 °C with a heating rate of 10 °C
min! in 5.13 % H2/N2 (20 ml min™"). Hydrogen consumption was detected by a thermal

conductivity detector (TCD).
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4.3.4 Activity Measurement

All catalytic activity measurements for PROX were evaluated by
packing 100 mg of the 80-120 mesh catalyst in a fixed-bed U-tube micro-reactor at
atmospheric pressure. The activity was investigated at various temperatures (50-250
°C). The composition of feed gas (%vol) for PROX reaction was H2/02/CO = 40/1/1,
balanced in He with a total flow rate of 50 ml min!. The influent and effluent gases
were analyzed by auto-sampling using an on-line gas chromatograph (Agilent
Technologies 6890N) equipped with a packed carbosphere column (80/100 mesh and
10 ft x 1/8 inch) and a thermal conductivity detector (TCD). The CO conversion or
catalytic activity calculations were based on the CO consumption and the CO
selectivity determined by the ratio of O2 consumption for CO conversion reaction to
the total O2 consumption. Moreover, the effect of the feed component on the catalyst
performance for the PROX reaction was studied by adding 10 vol% CO2 and 10 vol%
water into the influent gases while maintaining a composition of H2/O2/CO at 40/1/1

with a total flow rate of 50 ml min™'.

4.4 Results and Discussion

4.4.1 Characterization of Pure MSP Ceria

The ordered MSP ceria synthesized via nanocasting from the MCM-48
template, the negative replica of the MCM-48 template, shows identical characteristic
diffraction peaks, see the SAXD pattern in Figure 4.1A-inset at {211} and {220},
consistent with the work reported by Longloilert et al. (2011). This result confirms that
the MSP ceria still retains some order from the MCM-48 template. Moreover, the
crystallinity of the MSP ceria was also confirmed by WAXD in Figure 4.1A, showing
peaks at 20 = 29°, 33.2°, 47.2°,55.3°, 59.1°, 69.3°, 76.8°, and 78.9°, corresponding to
the peaks of cubic fluorite structured ceria (Monyanon et al., 2006; Caputo et al.,
2008). The absence of the peak at 20 =22°, characteristic of amorphous silica, suggests
absence of the silica template in the final product. Moreover, the silica template
residual determined by XRF technique indicated only a small amount of silica

remaining (8 %wt) in the ordered MSP ceria after removal of the template.
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The N2 adsorption-desorption isotherm in Figure 4.1B shows a type IV
isotherm with H3 hysteresis loop, characteristic of MSP materials with slit-like pores
(Alfredsson and Anderson, 1996). This isotherm shows two steps at P/Po around 0.6
and 0.9-1.0. The first step corresponds to pore-plugging (Groen et al., 2003) indicating
that partial channels are filled by guest species. The other step at P/Po =0.9-1.0 is due
to the textural pores between the particles (Shen et al., 2005). The pore size distribution
curve (inset) in Figure 4.1B presents a sharp peak with an average pore diameter of
5.8 nm, confirming the uniform sizes of pores in the prepared MSP ceria. Moreover,
its BET specific surface area was determined to be 293 m?/g, which is higher than that

of commercial ceria (Rhodia, Sser = 164 m?/g, average pore diameter = 4.0 nm).

4.4.2 Characterization of Cu Loaded on MSP Ceria

The physical properties of the synthesized catalysts are shown in Table
4.1. The percentage of Cu loading determined by AAS measurement is very close to
the theoretical value, indicating that the deposition-precipitation is a very suitable and
effective method for depositing Cu onto MSP ceria (Liao et al., 2013). Not
surprisingly, addition of Cu decreases the BET surface area of the material, as
compared to the pure ceria, in particular, 9 wt% Cu loading dramatically decreases
surface area by about 31 %.

The WAXD patterns of all prepared catalysts shown in Figure 4.2A
exhibit the main diffraction peaks at 26 = 29°, 33.2°, 47.2°, 55.3°, 59.1°, 69.3°, 76.8°,
and 78.9°, corresponding to the fluorite-type cubic crystal structure of the ceria phase
(Monyanon et al., 2006, Caputo et al., 2008). Interestingly, there are no diffraction
peaks at 20 = 35.6° and 38.8° characteristic of CuO phases in all copper loading
catalysts, probably due to either a high dispersion of the Cu or the low detection limit
at these copper concentrations. To further support that the CuO was well- dispersed,
all Cu loading catalysts were subjected to a longer WAXD scan time, as illustrated in
Figure 4.2A (inset), and the results still showed no evidence of the Cu diffraction
peaks, consistent that the DP method provides highly dispersed Cu on MSP ceria. This
likely reflects a strong interaction between copper and ceria, as reported by Liao et al.
(2013). Two probable mechanisms can explain the relationship between high dispersed

Cu species and MSP ceria. First, the Cu atoms occupy oxygen vacancies in the MSP
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ceria support. Second, the Cu atoms locate only on the pore surfaces of the MSP ceria
(Dow and Huang, 1994).

The average sizes of ceria crystallites for all catalysts (Table 4.1),
calculated from the diffraction peak broadening at 26 = 29° using Scherrer’s equation,
are not different from that of the pure MSP ceria. The average crystallite size measured
for MSP ceria (3.8 nm) is very small, compared to commercial ceria (larger than 5.0
nm) (Ayastuy ef al., 2010; Gamboa-Rosales ef al., 2012), reflecting a large number of
oxygen vacancies in the fluorite structure crystallites (Graham et al., 1991; McBride
et al., 1994). The catalytic activity of ceria is proportional to the number of oxygen
vacancies in the crystal (Laguna et al., 2011). The lattice parameter (a) of all prepared
catalysts, calculated from the main diffraction peaks of ceria cubic phase, showed
identical values to that of pure MSP ceria, within experimental error. Moreover, the
variation in the cell parameters after introducing Cu onto the ceria lattice (not shown)
is negligibly different. As a result, it can be concluded that the Cu loaded on MSP ceria
still retains the fluorite structure.

To seek further evidence that Cu species are highly dispersed in the
MSP ceria and still retain the MSP structure, as indicated by the XRD results, TEM
was carried out. However, because of the low contrast between Cu and ceria, it was
not possible to detect the dispersion of CuO (Xiaodong et al., 2012), as shown in
Figure 4.2B. However, this figure illustrates that the morphology of 7Cu/MSP ceria
still retains the long-range three-dimensional order in the pore arrangement between
the nanoparticles. The average size of ceria crystallites (3.5 nm) is similar to that
obtained from the WAXD analysis (3.8 nm).

Some studies report that the XPS technique is able to characterize the
surface composition of ceria-based catalysts (Zsoldos et al., 1996; Palermo et al.,
2002; Fox et al., 2008; Wei et al., 2011). Table 4.2 summarises the information about
the amount of Cu on the surface of the catalysts, the fraction of lattice oxygen, the
location of the shake-up peak and the amount of Ce*" species. Each Cu containing
catalyst was detected at 5 positions. Interestingly, all catalysts showed much lower Cu
percentages at the surface than those obtained by AAS analysis in the bulk. As
discussed previously, the XRD results showed high dispersion with no accumulated

copper. It can be rationalized that most of copper species are embedded inside the
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pores of MSP ceria since the average pore diameter of MSP ceria (5.79 nm) is much

larger than that of Cu atoms (0.07 nm).

4.4.3 Reduction Property of Cu Loaded on MSP Ceria
The H2-TPR profile of MSP ceria, shown in Figure 4.3A (inset),
exhibits two reduction peaks at 320°—650 °C and 680°-880 °C. According to studies
cited elsewhere (Rao and Mishra, 2003; Zhu et al., 2004), these peaks correspond,

respectively, to the reduction of the surface-capping oxygen and bulk-phase lattice
oxygen (Rao and Mishra, 2003; Zhu et al., 2004). The highest intensity of the former
peak was observed on the ordered MSP ceria correlating to the high surface area
(Deeprasertkul et al., 2014). The reduction of CeO2 can be classified into four steps
(Rao and Mishra, 2003):

(i) Hz reacts with Ce*" to form hydroxyl groups.

(ii) Oxygen vacancies and Ce** species are generated.

(ii1) Water is removed.

(iv) The oxygen vacancies diffuse into the bulk.

After reduction, the formed oxygen vacancies can be refilled by Oz gas in order to
generate Ce*' species again, thus explaining the redox behavior of the catalysts.

Furthermore, it is worth noting that pure CuO has only one TPR peak
at 380°-392 °C (Xiaoyuan et al., 2001). In this study, the reduction profiles of all
Cu/MSP ceria were shifted to lower temperatures at 180° and 230 °C, as shown in
Figure 4.3A. The reduction profiles of all Cu/MSP ceria were deconvoluted to two
peaks, as illustrated in Figure 4.3B. The low temperature peak is related to highly
dispersed Cu species on the surface directly interacting with the MSP ceria support.
The second peak at the higher temperature is related to larger CuO clusters formed on
the MSP ceria surface (Luo et al., 1997; Caputo et al., 2008).

The theoretical and experimental hydrogen (H2) consumptions for all
samples are presented in Table 4.3. The excess H2 consumption in the second peak
above the theoretical H2 consumption required for complete reduction of CuO (CuO +
H> — Cu + H20) relates to the H2 consumption for the reduction of Ce*" to Ce** (Luo

etal., 1997). As seen in Table 4.3, the amount of H> available for the reduction of ceria
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decreases, because the H2 consumption of CuO increases when the Cu content in
catalyst increases. As a result, it can be concluded that the reduction of Ce** to Ce**

decreases with increasing the Cu content.

4.4.4 Catalytic Performance for PROX
4.4.4.1 Effect of Feed Components

Catalytic performances of all Cu loading catalysts were
evaluated for the PROX reaction under excess Hz in the temperature range of 50°-250
°C, see Figure 4.4 a-b. All Cu/MSP ceria showed higher activity than pure ceria which
has Tso at 310 °C. The CO-PROX mechanism over CuO/CeO: catalysts can be
explained by the following reactions as shown in equation (1), (2), (3) and (4) (Dow
and Huang, 1994; Goldstein and Mitchell, 2011; Royer and Duprez, 2011).

a) CO is adsorbed on M:

CO + M +«—>  M-COqua) (1)
b) M is reduced by COad):
M=++CO@wy —> M + CO2 (2)

¢) COqd) reacts with the lattice oxygen:

3
M-+ CO(ad) + Oo — M+ CO2 + Vo ( )

d) CO reacts with the lattice oxygen:
CO+ 0 <+ V,+ CO2 4)

where M denotes CuO or Cu20, Oo denotes the lattice oxygen of CeO2 and Vo denotes
oxygen vacancies.

The catalysts with 7 and 9% Cu loadings achieve 100%
conversion at 110 °C while the others reach 100% conversion at 130 °C. At low
temperature, the catalytic activity is proportional to the amount of the lattice oxygen
at the surface (see Table 4.2), which can provide oxygen to CO molecule easily

(Martinez-Arias et al., 2009), resulting in the higher activity. Moreover, all catalysts
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provide CO conversion greater than 90 % at temperatures below 170 °C. The oxygen
selectivity towards CO2 decreases with temperature; in particular, 9% Cu/MSP ceria
shows a dramatic decrease of selectivity. At temperatures below 110 °C, all catalysts,
except 9Cu/CeOz2, have selectivities above 80 %. The CO conversions and selectivites
of all catalysts show a similar behavior. The catalytic activity increases with increasing
temperature at low temperatures. On the other hand, the CO conversion and selectivity
decreases at high temperatures because the rate of H2 oxidation is higher than the rate
of CO oxidation (Monyanon et al., 2006). As previously indicated, 3Cu/CeOs2,
5Cu/Ce0O2 and 7Cu/CeOz2, providing higher activity and selectivity, were thus chosen
to further study the effect of CO:2 in the PROX reaction.

It was found that the activities and selectivities of all studied
catalysts were shifted to the higher temperature in the presence of COz, as shown in
Figure 4.4 c-d. The decrease in the catalytic performance might be due to the
competitive adsorption of CO and CO2 (Avgouropoulos and Loannides, 2003) and the
formation of carbonates on interfacial ceria sites, resulting in diminishing CuO-CeO2
interfacial redox activity (Gamarra and Martinez-Arias, 2009). All catalysts showed
100 % conversion at 130 °C with different reaction rates. The 7Cu/CeO:2 has the
highest rate at temperatures below the maximum % conversion temperature. The
selectivities of all catalysts were slightly different at temperatures below 170 °C.
Moreover, 7Cu/CeO:2 showed the lowest H2 consumption (not shown) of 1% at 130 °C
while 3Cu/CeO2 and 5Cu/CeO2 consumed about 7 %. Therefore, 7Cu/CeO2 was used
to study the effect of both 10% CO2 and H20 in the PROX reaction, results of which
are shown in Figure 4.4e. The activity is strongly shifted to the higher temperature, as
compared to when the feed is free of both gases. Moreover, the position of 100% CO
conversion was also shifted to 150 °C. This phenomenon can be explained by the
competitive adsorption of CO and CO: and the blocking effect of water
(Avgouropoulos and Loannides, 2003).

4.4.4.2 Stability of 7Cu/CeQO: Catalyst

From previous results, 7Cu/CeO2 shows the best performance

in the PROX reaction under various feed streams. The time-on-stream performance of

7Cu/CeO2 catalyst in a feed free of CO2 and water and the presence of CO2 was
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collected at 130 °C, while in the presence of CO2 and H20, the catalysis was performed
at 150 °C. The CO conversion of 7Cu/CeO: catalyst was maintained at 100 % for a
period of 48 h in all feed streams (not shown), showing both an impressive
performance and stability of the catalyst. Moreover, the elemental oxidation states of
both fresh and used catalysts from the tests (denoted as — P3, P2, and P1 for the systems
containing both COz and water, only COz, and no CO2 and water, respectively) were
analyzed by XPS to confirm the stability of these catalysts.

The O Is spectra of all catalysts are presented in Figure 4.5.
The surface oxygen consists of 2 peaks, corresponding to 2 species. The first peak at
binding energy (BE) of about 530-533 eV is assigned to adsorbed oxygen or oxygen
in the hydroxy-like groups (Wang et al., 2008), while the second peak at BE around
527-529 eV belongs to the lattice oxygen in ceria and CuO. The amount of the lattice
oxygen seems to be proportional to the presence of Cu. All fresh catalysts show higher
amounts of lattice oxygen than the used catalysts, as can be seen in Table 4.2.

The Ce 3d region spectra were deconvoluted to eight peaks, as
shown in Figure 4.6. The Ce 3d core level spectra corresponding to Ce*" oxidation
state are composed of six contributions, viz. v,u, v’,u’, v’’,and u”’, and the four peaks,
consisting of v°, u°, v’, and u’, correspond to Ce*" ions. The amount of Ce*" on the
surfaces of the ceria based catalysts, as summarized in Table 4.2, can be estimated
using the following equation (Alvaro ef al., 2011).

Ce*" (%) = [Z(Ce*)/Z(Ce*+Ce*)]x 100 (5)

All fresh and used catalysts show high amounts of Ce** around
37-40 % probably due to either the photo-reduction of ceria in the analysis chamber
or the thermal treatment during the preparation (Galtayries et al., 1998). The amount
of Ce*" after going through the PROX reaction, resulting from the reduction of Ce*" to
Ce*", (7Cu0/Ce02-P1, 7Cu0/Ce02-P2 and 7CuO/Ce02-P3) is slightly increased from
the corresponding value for fresh catalyst.

In Figure 4.7, the Cu 2p core level spectra for all samples
present three main peaks of Cu2pss2, shake-up, and Cu 2pi.2 at around 933, 939-947,
and 953 eV, respectively. The shake-up satellite peak indicates the existence of the

Cu** oxidation state while the Cu 2p32 peak represents both Cu® and Cu?* species
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which are generally difficult to distinguish (Avgouropoulos and Loannides, 2003). The
decreasing ratio between the intensities of the shake-up satellite and the Cu 2p3/2 peaks
with the shift of satellite peak toward the lower BE after the PROX reaction,
corresponds to the reduction of Cu?* to a lower oxidation or metallic state (Liao et al.,
2013). However, the ratio of Icusat/Icu2p32 and the satellite peak position of the used
catalysts are slightly different from the fresh catalysts, as shown in Table 4.2. There is
not only a little change in the Cu 2p core level spectra, but also a slight difference in
the Ce 3d region of the used and the fresh catalysts. This may indicate that the reaction
takes place inside the pores of MSP ceria, resulting in a slight change in the metal
species at the surface.

Moreover, the structure of catalyst after the stability test was
characterized by Raman spectroscopy to observe the vibrational mode characteristic
of groups of atoms (Radovic et al, 2007). The results (not shown) indicate that the
fresh 7Cu/CeO2 exhibits four peaks at 110, 452, 585, and 1107 cm™!. The main Raman
peak of 7Cu0O/CeO2-P1, 7Cu0O/Ce02-P2 and 7CuO/Ce02-P3 appears at 449, 449 and
448 cm’!, respectively, as shown in Figure 4.8, and is related to a triply degenerate Fa,
mode (Souza et al., 2010). The used catalyst shows a systematic shift of the F2g mode
to lower frequencies due to lattice expansion, resulting from the occurrence of oxygen
vacancies, while two Ce*" ions (ionic radius 1.143 A) replace two Ce*" ions (ionic
radius 0.970 A) in the oxidation of CO (Shannon, 1976; Kim, 1989; Hong and Virkar
1995; Bishop et al., 2009). The increase of Ce*" after the PROX reaction was also
confirmed by XPS analysis, as summarized in Table 4.2. In particular, the used catalyst
in the presence of 10 % COz and 10 % H20 showed the largest change in Raman shift,
indicating more vacancies generated due to the occurrence of the water-gas shift
reaction. This reaction becomes more important at higher temperatures and higher
humidity, resulting in a substantial increase in the number of oxygen vacancies, which
is confirmed by the increase of activity in the PROX reaction (Laguna et al., 2011). At
high temperatures, the activity of the catalyst that has CO2 and H20 in the feed is
higher than the activity of the catalyst that has only COx.

The distortion of the fluorite structure can be confirmed by
XRD (not shown). The average cell parameter of the cubic crystal structure of the used

catalyst is slightly changed due to the reduction of Ce*" to Ce*" during the CO-PROX
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reaction, but the variation in the cell parameters calculated from each plane is larger,
compared to the fresh catalyst. Moreover, the lattice parameter between the fresh and
the used catalysts are slightly different. However, it can be concluded that the
synthesized Cu/MSP ceria is highly stable since despite the above small changes, it

maintains the basic cubic structure during the PROX reaction.

4.5 Conclusions

The MSP ceria synthesized by nanocasting shows highly ordered structure, a
high surface area of 293 m*/g, and small crystallite sizes, producing a large number of
oxygen vacancies in the crystal. All Cu loaded catalysts exhibit a high dispersion of
Cu and maintain the fluorite structure of MSP ceria, as confirmed by XRD. Moreover,
the TEM image also confirms the long-range three-dimensional order of the pore
structure. XPS analysis indicates lower Cu content on the surface than that in the bulk
as analyzed by AAS analysis, indicating penetration of copper precursor into the pores
of MSP ceria. The reduction temperature of Cu catalysts is shifted to lower
temperatures than that of the pure MSP ceria. Moreover, the reduction of Ce*' to Ce**
is inversely proportion to the copper content.

Among all synthesized Cu/MSP ceria, 7Cu/CeO: presents 100% conversion
at 110 °C and 87% selectivity toward CO2 in excess Hz and a feed free of CO2 and
H20. In the presence of 10 % CO2 or 10 % CO2 with 10 % H20, the catalytic activity
of 7Cu/CeO2 provides 100% CO conversion at higher temperatures (130° and 150 °C,
respectively) due to the competitive adsorption of CO and COz, and the blocking effect
of H20. Moreover, 7Cu/CeO2 is a highly stable catalyst over 48 h, either in a feed free
of CO2 and H2O, or in the presence of CO2, or the presence of CO2 and H20, as
confirmed by XRD, Raman spectrometer, and XPS analysis.
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Table 4.1 Properties of MSP CeO2 and CuO/CeO: catalyst

Average size of
SBET Lattice parameter
Catalyst | Cu(%)' | Cu(%)* ) ceria particles
(m~/g) (A)
(nm)
MSP CeO2 - - 293 3.8 5.3983+0.015
3CuO/CeO2 | 3.0 2.9 257 3.8 5.3999+0.016
5CuO/CeO2 | 5.0 5.0 240 3.8 5.3863+0.014
7Cu0O/CeO2 | 7.0 7.0 230 3.8 5.3810+0.009
9CuO/CeO2 | 9.0 9.1 202 3.8 5.3818+0.015

! Theoretical value

2 from AAS



Table 4.2 Relationship of species distribution on the surface of catalysts by XPS
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Cu on

Position of

Olattice/ Ce** 3dsp
Catalyst surface Icusat/Icuzps2 | shake up
(OOH+Oabs) (%)

(%) (Cu-2p)
MSP CeO2 - 1.51 - - 38
3Cu0O/CeO2 1.3 0.99 0.51 941.5 39
5Cu0O/CeO2 2.3 1.14 0.50 941.6 39
7Cu0/CeO2 4.3 1.30 0.49 941.9 38
9Cu0/CeO2 5.9 1.25 0.50 942.0 37
7Cu0/Ce02-P1 - 0.28 0.48 941.9 38
7Cu0O/Ce02-P2 - 0.51 0.46 941.7 40
7Cu0/Ce02-P3 - 0.34 0.47 941.9 39




Table 4.3 H>-TPR results of all catalysts

H:> uptake of
Theoretical H2
H> uptake of | H: uptake of MSP CeO2
Catalyst uptake (umolg™)
1° peak 2° peak (umolg™)
Cu** to Cu°
Ce** to Ce™*
3Cu0O/CeO2 450 1134 487 647
5Cu0/CeO2 673 1202 828 374
7Cu0O/CeO2 948 1314 1184 130
9CuO/CeO2 1048 1589 1556 33
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Figure 4.1 (A) WAXD and SAXD (inset) patterns of the synthesized MSP ceria and
(B) N2 adsorption-desorption isotherms and pore size distribution (inset) of the

synthesized MSP ceria.
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Figure 4.2 (A) XRD patterns at a scanning speed of 1 °min™! and a scanning speed of
0.01°min™! (inset) of (a) pure MSP ceria, (b) 3CuO/CeO2, (c) 5CuO/CeO2, (d)
7Cu0O/Ce02, and (e) 9CuO/Ce02; (B) TEM image of 7Cu/MSP ceria calcined at 500
°C.
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Figure 4.3 (A) H2-TPR profiles of (a) 3CuO/CeOz2, (b) 5CuO/CeO2, (¢) 7CuO/CeO2,
(d) 9CuO/Ce0O2 and pure MSP ceria (inset); (B) The deconvolution of reduction
profiles of all Cu/MSP ceria.
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Figure 4.4 (a) CO conversion and (b) selectivity for PROX reaction using feed
composition of 1% CO, 1% Oz, 40% H: balance in He (c) CO conversion and (d)
selectivity for PROX reaction in the present of 10 % CO2 (e) CO conversion of

7Cu0/Ce0O2 for PROX reaction in various feed compositions.
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Figure 4.5 (A) Ol1s XPS spectra of fresh catalysts (a) pure MSP ceria, (b) 3CuO/CeO2,
(c) 5Cu0/Ce02, (d) 7CuO/Ce0O2, (e) 9CuO/Ce02; (B) Example of deconvolution of
Ols spectrum of 7CuO/CeOsz.

(A)

Ce 3d

Electron Counts (a.u.)
ﬁ
Electron Counts (a.u.)

880 890 900 210 920

880 890 900 910 920 Binding Energy (eV)
Binding Energy (eV)

Figure 4.6 (A) Ce3d XPS spectra of fresh and used (-P) catalysts (a) pure MSP ceria,
(b) 3Cu0O/Ce02, (c) 5Cu0/Ce02, (d) 7CuO/Ce02, (e) 9CuO/Ce02, (f) 7CuO/Ce02-P1,
(g) 7Cu0/Ce02-P2, (h) 7Cu0O/Ce02-P3; (B) Example of deconvolution of Ce3d
spectra of 7CuO/Ce0z.
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Figure 4.7 (A) Cu 2p XPS spectra of fresh and used (-P) catalysts (a) pure MSP ceria,
(b) 3Cu0O/Ce02, (c) 5Cu0/Ce02, (d) 7CuO/Ce02, (e) 9CuO/Ce02, (f) 7CuO/Ce02-P1,
(g) 7Cu0/Ce02-P2; (B) Example of deconvolution of Cu2p spectra of 9CuO/CeOso.
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Figure 4.8 Raman spectra of fresh and used (-P) catalysts after stability test for PROX

reaction (a) fresh 7CuO/CeO2, (b) 7CuO/CeO2-P1, (c¢) 7CuO/Ce02-P2, (d)
7Cu0O/Ce02-P3.



CHAPTER V
KINETICS OF Cu LOADED MESOPOROUS CeO2-ZrO: CATALYST FOR
THE PREFERENTIAL OXIDATION OF CO (CO-PROX) IN THE
PRESENCE OF EXCESS HYDROGEN

5.1 Abstract

Copper (Cu) loaded mesoporous ceria-zirconia (CeO2-ZrO2) catalysts (Cu-
CZ) are successfully synthesized for preferential oxidation of CO (CO-PROX).
Mesoporous CeO2-ZrO2 with high specific surface area and crystalline structure is
prepared for the first time via a nanocasting process. Deposition-precipitation
methodology is chosen to load various Cu contents (1 to 9 wt %) on the prepared
mesoporous CeO2-ZrOz support. All synthesized catalysts exhibit high activity with
95-100% CO conversion and over 50% selectivity at temperatures below 150°C.
Furthermore, the effects on catalytic activity of CO2 concentrations alone, and COz in
the presence of H20 are studied. We find that the presence of CO2 and CO2 with H20
in the feed gas slightly diminishes the performance of the catalysts. The 9%Cu-CZ
catalyst provides the lowest activation energy, resulting in the best catalytic

performance as well as complete CO conversion within 72 h.

(Keywords: Mesoporous Ce02-ZrOz; Cu-Ce02-ZrO2; Nanocasting process;

Deposition-precipitation method; Preferential oxidation of CO)
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5.2 Introduction

Fuel cell technology has extensively been investigated and developed for
various applications. Of particular interest here are proton exchange membrane fuel
cells (PEMFC) (Song et al., 2002). PEMFCs are fueled with hydrogen produced by
several processes which involve catalytic decomposition of hydrocarbons or
oxygenated hydrocarbons followed by water—gas shift (WGS) reaction (Rostrup-
Nielsen et al., 2002; Fu et al., 2003). Generally, significant amounts of CO2 (15-25 vol
%), CO (0.5-2 vol.%) and H20 are obtained in the gas stream along with production
of H2 (45-75 vol.%) (Avgouropoulos et al., 2002), causing a problem since PEMFC
electrodes are generally made from Pt, which can be easily poisoned by CO even at
levels of 10-100 ppm. To achieve a high performance of PEMFC, CO must be removed
to levels below 10 ppm from the hydrogen-rich gas feed. The simplest and least
expensive method to reduce the CO concentration is via the preferential catalytic
oxidation of CO (CO-PROX) (Marino et al., 2005). Many supported noble metal
catalysts have been studied and used to treat the H2-rich CO-PROX feed, including Pt,
Pd, Ir, Rh and Ru (Huang and Yu, 1991; Oh and Sinkevitch, 1993; Liu et al., 1994,
Son et al., 2002; Zhang et al., 2002; Snytnikov et al., 2003; Marino et al., 2004).
Nguyen et al. (2015) investigated the CO-PROX performance of platinum-group
metals supported on ceria, and found that Pt-CeO2 was the most active and selective
catalyst. Snytnikov et al. (2003) studied the selective oxidation of CO in excess
hydrogen over Pt-, Ru- and Pd-supported on Sibunit (porous carbonaceous material)
catalysts and found that Ru and Pt catalysts were the best active and selective catalysts.
Following works (Sakurai and Haruta, 1995; Haruta, 2004), which discovered strong,
low-temperature catalytic activity for CO oxidation of gold nanoparticles on reducible
oxide supports, including Au/Al203, Au/Fe203, Au/TiO2, Au/Ti-SBA-15, Au/CeOs,
and Au/MnO2-TiOz. Jardim et al. (2014) demonstrated that gold supported on Ni-
doped ceria exhibits superior catalytic performance for the CO-PROX reaction at
ambient temperature. However, although, both Pt- and Au-based catalysts provide
high activity and stability for catalysis of the CO-PROX reaction, their high expense
and sensitivity to sulfur poisoning are important drawbacks (Zhang et al., 2002). Here

we build on prior discoveries that less expensive Cu particles supported on ceria also
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demonstrate good efficiency and superior properties, such as high catalytic activity for
CO oxidation as well as resistance to poisoning (Huang et al., 1989; Liu et al., 1994;
Avgouropoulos et al., 2001).

Although ceria (CeOz) as a fluorite-type oxide is the most important rare-earth
oxide for the oxidation reactions on account of its redox cycle between two oxidation
states (Ce*"-Ce*") and high oxygen storage capacity (OSC) (Madier et al., 1999; Shan
et al., 2003), the incorporation of zirconia (ZrO2) into CeO: exhibits even better
features than pure CeO2, such as higher thermal resistance, more efficient redox
function, and better oxygen storage and release capacity (Trovarelli et al., 2001). Thus,
Ce02-ZrO: catalyst supports are one of the extensively-studied systems. Thus, several
previous works have confirmed high performance of the Cu-Ce-Zr catalyst system for
the CO-PROX reaction. For instance, Ayastuy et al. (2012) obtained complete CO
oxidation at low temperature over CuO/CexZrixO2 catalysts synthesized by the
conventional wetness impregnation method; Moretti et al. (2015) prepared 3-D flower
of a Ce-Zr-Cu mixed oxide catalyst for CO-PROX by slow co-precipitation, and found
complete CO conversion of 100% with the maximum selectivity of 98% was achieved
in the temperature range of 115°-160°C.

Generally, the fundamental characteristics required of a catalyst support
include high surface area, large pore volume, and broad pore size distribution.
Mesoporous materials can fulfill these properties exhibiting 2-50 nm pore sizes and
high surface area (Li and Zhao, 2013). One so-called “nanocasting” technique capable
to achieve mesoporous catalyst supports is to use mesoporous silica as a hard template.
The template acts as a physical barrier to coalescence of the crystals during the
calcination process. The strong points of the nanocasting method are the ability to
tailor specific porous materials, depending on the structure of the template as well as
ease of scale up (Abdollahzadeh-Ghom et al., 2011).

MCM-48, mesoporous silica, is suitable as a hard template because it has a
three-dimensional and cubic-crystalline pore structure coupled with high surface area
(Schumacher et al., 2000; Rossinvol et al., 2005; Longloilert et al., 2011). Yen et al.
(2012) synthesized a mesoporous CeO2 catalyst support using MCM-48 as a hard



60

template, and found that, after loading 30% Cu content onto it, the catalyst presented
a maximum CO conversion of around 88% at 80°C in the presence of rich Ho.

Until now, no study has shown synthesis of a mesoporous CeO2-ZrOz catalyst
support via the nanocasting technique. In this study, we report successful synthesis of
a high surface area Cu loaded mesoporous CeO2-ZrO: catalyst via the nanocasting
technique, followed by the deposition-precipitation (DP) method, and study its
potential to obtain complete CO conversion in the CO-PROX reaction over the
temperature range of 50°-250 °C. The effects of Cu content, the presence of CO2, and
the presence of CO2 with H2O on the catalyst performance were investigated. All
synthesized catalysts were comprehensively characterized using pertinent analytical

techniques.

5.3 Experimental

5.3.1 Chemicals

Fumed silica (Si02, 99.8%, Nippon Aerosil, Japan), triethanolamine
(TEA, QR&c chemical, Thailand), ethylene glycol (EG, 99%, J.T. Baker, USA), HP
grade nitrogen (N2, 99.98% purity, Thai Industrial Gases Public Company Limited
(TIG), Thailand), acetonitrile (CH3CN, 99.9%, Labscan, Thailand),
cetryltrimethylammonium bromide (CTAB, 96.0%, Fluka, Germany), cerium(III)
nitrate hexahydrate (Ce(NO3)3.6H20, 99%, Sigma-Aldrich, Germany), zirconium
oxide chloride octahydrate (ZrOCl2.8H20, 99.9%, Merck, Germany), copper(Il)
nitrate trihydrate (Cu(NO3)2.3H20, 99.5%, Merck, Germany), ethanol (CH3CH20H,
99.9%, Labscan, Thailand), sodium hydroxide (NaOH, 99%, Labscan, Thailand), and
sodium carbonate (Na:COs, 99.8%, Ajax, Thailand) were used without further

purification.

5.3.2 Catalyst Preparation

5.3.2.1 Preparation of Silatrane
The synthetic procedure to obtain silatrane followed

Wongkasemjit’s synthetic method (Phiriyawirut ef al., 2003). A mixture consisting of
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0.1 mol fumed silica, 0.125 mol TEA, and 100 ml EG was refluxed at 200°C under
nitrogen atmosphere for 12 h in an oil bath. The excess EG was then removed under
vacuum at 110°C to obtain a crude brown solid. The product was washed with
acetronitrile, followed by vacuum-drying to result in white silatrane.

5.3.2.2 Preparation of MCM-48

MCM-48 was prepared following Longloilert’s synthetic
method, using a molar composition of Si02:CTAB:NaOH:H20 = 1:0.3:0.5:62
(Longloilert et al., 2011). CTAB was dissolved in aqueous solution containing 2 M
NaOH. The mixture was continuously stirred at 50°C until the solution was
homogeneously dissolved. Silatrane was added to the mixture with constant stirring at
50 °C for 1 h. Then, the mixture was transferred to a Teflon-lined stainless steel
autoclave and subjected to an operating temperature of 140 °C for 16 h. The obtained
solid product was filtered and dried. The surfactant was removed by calcination at 550
°C for 6 h to obtain MCM-48.

5.3.2.3 Preparation of Mesoporous CeO2-ZrO:

Mesoporous CeO2-ZrO2 was synthesized via the nanocasting
method using MCM-48 as template. Ce(NO3)3.6H20 and ZrOCl2.8H20 were dissolved
in 5 ml of ethanol while stirring at room temperature until a clear solution was
appeared. The molar ratio of Ce to Zr in solution was Ce:Zr = 0.75:0.25. MCM-48 was
directly added to the solution, with continuous stirring for 4 h at room temperature.
Subsequently, the removal of ethanol was performed by evaporation in an oven at
100°C. The obtained solid was calcined at 550 °C for 6 h. The MCM-48 template was
removed using 2 M NaOH at 50 °C. The resulting light yellow powder product was
washed with deionized water until neutral and dried at 80 °C overnight.

5.3.2.4 Preparation of Cu Loaded Mesoporous CeO:-ZrO: Catalyst

The deposition-precipitation (DP) technique was employed to
prepare Cu loaded mesoporous CeO2-ZrO: catalyst. Mesoporous CeO2-ZrO: catalyst
support was added to an aqueous solution containing various amounts of
Cu(NOs3)2.3H20 (%Cu loadings of 1, 3, 5, 7, and 9% by wt.). The mixture was stirred
at room temperature for 1 h. Next, Na2CO3 as precipitating agent was added dropwise

to neutralize the mixture, which was then heated to 80°C before aging for another hour.
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The resulting solid was filtered and washed with boiling distilled water. Finally, it was
dried at 80°C overnight and calcined in air at 500 °C for 6 h to obtain Cu-CeO2-ZrO2

catalysts.

5.3.3 Catalyst Analysis

The Brunauer-Emmett-Teller (BET) method using a Quantachrome
Autosorb-1was applied to determine the specific surface area, pore volume and pore
size distribution of the prepared catalysts by N2 adsorption-desorption at -196°C.
Small angle x-ray diffraction (SAXD, Rigaku TTRAX III) with a scanning speed of
1°min"! and CuKa radiation (A= 1.5406 A) in a range of 20 = 1-6° was used to
characterize the mesoporous phase and the crystallinity of the prepared catalysts.
Morphology and structure of the catalysts were directly observed by transmission
electron microscopy (TEM) on a JEOL JEM-2100F TEM instrument operating at an
accelerating voltage of 200 kV. Wide angle x-ray diffraction (WAXD) analysis of the
catalysts was performed on a Rigaku Smartlab® diffractometer with a scanning speed
of 1° min'! and CuKa radiation (A= 1.5406 A) in a range of 20 = 20-80° in order to
determine the crystallinity, phase purity of the catalysts, and dispersion of Cu on
mesoporous CeO2-ZrOz. The crystallite size of the catalysts was also determined from
the line width of the XRD peak corresponding to {111} reflection by using the
Scherrer’s equation. The amount of Cu loading on mesoporous CeO2-ZrO> was
determined by atomic absorption spectrometry (AAS. VARIAN Model 300/400). X-
ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD spectrometer) of the
catalysts was applied to determine chemical compositions and oxidation states at the
catalyst surface. The measurements were conducted using monochromatic Al Ka X-
ray radiation (1486.6 eV) at a pressure lower than 5 x 10”7 Torr. The Cls peak was
fixed at a binding energy of 284.6 eV. High resolution spectra were recorded with
dwell times at 119.8, 331.5, and 142.5 ms for Ce 3d, O 1s, and Cu 2p, respectively,
step sizes of 0.1 eV, and a pass energy of 20 eV. Temperature-programmed reduction
(H2-TPR) was measured to evaluate the reducibility of the prepared catalysts using 50
mg of the prepared catalysts. The sample was reduced by 5.13% H2/N2 (v/v) at a
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heating rate of 10°C/min. A thermal conductivity detector (TCD) was used to detect

hydrogen consumption.

5.3.4 Catalytic Activity Measurements

Catalytic activity measurements of the prepared catalysts for CO-
PROX reaction were carried out using a fixed bed U-tube reactor operating at a
temperature range of 50°-250 °C and atmospheric pressure. A 100 mg of catalyst was
packed into a U-tube between layers of glass wool. The reactant gas composition
containing 1, 1, and 40 vol% of CO, Oz, and Hz, respectively, balancing with He was
mixed before feeding to the CO-PROX reactor. The total flow rate of the mixed gas
controlled by mass flow controllers was about 50 ml min~'. The product gas stream
was detected by an on-line gas chromatograph (Agilent Technologies 6890N) using a
carbosphere column and a thermal conductivity detector (TCD). The effect of CO2 and
H20 on the performance of CO-PROX reaction was studied by adding 10 vol.% CO2
and 10 vol.% H:0 in the feed gas. The CO conversion and selectivity (eq. 1 and 2)
were calculated, based on the CO consumption in the CO-PROX reaction (Zeng et al.,
2013).

[COin ] - [COout] xlO
[COin ]

CO Conversion (%) = 0 (1)

[COin ] B [COout] XlO

Selectivity (%) =0.5x
[Oz,m ] - [02,ouz]

0 2

5.3.5 Kinetic Study
The apparatus employed for kinetic of the CO-PROX reaction over the

synthesized Cu- CZ catalysts consisted of a fixed bed U-tube reactor, gas flow
measuring system, and on-line analytical system. A fresh catalyst sample (0.1 g) was
packed into the reactor. The reactant gases fed into the reactor comprised CO, Oz, and
Ha, balanced with He using a total flow rate of 50 ml/min. The amounts of CO and Oz
were varied at reaction temperatures of 90° and 130 °C and at atmospheric pressure.

Subsequently, the product gas stream was evaluated by on-line gas chromatography
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(Agilent Technologies 6890N) using a carbosphere column and a thermal conductivity

detector (TCD).

5.4 Results and Discussion

5.4.1 Catalyst Characterization

5.4.1.1 Textural and Structural Studies

The BET specific surface areas (Sser), the total pore volume
(Vpore), and the average pore diameter (dpore) of the synthesized catalysts are
summarized in Table 5.1. The synthesized Ceo.75Z10.2502 (CZ) catalyst support notably
exhibits the highest specific surface area of 256 m?g™! with mesopore diameter (3.80
nm) in the mesoporous range (2-50 nm) (Sing et al., 1985). Increase of Cu content
loaded onto the mesoporous CZ support systematically decreases the specific surface
area of the catalysts. This result suggests that the presence of CuO blocks the pores of
CZ and obstructs N2 adsorption in the BET experiment (Araujo et al., 2012).
Interestingly, the Cu loading does not significantly change the pore diameter,
suggesting that the CuO crystallites are too small in size and too sparsely distributed
within the pores to affect the measured pore diameter, or that a sufficient fraction of
them are located at the entrance to pores hence blocking access to the interior pore
surfaces.

Figure 5.1a illustrates the SAXD patterns of the synthesized
CZ support and all Cu-CZ catalysts. The CZ support, which is the negative replica of
the MCM-48 template, was prepared by the nanocasting process, shows similar
characteristic peaks at {211} and {220} to MCM-48. However, the main reflection of
CZ is slightly shifted to a smaller angle, resulting from having a larger pore size than
the pores of MCM-48 (2.42 nm) (Abdollahzadeh-Ghom et al., 2011). Comparing the
SAXD results for the CZ support and the Cu-CZ catalysts, it is found that the latter all
provide similar diffraction patterns although their patterns are not as sharp as that of
MCM-48. It could be deduced that the CZ support and the Cu-CZ catalysts each
maintain some order from the MCM-48 template, as further confirmed by TEM

analysis.



65

The TEM images of the CZ support and the Cu-CZ catalysts
shown in Figure 5.1b-5.1g confirm that the long-range order in the pores is still
maintained even when Cu is loaded onto the CZ support.

To observe the phase structure of all synthesized samples,
WAXD patterns were taken over a 20 range of 20° and 80°, as shown in Figure 5.2.
Our CZ support exhibits the diffraction peaks at 28.71°,33.31°,47.96°, 56.95°, 59.24°,
70.00° and 76.93° which, according to PDF-Card No. 00-002-1311, correspond to {1
11},{200},{220}, {311},{222}, {400}, and {3 3 1} reflections, respectively
representive of the fluorite cubic structure. These diffraction peaks appear at higher 20
when compared with the diffraction peaks of pure CeO2, which occur at 28.5°, 33.1°,
47.6°, 56.5°and 59.2°, respectively (Atribak et al., 2008). The shift of these peaks
reflects the substitution of the large Ce*" cations (0.097 nm) or Ce’" cations with the
smaller Zr*" cations (0.084 nm). Furthermore, no diffraction peaks corresponding to
ZrOz appear in the XRD pattern, consistent with the incorporation of ZrO:z into the
CeO2 or Ce20s lattice i.e. with formation of a homogeneous mixed oxide (Adamski et
al., 2007; Atribak et al., 2010; Moser et al., 2015; Nousir et al., 2015).

The addition of Cu into the CZ support does not change the
diffraction pattern and the intensities of the CZ support peaks. Furthermore, each
diffractogram of the Cu-CZ catalysts shows no diffraction peaks from CuO crystallites.
This suggest that CuO is finely dispersed on the surface of the CZ support or a solid
solution was formed by substituting Ce*" with Cu" species (Li et al., 2000; Chen et
al., 2009; Delimaris ef al., 2009). The absence of the CuO diffraction peak can also
indicate that CuO crystallites are very small (Shan et al., 2003; Pojanavaraphan et al.,
2014). The crystallite size and the unit cell parameters of both the CZ support and the
Cu-CZ catalysts are presented in Table 5.2. The crystallite sizes of the pure CZ support
and the Cu-CZ catalysts calculated from Scherrer’s equation are found to be very
similar. Thus, the insertion of Cu into CZ support does not disrupt the fluorite cubic
structure of the CZ support, as confirmed by the evaluated unit cell parameter of the
CZ support. The unit cell parameters of the pure CZ support and Cu-CZ catalysts
calculated from Bragg’s equation are also similar. These results are further
corroborated by small-angle electron diffraction (SAED) data from TEM, as shown in
Table 5.2.
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5.4.1.2 Distribution of Loaded Copper
As displayed in Table 5.3, the amount of Cu loading onto the
CZ support was estimated by AAS and XSP analysis in both bulk and on the catalyst
surface, respectively. Comparing the amounts of Cu found in bulk and on surface of
all catalysts, it appears that higher Cu contents are implanted inside the pores of the
CZ support. Combining the XRD, AAS and XPS results, it can be inferred that the
deposition-precipitation (DP) technique is a successful method for preparation of Cu-

CZ catalysts.

5.4.1.3 X-ray Photoelectron Spectroscopy (XPS)

Analysis of the oxidation state analysis of catalyst surfaces was
carried out using the XPS technique. Figure 5.3 presents the Ce 3d spectra of the CZ
support and Cu-CZ catalysts. The Ce 3d spectra exhibit eight characteristic peaks
corresponding to four pairs of spin-orbit doublets. The four peaks at 881.9, 884.0,
887.9, and 897.9 eV labeled as v, v/, v", and v'”, respectively, are attributed to Ce 3ds,
while the other four peaks at 900.4, 902.6, 906.7, and 916.3 eV marked as u, u’, u",

" "

and u"", respectively, are assigned to Ce 3ds2. The v, v", v"", u, u", and u""’ peaks belong
to the 3d'%4f% electronic state of Ce*" ions, whereas the v' and u' peaks refer to the
3d!%4f! state of the Ce*" ions (Jeong et al., 2015; Mullins, 2015). The cohabitation of
Ce*" and Ce*" species is indicated by these peaks. Moreover, it is reported that the
formation of Ce** species accompanies the generation of oxygen vacancies on the ceria
surface. Thus, an increase in oxygen vacancy sites on the surface of Cu-CZ catalysts
is indicated by reason of an increase in Ce**. Thus, it can be implied that oxygen
migrates from the bulk to the catalyst surface (Paier et al., 2013; Guo et al., 2014).

In Figure 5.4, XPS spectra in the O 1s region of the CZ support
and Cu-CZ catalysts are exhibited. All samples show two asymmetric peaks at 529.1
and 530.6 corresponding to lattice oxygen in the ceria and copper oxides and defect
oxygen on the catalyst surface, respectively (Sing et al., 1985). Furthermore, it is
observed that the amount of the lattice oxygen seems to be proportional to the presence

of Cu. According to the studies reported elsewhere (Zhao et al., 2007; Laguna et al.,
2010), it has been deduced that defect oxygen promotes oxygen mobility in the
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catalysts and provides well-dispersed metal on the support surface, as also shown in
our XRD study.

The Cu 2p region spectra are shown in Figure 5.5. The
prominent peak at 932.6 eV is assigned to Cu 2p3/2, while Cu 2p1/2 corresponds to the
peak located at 952.5 eV. Another peak, attributed to a shake-up peak, appears between
933.5 and 948.0 eV. The intensities of the Cu 2p3.2 and shake-up peaks increase with
increasing the Cu content loaded onto the CZ support. The shake-up peak is
characteristic of Cu?" species (CuQO), whereas the Cu 2p32 peak at 932.6 eV is
characteristic of Cu'* species (Cu20) (Kundakovic and Flytzani-Stephanopoulos,
1998; Zhang et al., 2014). Based on the results found by Biesinger et al. (2010), the
shake-up peak is generated because the outgoing photoelectron interacts with a valence
electron which is then excited to a higher-energy level. Subsequent decrease in kinetic
energy of the shaken-up core electron generates a satellite structure with higher
binding energy relative to the core level value. Therefore, these satellite electrons are
part of the total Cu 2p emission and should be included in estimation of the total Cu.
According to the XPS result, it can be confirmed that Ce**, Ce*", Cu?*, and Cu” species
are present in all Cu-CZ catalysts.

5.4.1.4 Temperature-Programmed Reduction (H2-TPR)

Several authors (Monteiro ef al., 1995; Leitenburg et al., 1996;
Kaspar et al., 1999; Bozo et al., 2000; Fally et al., 2000) report that there are two
generally distinguishable peaks observed in H2-TPR of CeOz (see eq. (3)) (Trovarelli
et al., 1995). The first peak appearing at lower temperature is assigned to the surface

reduction of CeO2 while the second peak is attributed to the reduction of bulk CeOo.

2Ce0O2+ H2 <+ Ce203 + H20 3)

For the reduction of the CZ support, as indicated in Eq. (4),
oxygen anions react to form water molecules (6H20), accompanied by creation of
oxygen vacancies (0Vo), which encourages the mobility of oxygen from the bulk to

the surface. H2 consumption is increased only via the reduction of Ce*" to Ce**, because

Zr*' is a non-reducible oxide (Li et al., 2010).



68

CexZrixO2 + 8H2 4> CexZri1xO2-5 + 0H20 + 6V, 4)

The H2-TPR experiment provides a measure of the reducibility
of the CZ support as a mixed oxide. Figure 5.6a presents the H2-TPR profile of the CZ
support. The H2 uptake peak appears in the range of 400-645°C as a result of the
addition of ZrOz2 to CeO2 (Leitenburg et al., 1996). The H2-TPR profile exhibits only
a single large H> consumption peak, which represents the reduction of bulk CeO2,
comprising several layers of the mixed oxide. It is suggested that the insertion of ZrO2
into the CeO2 lattice encourages the reduction of the bulk ceria and enhances the
oxygen anion mobility (Little, 1966; Kaspar et al., 1999; Bozo et al., 2000; Fally et
al., 2000).

H>-TPR profiles of the Cu-CZ catalysts are shown in Figure
5.6b. All catalysts except 1%Cu-CZ show two prominent reduction peaks. The first
peak, ranging from 145°C to 200°C, is attributed to the reduction of finely dispersed
CuO strongly interacting with the surface of the CZ support. The second peak, in the
range from 210°C to 300°C, is ascribed to the reduction of isolated CuO particles, non-
associated with the CZ support (Ratnasamy et al., 2004; Djinovic et al., 2008).
Basically, the peak area of H2-TPR is proportionally related to the amount of H2
consumption. Figure 5.6b shows that increase in the amount of Cu from 1 to 9%Cu-
CZ systematically increases the H2 consumption. It can be deduced that the redox
properties increase with increasing Cu content loaded onto the CZ support, consistent
with the study of Radik ef al. (2013), who showed that Cu loading can promote oxygen
mobility.

5.4.2 Catalytic Activity for the CO-PROX Reaction
5.4.2.1 Effect of Cu Content
The CO-PROX performance of the CZ support and all Cu-CZ

catalysts was studied in term of CO conversion (eq. (1)) and selectivity (eq. (2)).
Results are shown in Figure 5.7. The CZ supports loaded with different Cu contents
generate much higher CO conversions than the pure CZ support. With increasing Cu
content, the maximum CO conversions obtained for each catalyst increase, and the

temperature to reach the maximum conversion decreases. Moreover, the reaction
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temperatures at which 50% conversion occurs depend on the amount of Cu loading.
We find that 9% Cu-CZ generates 50% conversion at the lowest temperature,
following 7, 5, 3 and 1% Cu-CZ, respectively as shown in Figure 5.7. Specifically, 1%
Cu-CZ generated 95% conversion at 170°C, 3% Cu-CZ generated 99% at 150°C, and
5, 7 and 9% Cu-CZ generated 100% at 130°C. For comparison, the previous work
reported by Yen et al. (2012) showed maximum CO conversion of only around 88%
at 80°C 1n excess Hz over a 30%Cu/CeOx catalyst. In our previous work (Jampa et al.,
2017a), we also succeeded in the preparation of mesoporous Cu-CeOz catalyst which
provided 100% CO conversion at the temperature of 110°C lower than that of Cu-CZ
in this study. From BET, SAXD and TEM results, it indicates that the mesoporous Cu-
CeO2 has more ordered structure and higher surface area than those of mesoporous
Cu-CZ. As a resulting, catalytic performance of Cu-CeO2 shows a little bit higher than
that of Cu-CZ. However, the incorporation of ZrO2 to CeO2 can improve catalytic
performance for autothermal steam reforming of methanol (ASRM) operated with
high temperature (Jampa et al., 2017b). The mesoporous Cu-CZ exhibits lower CO
selectivity than that of the mesoporous Cu-CeOz catalyst during ARSM reaction.
Typically, CuO acts as catalyst by adsorbing CO molecules

after which redox reaction converts CO to CO2 and Cu** to Cu'!*. CeO: provides lattice
oxygens in converting CO molecules to CO2. Oxygen likely competes with CO for
adsorption on the catalyst and oxygen vacancies are located at the copper-ceria
interface (Royer and Duprez, 2011). Gas phase oxygen can thus re-oxidize the surface
metal atoms and repopulate oxygen vacancies on the CZ support (Mars and Krevelen,
1954). Also evidence suggests (Royer and Duprez, 2011) that electronic interaction
between the Cu?>*/Cu" and Ce**/Ce*" redox couples facilitates the electron transfer that
accompanies the oxidation reaction. The addition of Zr to CeO:2 enhances the thermal
stability and oxygen mobility of the system. Incorporating the above observations, the
CO-PROX mechanism over Cu-CZ catalysts can therefore be represented using eq.
(5)-(9) (Dow and Huang, 1994; Goldstein and Mitchell, 2011; Royer and Duprez,
2011).
a) Adsorption of CO on the catalyst:

Ce*"-0*-Cu" + CO = Ce*-0?-Cu’eeeCO(ads) (5)
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b) Adsorption of oxygen on the catalyst:
Ce*-0%-Cu" + (1/2)02 = Ce*"-0*-Cu’eeeOads) (6)

c) Electron transfer between Cu®>*/Cu* and Ce**/Ce*" redox couples:

Ce*-0*-Cu’ < Ce*"-0%-Cu** < Ce*-0*-Cu*" + ¢ (7)

d) CO undergoes redox reaction with Cu®" and lattice oxygen (Oo%):

2Ce*-0%-Cu* eeeCOds) + 00> + 2¢ = 2Ce*-0*-Cu’ + CO2 + Vo (8)

¢) Adsorbed oxygen re-oxidizes Cu" and repopulates oxygen vacancies (Vo) on the CZ
support:
2Ce**-0"-Cu'e®® Odas) + Vo = 2Ce*-0*Cu?" + 00> + 2¢ )

The above mechanism implies that uniform and intimate Cu
dispersion on the CZ support surface is a key factor in enhancing catalytic performance
for the CO-PROX reaction, which is limited by the presence of bulk CuO, since bulk
CuO is inactive for the CO-PROX reaction due to diminished capability to adsorb CO
(Marino et al., 2005). However, in the present work, the latter problem does not occur,
as confirmed by the XRD results, and by the fact that the activity of Cu-CZ catalysts
increases with increasing Cu content from 1 to 9 wt.% at low temperatures, as shown
in Figure 5.7, indicating that the increase of Cu content does not increase the content
of bulk CuO. Furthermore, Davo-Quinonero et al. (2016) proposed another
mechanism occurring in CO-PROX reaction over CuO/CeO2 and CuO/Ce02-ZrO2
catalysts, viz. the formation of bicarbonates via hydroxyl groups located on the catalyst
surface. As carbon-based intermediates, these bicarbonates cause faster CO oxidation
rates, compared to those generated via carbonates. This mechanism proposes that CO
chemisorption at the CuO-CeO: interface produces Cu’-CO carbonyl species which
then react with surface hydroxyls (-OH) at the chemisorption sites to generate surface
bicarbonates (-CO20H). The resulting surface bicarbonates are rapidly converted to
COa.

Figure 5.7 indicates that the maximum CO conversions of all

Cu-CZ catalysts are in the range of 95-100% at temperatures between 130 °C to 170
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°C. and the selectivity is higher than 50% at temperatures below 150°C. The high
activity and selectivity is suggested to arise from well-dispersed CuO species on the
high surface area of the mesoporous CZ support.

5.4.2.2 Effect of CO:

Figure 5.8 illustrates the influence of 10 vol.% CO: in the
system. It was found that the maximum CO conversion of the catalysts slightly
decreases, accompanied by a shift to a higher temperature (130°C to 150°C for 3, 5, 7
and 9%Cu-CZ). Moreover, the selectivities of all catalysts also drop. The decrease of
CO oxidation performance, as evident in Figure 5.8, may be explained as follows;
competitive adsorption of CO and CO:z on the CZ surface as carbonate molecules,
causes steric hindrance of oxygen mobility on the CZ surface. As a result, the presence
of COz2 has an inhibiting effect on the CO-PROX performance (Marino et al., 2005;
Gamarra and Martinez-Arias, 2009).

5.4.2.3 Effect of Combined CO: and H20

The effect on the CO-PROX reaction of addition of 10 vol.%
COz2 and 10 vol.% H20 to the feed gas was investigated and the results are shown in
Figure 5.9. At low temperatures, the activity of all catalysts is evidently decreased.
The position of maximum CO conversion is shifted to a higher temperature (170°C to
190°C for 1%Cu-CZ and 130°C to 170°C for 3, 5, 7 and 9%Cu-CZ). This is due not
only to the competitive adsorption of CO and COz, but also to the blocking effect of
water, as described elsewhere (Moretti et al., 2008; Gamarra and Martinez-Arias,
2009). Liu et al. (2004) also reported the effect of CO2 and H20 addition on CO-PROX
activity. They found that maximum CO conversion over CuO/CeO2 and Zr doped
CuO/CeO:z catalysts in the presence of CO2 and H20 occurred at reaction temperatures
around 200 and 225°C, respectively, higher than that in our results, as seen in Figure

5.9.

5.4.3 Kinetic Analysis of the CO-PROX Reaction

Various catalysts, viz. 1, 3, 5, 7, and 9%Cu-CZ, were used to study the
kinetics for the CO-PROX reaction in excess hydrogen. Figures 10, 11 show the
reaction rates at various CO and O: feedstock concentrations, respectively. It can be

observed that the reaction rate increases with increasing amount of Cu in the catalysts,
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with increasing reaction temperature, and increases in the CO and O: feed
concentrations, reflecting the positive effects of CO and Oz on the CO- PROX
reactivity (Lu ef al., 2013). Kinetic data on CO-PROX reaction rate for all prepared
Cu- CZ catalysts, comprising the rate constant (k) at two different reaction
temperatures, the power exponents in the rate expression, the activation energy (Ea),
and the Arrhenius constant (A), are summarized in Table 5.4. The reaction rate (r) was
represented by r = k[CO]* [0,]”. The power law expressions for the reaction rates of

all catalysts were determined via fits to the experimental results as follows:

r = k[C0]%80 [0,]%27 for 1%Cu-CZ,

r = k[C0]%7° [0,]°2? for 3%Cu-CZ,

r = k[€0]%90 [0,]0-25 for 5%Cu-CZ,

r = k[CO]%03 [0,]044 for 7%Cu-CZ, and
k[C01%%% [0,]94° for 9%Cu-CZ.

Evidently the increasing levels of Cu in the catalyst systematically enhances the
reaction rate, manifested as systematic increases of the [O:] and [CO] power law
exponents in the CO-PROX reaction rate equation.

The rate constants at 90° and 130 °C of each catalyst were calculated
via the reaction rate equation, as presented in Table 5.4. It is found that the change of
the k value depends on the reaction temperature and the Cu content. Moreover, the
activation energy for CO-PROX over Cu-CZ catalysts was calculated by eq. 10
(House, 1966):

(10)

where ki1 and k: are the rate constants at 90° and 130 °C, respectively, Ea is the
activation energy, R is the gas constant (8.314 JK 'mol '), T:1 and T are the reaction
temperatures at 90° (363.15 K) and 130 °C (403.15 K), respectively.

As shown in Table 5.4, the apparent activation energy follows the order
of 1%Cu-CZ (43.6 kImol ™) > 3%Cu-CZ (21.7 kJmol ™) > 5%Cu-CZ (10.7 kJmol ") >
7%Cu-CZ (9.5 kImol ) > 9%Cu-CZ (8.9 kJmol'!). From these results, we conclude
that higher Cu content in the catalyst provides an easier route for the CO- PROX

reaction to take place, implying better catalytic performance, consistent with the
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catalytic activity results shown in Figure 5.7. This conclusion is further supported by
values of the Arrhenius constant of each catalyst, estimated via eq. 11 (Rodriguez-

Aragon and Lopez-Fidalgo, 2005):

(1D

where k is the rate constant, A is the Arrhenius constant, Ea is the activation energy, R
is the gas constant )8.314 JK 'mol"!(, T is the reaction temperature. As indicated in
Table 5.4, A values for the various catalysts, viz. 1, 3, 5, 7, and 9% Cu-CZ, are,
respectively 0.62, 1.21, 1.99, 1.44, and 1.66 in units of (mol.dm)!*),

5.4.4 Stability of 9%Cu-CZ Catalyst

The 9%Cu-CZ catalyst was chosen to evaluate catalytic stability for the
CO-PROX reaction due to having the best catalytic performance under diverse feed
compositions, as shown by our experimental results. The stability test was performed
by continuously monitoring the % CO conversion over a period of 72 h at a reaction
temperature of 130 °C, using a reactant gas composition of 1:1:40 CO:02:Hz (vol%).
The result is shown in Figure 5.12, from which it can be concluded that the CO
conversion using the 9%Cu-CZ catalyst maintained a level of 99% conversion with no

sign of reduction in activity over the 72 h testing period.

5.5 Conclusions

In this work, Cu loaded mesoporous CeO2-ZrOz catalysts containing different
amounts of Cu were successfully synthesized via nanocasting and deposition-
precipitation techniques, using MCM-48 as a hard template. The resulting CZ supports
provided an ordered pore structure and a high surface area of around 256 m?g’!. Wide
angle XRD spectra indicated the incorporation of ZrO: into the CeO:x lattice. The Cu-
CZ catalysts containing different Cu contents still maintained a significant degree of
the order of the CZ support with high specific surface area. A lesser amount of Cu was
found on the surface than in the pores of the CZ support. Using XPS analysis, the

oxidation states on the catalysts surface consist of Ce*", Ce*", Cu?>" and Cu" species.
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The reducing power of the Cu-CZ catalysts extended to lower temperatures compared
to the pure CZ support. Increase of Cu content in the CZ support systematically
enhances the redox properties of the catalyst.

The catalytic activity of Cu-CZ catalysts was investigated for the preferential
CO oxidation (CO-PROX) in the presence of a H2-rich stream in the temperature range
of 50-250°C. All Cu-CZ catalysts showed maximum CO conversion in the range of
95-100% at lower temperatures and the selectivity was more than 50% at temperatures
below 150°C. The activity of the Cu-CZ catalysts increases with increasing Cu content
from 1 to 9 wt%. The presence of CO2 or CO2 plus H20 in the feed gas had an inhibiting
effect on the CO-PROX performance. Furthermore, the kinetic analysis confirms that
the 9%Cu-CZ catalyst with the lowest activation energy and largest Arrhenius constant
shows the best catalytic performance for the CO-PROX reaction and maintains a 99%

CO conversion level over a testing period of 72 h.
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Table 5.1 Compositions and N2 physisorption data of the synthesized catalysts

BET Mesopore
. a Mesopore
"y Sample specific volume ) N
Sample composition s diameter
abbreviation | surface area Vpore dpore (nm)
Seer (m?g!) | (cm’g?) pore

Ce0.75Z10.2502 Ccz 256 0.46 3.80
1 wt.%Cu-Ceo.75Z102502 | 1%Cu-CZ 204 0.34 3.63
3 wt.%Cu-Ceo.75Z102502 | 3%Cu-CZ 203 0.33 3.61
5 wt.%Cu-Ceo.75Z102502 | 5%Cu-CZ 188 0.30 3.64
7 wt.%Cu-Ceo.75Z102502 | 7%Cu-CZ 179 0.37 3.62
9 wt.%Cu-Ceo.75Z102502 | 9%Cu-CZ 165 0.31 3.61
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Table 5.2 Structural parameters of CZ support and Cu-CZ catalysts calculated from
XRD and SAED data

Average crystallite size | Unit cell parameter | Unit cell parameter
Catalyst of CZ support® of CZ support® of CZ support®
(nm) (nm) (nm)

Cz 3.750 0.5382 0.5452
1%Cu-CZ 3.645 0.5376 0.5437
3%Cu-CZ 3.620 0.5371 0.5421
5%Cu-CZ 3.571 0.5371 0.5400
7%Cu-CZ 3.657 0.5368 0.5401
9%Cu-CZ 3.330 0.5384 0.5405

# Average crystallite size of CZ support calculated from XRD data at {1 1 1} plane
using Scherrer’s equation

® Unit cell parameter of CZ support calculated from XRD data at {1 1 1} plane using
Bragg’s equation

¢ Unit cell parameter of CZ support calculated from SAED data of TEM using Bragg’s

equation
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Table 5.3 The amounts of Cu found in bulk and on the surface of the synthesized Cu-

CZ catalysts
Catalyst Cu® (wt.%) Clz:alz/:l)l K Cu (Eilvil(f/f)gacec
Cz - - -
1%Cu-CZ 1.00 0.894 0.473
3%Cu-CZ 3.00 2.881 1.277
5%Cu-CZ 5.00 5.042 2.177
7%Cu-CZ 7.00 6.983 3.220
9%Cu-CZ 9.00 9.175 3.947

? By theoretical calculation

> By Atomic Absorption Spectrometry (AAS)
¢ By X-ray Photoelectron Spectroscopy (XPS)



Table 5.4 Kinetic results of CO-PROX reaction over all synthesized Cu-CZ catalyst
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Activation energy

Arrhenius constant

Sample %ix10* | kox10™ X y Power rate expression (kJ mol) A)
1%Cu-CZ 0.92 3.87 | 0.80 | 027 | r=k[CO]*®0[0,]027 43.60 0.62
3%Cu-CZ 1.74 3.56 | 0.79 | 0.22 | r=k[C0]°7[0,]°2? 21.73 1.21
5%Cu-CZ 8.17 11.63 | 0.90 | 0.25 | r=k[C0]*%[0,]°% 10.73 1.99
7%Cu-CZ | 112.60 | 154.03 | 1.03 | 0.44 | r=k[CO]*®3[0,]°* 9.53 .44
9%Cu-CZ 81.36 | 109.12 | 0.94 | 0.49 | r=k[CO]*%*[0,]°% 8.93 1.66

¥Unit of rate constant (k) = (mol dm™)!*¥g!
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Figure 5.1 (a) Small angle XRD patterns of the CZ support, Cu-CZ catalysts and
MCM-48 (inset), TEM images of (b) the CZ support, (¢) 1%Cu-CZ, (d) 3%Cu-CZ, (e)
5%Cu-CZ, (f) 7%Cu-CZ and (g) 9%Cu-CZ.



Figure 5.2 Wide angle XRD patterns of the CZ support and Cu-CZ catalysts.
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Figure 5.3 (a) Ce 3d XPS spectra of the CZ support and Cu-CZ catalysts and (b) The
deconvoluted Ce 3d XPS spectrum of the 7%Cu-CZ catalyst.
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Figure 5.4 (a) O 1s XPS spectra of the CZ support and Cu-CZ catalysts and (b) The
deconvoluted O 1s XPS spectrum of the 7%Cu-CZ catalyst.
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Figure 5.5 (a) Cu 2p XPS spectra of CZ support and Cu-CZ catalysts and (b) The
deconvoluted Cu 2p XPS spectrum of the 7%Cu-CZ catalyst.



Figure 5.6 (a) H2-TPR profiles of the CZ support (inset) and (b) Cu-CZ catalysts.
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Figure 5.7 CO conversion and selectivity as a function of temperature of the CZ
support and Cu-CZ catalysts, Gas compositions: 1 vol.% CO, 1 vol.% O2, 40 vol.% Hz

and He as balance.
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Figure 5.8 CO conversion and selectivity as a function of temperature of the CZ
support and Cu-CZ catalysts, Gas compositions: 1 vol % CO, 1 vol.% O2, 10 vol.%
CO2, 40 vol.% Hz and He as balance.

Figure 5.9 CO conversion and selectivity as a function of temperature for the CZ
support and Cu-CZ catalysts, Gas compositions: 1 vol.% CO, 1 vol.% O2, 10 vol.%
CO2, 10 vol.% H20, 40 vol.% H> and He as balance.



95

23 23
PN * 130°C = 1
] o L] ]
T 20 4 oc 5207
< 15 < 15
E ] E ]
= 10 ] = 107
E ] g ] .
i 9. -
I o e S A e e B B B e e e I I o e e e N B e B e e L AL A B
3 15 23 33 45 3 15 23 33 45
CO concentration (x10-° mol dm~) CO concentration (x10-° mol dm~)
1 25
T 1 T 1y
E 2] E 20 .
= 15 £ 15]
2] R
& 10 ] * £ 10 4
I 1 = ]
i i
= 1 i = ]
I} T T T T T T T T T T T T T T T T T T I} ] T T T T T T T T T T T T T T T T T T
3 15 23 33 43 3 15 23 33 43
CO concentration (x10-~° mol dm~) CO concentration (x10-° mol dm~)
23
T 1 e
"?_ i
£ 20 1
T 15]
z
£ 10 ]
= ]
£
= ]
0 T T T T T T T T T T T T T T
3 15 23 33 45

CO concentration (x10-° mol dm~)

Figure 5.10 Reaction rates at various CO concentrations of (a) 1, (b) 3, (c) 5, (d) 7,
and (e) 9%Cu-CZ at the reaction temperatures of 90° and 130 °C.



96

1 * 130°C
& 90°C

1 i

- " i ——

Reaction rade (x10° mol dm? 513
[ ]
Reaction rade (x10° mol dm? 513

0 +—TFT""""T+T—T T T b +—TrTTTTTT T T
20 30 40 30 60 20 30 40 30 60

0 concentration (x10-° mol dm—) 0, concentration (x10-~* mol dm~)

Reaction rate (x10° mol dm? 513
Reaction rate (x10° mol dm? 513
' .
-
.
.

3 1 3 1
4 A 4
0 +—TFT""""T+T—T T T 0 +—TFT""—T T T T
20 30 40 30 60 20 30 40 30 60
0 concentration (x10-° mol dm—) 0 concentration (x10-° mol dm—)
20
" 4 e
-
5 16 /,,/’/
= 121
= | . s
el & e
-
o
g 4]
i 4
0 T T
20 30 40 30 60

0, concentration (x10-° mol dm—)

Figure 5.11 Reaction rates at various Oz concentrations of (a) 1, (b) 3, (¢) 5, (d) 7,

and (e) 9%Cu-CZ at the reaction temperatures of 90° and 130 °C.



97

100 4

90 -

80 A

70

CO conversion (%)

g0

5[] T T T T T T T T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72
Time (h)
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CHAPTER VI
ACHIEVEMENT OF HYDROGEN PRODUCTION FROM AUTOTHERMAL
STEAM REFORMING OF METHANOL OVER Cu-LOADED
MESOPOROUS CeO2 AND Cu-LOADED MESOPOROUS CeO:-ZrO:
CATALYSTS

6.1 Abstract

Hydrogen production by oxidative steam reforming of methanol (OSRM) or
autothermal steam reforming of methanol (ASRM) was investigated over Cu-loaded
mesoporous CeO2 and Cu-loaded mesoporous CeO2-ZrOz catalysts, synthesized via a
nanocasting process using MCM-48 as a hard template, followed by a deposition-
precipitation technique. Various Cu contents were loaded on the mesoporous CeO2 and
Ce02-ZrO2 supports. The fresh and spent catalysts were characterized by N2
adsorption-desorption, X-ray diffraction, temperature-programmed oxidation, and X-
ray photoelectron spectroscopy. The ASRM results showed that 9 wt% Cu loading
onto mesoporous CeO2 and CeO2-ZrO2 provided the best catalytic performance with
100% methanol conversion and 60% H2 yield at 350° and 300 °C, respectively.
Furthermore, the time-on-stream stability testing of the 9 wt% Cu loading catalyst was
at 168 h, and the CO selectivity of these two catalysts indicated that the addition of

ZrO: into the catalyst reduced the CO selectivity during the ASRM process.

(Keywords: H> production; Autothermal steam reforming of methanol; Mesoporous

CeO2; Mesoporous Ce02-ZrO2; Cu-CeO2; Cu-Ce02-ZrO2)
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6.2 Introduction

Nowadays, fuel cells are considered to be environmentally friendly and high
efficiency systems to produce electricity as clean energy for powering vehicles
(Cacciola et al., 2001). Among various types of fuel cells, polymer electrolyte fuel-
cells (PEMFC) are the most viable candidates for mobile applications (Cleghorn et al.,
1997; Song, 2002; Wang et al., 2003; Gregoriev et al., 2006; Hotza et al., 2008). On-
board hydrogen (H2) is an essential fuel for PEMFC to generate energy for vehicles.
However, on- board H> storage in high pressure tanks is still not commercially
available for vehicles due to safety, costs of storage, and handling of H2. Consequently,
on-board H2 production from liquid fuels as an effective option is widely investigated
(Agrell et al, 2003). Methanol has been identified as a prominent liquid fuel to
produce H2 because it has a low boiling point, a high hydrogen to carbon ratio, and no
strong C—C bonds (Huang et al., 2009). Thus, it is easily reformed at a relatively low
temperature using either steam or oxygen. Moreover, this reforming process reduces
chances of coke formation during the reaction (Agrell ef al., 2003). Hydrogen can be
produced from methanol by several different catalytic processes: (i) partial oxidation,
(i) steam reforming, and (iii) autothermal steam reforming. Partial oxidation of
methanol (POM, Eq. (1)) is an exothermic reaction with a high reaction rate, however,
the important drawback of POM is the formation of hot spots, resulting in sintering
and decreasing of catalyst activity (Alejo ef al., 1997; Velu et al., 2001; Papavasiliou
et al., 2004). Steam reforming of methanol (SRM, Eq. (2)) is an endothermic reaction
which provides high H2 concentration. Unfortunately, SRM processes involve slow
heat transfer in the catalytic bed, causing slow response start-up (Alejo et al., 1997,
Papavasiliou et al., 2004). A third process which is an attractive and promising way
for Hz production is autothermal steam reforming of methanol (ASRM, Eq. (3)), also
known as oxidative reforming of methanol (OSRM). The ASRM process is a
combination of POM and SRM (Patel and Pant, 2007), in which methanol and steam
are supplied simultaneously with oxygen to the reactor system. The overall ASRM
reaction is thermal-neutral or only moderately exothermic because the exothermic
oxidation of POM supplies energy for the endothermic reforming of SRM (Brown,
2001; Reitz et al., 2001). More importantly, the ASRM process generates low carbon
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monoxide yield and high H2 concentration with a high reaction rate (Pérez-Hernandez

et al., 2007).

CH3;OH + 1202 <+ 2H2+CO: AH%9g8=-192.2 kJ/mol ! (1)
CH3;OH + H20 < CO2+3H> AH%9s=+49.7 kJmol ! )
CH3OH + (1-2a)H20 + a02 €+ (3-2a)H2+CO2 0.5>a>0 3)

AH%os = -241.8(2a) + 49.5 kJ/mol !

Copper- based catalysts are commonly employed for ASRM (Huang and
Wang, 1986; Huang and Chren, 1988). Velu et al. (2000) reported highly selective
hydrogen production via ASRM over CuZnAl( Zr) - oxide catalysts derived from
hydroxycarbonate precursors containing hydrotalcite/ aurichalcite phase. Shan et al.
(2004) prepared Ceo.9Cuo.10y catalysts by complexation—combustion methods for
ASRM and found 85% methanol conversion with 90% H> yield was obtained at 240
°C. Turco et al. (2007) studied ASRM reaction over Cu/ZnO/Al203 catalysts derived
from layered double hydroxide (LDH) precursors and concluded that the catalytic
performance for ASRM depends on the composition of the catalysts. Murcia-Mascaros
et al. (2001) synthesized CuZnAl catalysts for ASRM derived from hydrotalcite-like
precursors, reporting methanol conversion of 73% with 67% Hz selectivity and no CO
selectivity. They also found Cu2O species on the active catalyst surface during the
ASRM reaction. Pérez-Hernandez et al. (2007) reported that catalysts with 2 and 6
wt% of Cu supported on CeO2 exhibit high activity for H2 production via ASRM with
almost 100% methanol conversion for both catalysts. The presence of CeO: as a
support material in Cu-based catalysts can promote the catalytic performance for SRM
and ASRM reactions due to its redox cycle between Ce*" and Ce’", leading to high
oxygen storage capacity with reversible addition and removal of oxygen in its fluorite
structure, and which results in the presence of highly active oxygen (Shan et al., 2004;
Patel and Pant, 2006; Srisiriwat et al., 2009). It is also known that the incorporation
of zirconia (ZrO) into CeO2 effectively improves oxygen storage capacity of CeOz,
redox activity, thermal stability, and metal dispersion causing better catalytic
performance (Roh et al., 2004; Srisiriwat et al., 2009). Furthermore, a mesoporous
support structure with high surface area and uniform pores has facilitated good

properties for various metals or catalytic active species, favorably influencing the
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performance of the catalytic system (Ceika, 2003; Calles ef al., 2009; Eswaramoorthi
and Dalai, 2009). Although, many researchers have studied on ASRM reaction over
Cu-based catalysts, up-to-date, there were no reports indicating the use of both high
surface area mesoporous CeO2 and CeO2-ZrO2 support prepared via nanocasting
process with Cu catalyst for ASRM reaction. In this work, the catalytic performance
and stability for the ASRM reaction were thus investigated for high surface area Cu-
loaded mesoporous CeO2 and Cu-loaded mesoporous CeO2-ZrOz catalysts synthesized
via a nanocasting technique, followed by the deposition-precipitation (DP) method.
The effects of operating variables, viz. % Cu content, reaction temperature,
H>O/CH30H molar ratios, and reaction time, were studied. Moreover, the
characteristics of the catalysts after ASRM reaction were characterized using various

analytical techniques.

6.3 Experimental

6.3.1 Chemicals

Fumed silica (Si02, 99.8%, Nippon Aerosil, Japan), triethanolamine
(TEA, QR&c chemical, Thailand), ethylene glycol (EG, 99%, J.T. Baker, USA), HP
grade nitrogen (N2, 99.98% purity, Thai Industrial Gases Public Company Limited
(TIG), Thailand), acetonitrile (CH3CN, 99.9%, Labscan, Thailand),
cetryltrimethylammonium bromide (CTAB, 96.0%, Fluka, Germany), cerium(III)
nitrate hexahydrate (Ce(NO3)3.6H20, 99%, Sigma-Aldrich, Germany), zirconium
oxide chloride octahydrate (ZrOCl2.8H20, 99.9%, Merck, Germany), copper(Il)
nitrate trihydrate (Cu(NO3)2.3H20, 99.5%, Merck, Germany), ethanol (CH3CH20H,
99.9%, Labscan, Thailand), sodium hydroxide (NaOH, 99%, Labscan, Thailand),
sodium carbonate (Na2CO3, 99.8%, Ajax, Thailand), and methanol (CH30H, 99.9%,

Labscan, Thailand) were used without further purification.

6.3.2 Catalyst Preparation

Following Wongkasemjit’s synthetic method (Phiriyawirut et al.,
2003) to prepare silatrane, a mixture consisting of 0.1 mol fumed silica, 0.125 mol

TEA, and 100 ml EG was refluxed at 200 °C under nitrogen atmosphere for 12 h in an



102

oil bath. The excess EG was then removed under vacuum at 110 °C to obtain a crude
brown solid. The product was washed with acetronitrile, followed by vacuum-drying
to obtain white silatrane for use as a silica source for MCM-48 preparation. The
synthesis of MCM-48 followed Longloilert’s synthetic method (Longloilert et al.,
2011), using a molar composition of Si02:CTAB:NaOH:H20 = 1:0.3:0.5:62. CTAB
as surfactant was dissolved in aqueous solution containing 2 M NaOH. The mixture
was continuously stirred at 50 °C until the solution was homogeneously dissolved,
after which silatrane was added to the mixture with constant stirring at 50 °C for 1 h.
Then, the mixture was transferred to a Teflon-lined stainless steel autoclave and treated
at 140 °C for 16 h. The obtained solid product was collected by filtration, dried, and
calcined at 550 °C for 6 h to remove all organic components.

Mesoporous CeO2 and CeO2-ZrO2 supports were synthesized via the
nanocasting method by using MCM-48 as template (Jampa et al., 2017). For
preparation of mesoporous CeO2, 50 wt% of Ce(NO3)3.6H20 as a precursor was mixed
with MCM-48 in 5 ml of ethanol and continuously stirred for 30 mins. Ce(NO3)3.6H20
and ZrOCL.8H20 in a molar ratio of Ce:Zr = 0.75:0.25, used as precursors to
synthesize mesoporous CeO2-ZrO:2, were dissolved in 5 ml of ethanol and then MCM-
48 was directly added to the mixture, with constant stirring for 4 h. Afterward, ethanol
was removed by evaporation in an oven at 100 °C. The obtained solid product was
calcined at 550 °C for 6 h. The template was removed by stirring 3 times with 2 M
NaOH at 50 °C. The resulting product was washed with deionized water until neutral
and dried at 80 °C overnight.

Cu loaded mesoporous CeO2 (Cu-C) and Cu loaded mesoporous CeO»-
ZrOz supports (Cu-CZ) were prepared by the deposition-precipitation (DP) technique,
initially, Cu(NO3)2.3H20 (Cu loadings of 1, 3, 5, 7, 9, and 12% by wt.) was dissolved
in aqueous solution [30]. Mesoporous support was then added to the aqueous solution
of Cu(NO3)2.3H20 under constant stirring at room temperature for 1 h. Na2COs3
solution was added dropwise to the mixture until its pH ~ 7 in order to precipitate the
Cu ions. Next, the mixture was heated to 80°C and then aged for another hour. The

resulting solid was filtered, washed with warm distilled water and dried at 80°C
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overnight. Eventually, the product was calcined in air at 500 °C for 6 h to obtain Cu-

C and Cu-CZ catalysts.

6.3.3 Catalyst Characterization

The specific surface area of catalysts was determined by the Brunauer-
Emmett-Teller (BET) method by N2 adsorption-desorption at -196 °C using a
Quantachrome Autosorb-1. Wide angle x-ray diffraction (WAXD) patterns of
catalysts were obtained by a Rigaku Smartlab® diffractometer with a scanning speed
of 1°min™! and CuKa radiation (A= 1.5406 A) in a range of 20 = 20-80°. The crystallite
size of the catalysts was also calculated by applying the Debye—Scherrer equation. X-
ray photoelectron spectra of catalysts were collected with a XPS Kratos AXIS Ultra
DLD spectrometer using monochromatic AlKa X-ray radiation (15 kV) at a pressure
lower than 5 x 107 Torr. All the binding energy (BE) values were calibrated using C1s
peak fixed at 284.6 eV. The chemical composition and oxidation states at the catalyst
surface were obtained. Temperature-programmed oxidation (TPO) was used to
measure the amount of carbon formation on the catalysts. About 60 mg of sample was
contained in a quartz tube reactor. The sample was oxidized by 5.27% O2/He (v/v) at

a heating rate of 10 °C/min with a gas flow rate of 30 ml/min.

6.3.4 Catalytic Activity

The catalytic activity measurement for oxidative steam reforming of
methanol was performed in a fixed-bed reactor. 100 mg of catalyst was contained in
the reactor and fixed in the middle of the reactor by quartz wool. The catalytic test was
carried out over a temperature range from 200 to 400 °C at atmospheric pressure. The
catalyst temperature was controlled by a thermocouple directly contacting with the
reactor. The mixture of distilled water and methanol was pumped consistently by a
syringe pump at a rate of 1.5 ml/ h to a vaporizer set at 160 °C to generate a vapor
mixture of methanol and steam. The mixture vapor was mixed with He carrier gas (45
ml/min) and oxygen (5 ml/min) before being fed into the catalytic reactor. The outlet
stream passed through condenser cooled by ice bath to condense some liquid. The

effluent gases from the reactor (e.g. H2, CO2 and CO) were analyzed by a Hewlett
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Packard 5890 series II gas chromatograph equipped with a thermal conductivity
detector (TCD) and carbosphere (80/100 mesh) column (10 ft x 1/8 inch). The effect
of % Cu loading from 1 to 12 %wt. on the ASRM reaction was studied in this
experiment. The H2O/CH3OH molar ratios were varied from 1/1 to 3/1. Moreover, the

stability of the catalysts was tested for 168 h.

6.4 Results and Discussion

6.4.1 Textural and Structural Properties

The BET specific surface areas of all fresh and spent catalysts,
measured by N2 adsorption at -196 °C, are listed in Table 6.1. Mesoporous CeO2 and
mesoporous CeO2-ZrO2 supports each showed large specific surface areas around 260

m?g’!, and still retained some order from the MCM-48 template (Jampa et al., 2017).

The addition of Cu content onto both mesoporous supports causes a decrease in the
specific surface area of the catalysts due to the presence of small CuO crystallites in
the pores of the mesoporous supports, obstructing the adsorption of N2 during the BET
experiment (Araujo et al., 2012). Interestingly, a slight decrease of specific surface
area of the catalysts did show no effect on the catalytic activity. Furthermore, the
specific surface areas of all catalysts after ASRM process decreased, as compared to
the fresh catalysts, because of the phenomenon of the metal sintering or agglomeration
from high reaction temperature and deposition of carbonaceous species, such as
amorphous carbon and carbonate species (Avgouropoulos and loannides, 2006;
Djinovic et al., 2010).

The XRD patterns of all fresh and spent catalysts observed in the range
of 20° and 80° are illustrated in Figure 6.1. All fresh Cu-C and Cu-CZ catalysts showed
the characteristic diffraction peaks at 28.51°, 33.12°, 47.78°, 56.75°, 69.61°, 76.94°
and at 28.77°, 33.28°, 47.98°, 56.84°, 69.98°, 77.28°, as shown in Figure 6.1A and
6.1B, respectively. These peaks which correspond to {1 1 1}, {2 00}, {220}, {31
1}, {4 00}, and {3 3 1} planes, respectively, indicated the fluorite-type cubic crystal
structure of the CeO2 phase (Reddy et al., 2005; Zhou et al., 2005). The diffraction
peaks of all fresh Cu-CZ catalysts appeared at slightly higher 20 than those of all fresh
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Cu-C catalysts due to the incorporation of the smaller Zr*" cations (0.084 nm) to Ce**
cations (0.097 nm) (Rao and Sahu, 2001; Reddy et al., 2005). Perez-Hernandez et al.
(2011) also showed XRD patterns of both Ni/CeO2 and N1/CeO2-ZrO2, indicating that
the diffraction peaks of the catalysts were shifted to the higher 20 when adding the
amount of ZrOx. Figures 6.1C and 6.1D presenting the XRD patterns of Cu-C and Cu-
CZ catalysts after ASRM reaction showed that the diffraction peaks of all catalysts
still appeared at the same 20 position as fresh catalysts from which we can postulate
that Cu-C and Cu-CZ catalysts still retain fluorite-type cubic crystal structure of the
CeOz phase after the ASRM reaction. Interestingly, all fresh and spent catalysts, except
12%Cu-C and 12%Cu-CZ, exhibited no diffraction peaks from CuO crystallites
possibly due to a high dispersion of CuO, or the formation of an interfacial solid
solution between CuO and support (Delimaris and Ioannides, 2009), or that the CuO
crystallites were very small (Shan et al, 2003), resulting in a good catalytic
performance for ASRM reaction due to no agglomeration of CuO. However, fresh and
spent catalysts of 12%Cu-C and 12%Cu-CZ presented very small diffraction peaks of
Cu species, as the result of agglomeration of Cu species.

Both crystallite sizes of ceria and unit cell parameters of fresh and spent
catalysts are summarized in Table 6.2. The crystallite sizes of ceria of fresh and spent
catalysts are calculated from the diffraction peak broadening at {1 1 1} plane by using
Scherrer's equation. At 1, 3,5, 7,9, and 12 wt% Cu contents of the fresh Cu-C and Cu-
CZ catalysts, the crystallite sizes of ceria are very similar while those of ceria in the
spent catalysts slightly increase after ASRM reaction due to the occurrence of catalyst
aggregation, as mentioned previously. Moreover, the unit cell parameters of the fresh
and the spent catalysts evaluated from the diffraction peak at {I 1 1} plane using
Bragg’s equation also indicate no significant differences, consistent with the fact that

negligible change is seen in crystallite sizes of ceria after ASRM reaction.

6.4.2 Evaluation of Catalytic Performance for ASRM Reaction
6.4.2.1 Effect of Reaction Temperature

The temperature dependence of catalytic activity for ASRM
over Cu-C and Cu-CZ catalysts at various % Cu contents is illustrated in Figure 6.2.

For all catalysts, the major produced gases are Hz, CO2, and CO. The Cu-C catalysts
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with 5, 7,9 and 12 wt% Cu loadings provide high methanol conversion more than 80%
at the beginning of reaction temperature while the 9%Cu-CZ catalyst achieves more
than 90% methanol conversion at 200 °C. From Figure 6.2A and 6.2B, it can be clearly
seen that the ASRM reaction is favored by increase of the reaction temperature. The
%H:2 yield, as shown in Figure 6.2C and 6.2D, corresponds to methanol conversion in
a temperature range from 200° to 400 °C, giving a maximum % H> yield of 60%.
Figures 2E and 2F exhibit the selectivity of ASRM reaction toward H2 and CO. It is
found that the 9%Cu-C and the 9%Cu-CZ give Hz selectivity around 60% over the
whole range of reaction temperatures. In term of CO selectivity, it can be seen that CO
production from ASRM reaction over 9%Cu-C and 9%Cu-CZ catalysts is quite low
and H2 and COz are the primary products. However, CO formation increases with
increasing temperature, as shown in Figure 6.2E and 6.2F, because CO is generated at
high temperature by the reverse water-gas shift reaction (RWGS, Eq. (4)) (Breen and
Ross, 1999).

CO2 + H2 <= CO + H20 AH%98=+41 kJmol ! %

6.4.2.2 Effect of %Cu Content

Various Cu loadings also have an effect on catalyst behavior
for the ASRM reaction, as presented in Figure 6.2A and 6.2B. The methanol
conversion increases with increasing the Cu content up to 9 wt% and then decreases
upon increasing the Cu content to 12 wt% because of the agglomeration of Cu species
at 12 wt% Cu content which is confirmed by XRD results in Figure 6.1, causing the
decrease of active sites on catalyst. Both 9%Cu-C and 9%Cu-CZ provide the highest
methanol conversion and Hz yield, as compared to the other catalysts. Sa et al. (2010)
explained that high catalytic performance of Cu-based catalysts was a function of Cu
dispersion, surface area, and small particle sizes. Moreover, Wang et al. (2005)
reported that the catalytic activity for ASRM was improved by the appearance of a
catalyst-support interaction, specifically the formation of interfacial active centers

between CuO and the oxygen vacancy sites of CeOz.
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During the ASRM reaction involving POM, Eq. (1) and SRM,
Eq. (2) reactions, it is also found that methanol can interact with the -OH groups of
CeO2 and CeO2-ZrO: supports, having oxygen vacancy sites, to generate methoxide
and water molecules (Velu et al., 2000). The adsorbed methoxide species are
dehydrogenated into formaldehyde and hydrogen. Then, formaldehyde is hydrolyzed
to form methanol and formic acid, which subsequently decomposes into H2 and COx.
Thus, the important role of CuO is to adsorb H> generated on the surface of the support
and subsequent release desorbed H: into the system (Velu et al., 2000). Breen et al.
(1999) suggested the sequence of the reactions, as presented in Eq. (5), (6), and (7),

over Cu-based catalysts:

2CH;OH —» CH3OCHO + 2H> (5)
CH3O0CHO + HO —» HCOOH + CHsOH (6)
HCOOH —/» CO: + He (7)

6.4.2.3 Effect of H:2O/CH30H Molar Ratio

The influence of H2O/CH30H (W/M) molar ratios of 1/1, 2/1
and 3/1 on the catalytic performance for the ASRM reaction over 9%Cu-C and 9%Cu-
CZ catalysts is shown in Figure 6.3. This study was carried out over a temperature
range from 200 to 400°C using a constant feed of Oz at 5 ml/min. It can be seen from
Figure 6.3 that the catalytic performance in terms of methanol conversion and H: yield
at all H2O/CH30H molar ratios increases weakly with increasing reaction temperature.
In addition, the catalytic activity is also enhanced with increase of the H2O/CH30H
molar ratio from 1/1 to 2/1 and 1/1 to 3/1 because the increase of steam level can
importantly promote the SRM reaction which is an endothermic component of the
ASRM reaction (Velu et al., 2001; Pojanavaraphan et al., 2012). At a H2O/CH30OH
molar ratio of 2/1, 9%Cu-C and 9%Cu-CZ catalysts exhibit the highest catalytic
performance over the whole range of reaction temperatures when compared to
H>O/CH30H molar ratios of 1/1 and 3/1. The decrease of catalytic activity after
increasing the H2O/CH30H molar ratio to 3/1 can be explained by the formation of
carbonate, formate and hydroxyl species, which are formed during the ASRM reaction

at high levels of steam. These species can block and deactivate the catalytic sites,
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causing a reduction in catalytic performance (Datel and Haruta, 2001; Pojanavaraphan

etal., 2015).

6.4.2.4 Stability of Catalysts

The stabilities of both 9%Cu-C and 9%Cu-CZ catalysts were
studied during the ASRM reaction over a period of 168 h, at reaction temperatures of
350° and 300 °C, respectively, using a H2O/CH30H molar ratio of 2/1 and a constant
O2 feed at 5 ml/min. The time dependence of the catalytic efficiency is illustrated in
Figure 6.4, showing that the methanol conversion and the Hz yield of both catalysts
(Figure 6.4A and 6.4B) gradually decreased from around 95 to 75% and around 55 to
35%, respectively. As a result, we infer that coke formation and agglomeration of the
catalysts during the ASRM reaction interrupts the active sites of the catalyst surfaces,
causing the reduction of the catalyst performance (Patel and Pant, 2006;
Pojanavaraphan ef al., 2014). Interestingly, the 9%Cu-CZ catalyst exhibits lower CO
selectivity than that of the 9%Cu-C catalyst. This phenomenon can be explained on
the basis that the incorporation of ZrO: into the catalyst support can enhance H2
production but with lower CO selectivity (Velu ef al., 2000; Perez-Hernandez et al.,
2008). The previous studies reported that the addition of ZrO: into CeO2 improved not
only the redox property and thermal stability but also oxygen storage capacity,
resulting in a better performance in CO oxidation reaction which caused a low CO
level during ASRM reaction (Biswas and Kunzru, 2008; Srisiriwat et al., 2009).
Furthermore, it can be observed that the increase in CO selectivity of the 9%Cu-C
shows an initial steep rise to a plateau and later a second steep rise to a second plateau.
Purnama et al. (2004) reported that the level of CO formation in methanol-steam
reforming over copper-based catalysts can be influenced by particle size of catalyst.
The lower levels of CO can be achieved by using a very small particle size, where
intraparticle diffusion limitation disappears. So, the obvious increase in CO selectivity
of the spent 9%Cu-C can be explained by agglomeration of catalyst during ASRM
reaction, causing the formation of much larger Cu particle size about 19.2103 nm,
calculating Scherrer's equation.

To confirm the agglomeration of the 9%Cu-C and 9%Cu-CZ
catalysts after the ASRM stability tests, XRD patterns of each catalyst were obtained
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and are shown in Figure 6.5. The spent 9%Cu-C and 9%Cu-CZ catalysts exhibit
characteristic diffraction peaks at the same positions as for the fresh catalysts,
corresponding to the fluorite-type cubic crystal structure of the CeO: phase.
Nevertheless, the crystallite sizes of ceria in the spent catalysts after 168 h ASRM
operation, as shown in Table 6.2, evidently increase and diffraction peaks of Cu
species, such as CuO, Cu20, and metallic Cu are clearly present, as a result of
aggregation and/or sintering of catalysts during the ASRM reaction. During ASRM
reaction, Cu®" could be reduced to Cu'" and Cu’, and Cu'" and Cu® could also be
oxidized to Cu** by synergistic function between Cu?*/Cu’ and Ce**/Ce*" (Shan et al,
2004). There are many studies confirming that both Cu®" and its reduced form can
show good activity for ASRM. Perez-Hernandez et al. (2007) studied catalytic
performance of Cu/CeOz catalyst at various Cu contents for ASRM reaction. Their
prepared catalysts were reduced with a H2 (5%)/He stream at 330 °C for 1 h before an
activity test. They found that at higher temperatures the 6Cu/CeO: catalyst had the best
performance towards Hz. It was proved that the reduced form of copper was also active
for ASRM reaction. Udani et al. (2009) studied steam reforming (SRM) and oxidative
steam reforming of methanol (OSRM or ASRM) reactions over CuO-CeOz catalysts
synthesized by the coprecipitation method. Without reducing the CuO-CeOxz catalysts
before activity testing, they found that 70 wt% of CuO CeOz2 catalyst exhibited the
highest activity in the temperature range of 160-300 °C for both SRM and ASRM. It
can be indicated that CuO is an important, active form for ASRM reaction.

In addition, the significant decrease in the BET specific surface
area of the spent 9%Cu-C and 9%Cu-CZ catalysts from 206 to 64 m?g™! and 165 to 78
m?g!, respectively, is evidence that supports the aggregation of the spent catalysts
during ASRM stability tests.

To evaluate the formation of coke or other carbonaceous on the
spent catalysts during stability tests TPO measurements were performed. The TPO
profiles of the spent 9%Cu-C and 9%Cu-CZ catalysts after the stability testing for 168
h are shown in Figure 6.6. It can be seen that the spent 9%Cu-C catalyst presents
oxidation peaks at 207° and 296 °C, whereas the oxidation peaks of the spent 9%Cu-

CZ catalyst appear at 266° and 484 °C. Two distinct oxidation peaks indicate two
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different types of coke or carbonaceous species which are deposited on the surface of
the spent catalysts. The oxidation peaks at low temperatures of 207°, 266, and 296 °C
are assigned to the oxidation of the poorly polymerized coke deposited on the catalyst
particles while the other oxidation peak at a high temperature of 484 °C is assigned to
highly polymerized coke deposited near the catalyst-support interface
(Luengnaruemitchai and Kaengsilalai, 2008). In this work, the amounts of coke
deposited on the spent 9%Cu-C and 9%Cu-CZ catalysts are 0.39 and 0.29 wt%,
respectively, as shown in Table 6.3. Carbon monoxide formation during the reaction
is another important source of coke formation (Faungnawakij et al., 2006). The amount
of coke on the spent 9%Cu-C is slightly higher than that on the spent 9%Cu-CZ
because the 9%Cu-C catalyst shows higher CO selectivity during the ASRM reaction.
From the TPO results, it is confirmed that the catalytic activities of both 9%Cu-C and
9%Cu-CZ catalysts are indeed inhibited by coke formation.

Moreover, TEM images were investigated to confirm coke
formation on the spent catalysts. TEM images of the fresh and the spent 9%Cu-C and
9%Cu-CZ catalysts after the stability testing for 168 h are shown in Figure 6.7. The
fresh 9%Cu-C and 9%Cu-CZ catalysts show the long-range three-dimensional order
structure whereas the spent 9%Cu-C and 9%Cu-CZ catalysts exhibit much less order
structure due to the coke formation after stability testing on catalysts. The TEM images
of both spent catalysts obviously indicate a large amount of agglomerated carbon,
causing the decrease of catalytic activity.

Finally, the XPS technique was used to establish the oxidation
states of Cu species located on the catalyst surface. Figure 6.8 shows XPS spectra of
fresh and spent 9%Cu-C and 9%Cu-CZ catalysts. All catalysts exhibit a prominent
peak of Cu 2ps32 at a binding energy in the range of 932.2-933.1 eV which is
characteristic of reduced Cu species (Cu20 or Cu), and a Cu 2p1,2 peak at around 952.8
eV. In addition, shake-up peaks of both fresh and spent catalysts at 937.4-947.9 eV
indicate the presence of Cu?* species (CuO) on the catalyst surface (Kundakovic and
Flytzani-Stephanopoulos, 1998; Zhang ef al., 2014; Jeong et al., 2015). From the XPS
result, it can be confirmed that both 9%Cu-C and 9%Cu-CZ catalysts contain various

Cu species, consistent with the XRD results presented in Figure 6.5.
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6.5 Conclusions

In this work, Cu loaded mesoporous CeO2 and Cu loaded mesoporous CeO:-
ZrO2 catalysts with high surface area, successfully prepared via nanocasting and
deposition-precipitation techniques using MCM-48 as a hard template, were
investigated for Hz production by autothermal steam reforming of methanol (ASRM).
The XRD patterns confirm high dispersion of Cu species on the mesoporous CeO2 and
Ce02-ZrO: supports. Both catalysts have large BET specific surface areas of 259 and
256 m’g’!, respectively. Generally, higher Cu contents in catalysts can increase
catalytic activity of the ASRM reaction. However, excess Cu content loaded on the
supports, 12%Cu-C and 12%Cu-CZ, can cause the agglomeration of Cu species,
leading to a significant decrease in catalyst surface area and active sites, and a decrease
in catalytic performance. Among all synthesized catalysts, 9%Cu-C and 9%Cu-CZ
catalysts exhibit the best catalytic behavior. Methanol conversion of 100% and H>
yield of 60% are achieved at 350 °C for 9%Cu-C and at 300 °C for 9%Cu-CZ catalysts
in the presence of Oz at 5 ml/min with H2O/CH30H molar ratios of 2/1. Furthermore,
9%Cu-C and 9%Cu-CZ catalysts generate H> yields of around 34% and 36%,
respectively, after stability testing for 168 h with low CO selectivity. The introduction
of ZrOz into the catalyst support in 9%Cu-CZ enhances the catalytic activity albeit
with very low CO selectivity compared to 9%Cu-C. Promisingly, the high
performance ASRM reaction over 9%Cu-C and 9%Cu-CZ catalysts can be utilized for
on-board hydrogen production for polymer electrolyte fuel-cells (PEMFC) to generate

energy for vehicles.
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Table 6.1 BET specific surface areas of all fresh and spent catalysts
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ASRM BET specific surface
Sample composition Sample condition area Spetan’g )
abbreviation
(W:m) Fresh Spent
1 wt.%Cu-CeO2 1%Cu-C 2:1 226 180
3 wt.%Cu-CeO2 3%Cu-C 2:1 218 178
5 wt.%Cu-CeO2 5%Cu-C 2:1 214 152
7 wt.%Cu-CeO2 7%Cu-C 2:1 219 151
9 wt.%Cu-CeO2 9%Cu-C 2:1 206 146
12 wt.%Cu-CeO2 12%Cu-C 2:1 204 140
9 wt.%Cu-CeO2 9%Cu-C | 2:1 (stability) 206 64
1 wt.%Cu-Ceo.75Zr0.2502 1%Cu-CZ 2:1 204 123
3 wt.%Cu-Ceo.75Z10.2502 3%Cu-CZ 2:1 203 128
5 wt.%Cu-Ceo.75Z10.2502 5%Cu-CZ 2:1 188 126
7 wt.%Cu-Ceo.75Z10.2502 7%Cu-CZ 2:1 179 130
9 wt.%Cu-Ceo.75Z10.2502 9%Cu-CZ 2:1 165 107
12 wt.%Cu-Ceo.75Zr0.2502 | 12%Cu-CZ 2:1 151 103
9 wt.%Cu-Ceo.75Z10.2502 9%Cu-CZ | 2:1 (stability) 165 78
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ASRM Crystallite size of ceria® Unit cell parameter®

Catalysts condition (nm) (nm)
(w:m) Fresh Spent Fresh Spent
1%Cu-C 2:1 3.8139 4.4814 5.4176 5.4105
3%Cu-C 2:1 3.8875 4.0299 5.4172 5.3997
5%Cu-C 2:1 3.8978 4.1603 5.4148 5.3955
7%Cu-C 2:1 3.8639 3.9989 5.3969 5.3991
9%Cu-C 2:1 3.8598 4.0797 5.4069 5.3906
12%Cu-C 2:1 3.8233 4.0412 5.3829 5.3977
9%Cu-C | 2:1 (stability) 3.8598 6.6532 5.4069 5.3945
1%Cu-CZ 2:1 3.6446 4.3277 5.3760 5.3853
3%Cu-CZ 2:1 3.6200 4.0028 5.3707 5.3644
5%Cu-CZ 2:1 3.5713 3.8972 53714 5.3665
7%Cu-CZ 2:1 3.6572 3.6168 5.3688 5.3557
9%Cu-CZ 2:1 3.6918 3.8294 5.3844 5.3504
12%Cu-CZ 2:1 3.5465 3.7602 5.3678 5.3645
9%Cu-CZ | 2:1 (stability) 3.6918 6.3800 5.3844 5.6914

® Average crystallite size of ceria calculated from XRD data at (1 1 1) plane using

Scherrer’s equation

b Unit cell parameter of catalysts calculated from XRD data at (1 1 1) plane using

Bragg’s equation
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Oxidation | Used Oz for Amount Amount
Sy % of coke
Sample temperature | oxidation of copper of coke (Yowt)
1) (1]
°C) (umol/g) (mg) (mg)
9%Cu-C 243 8.28 1.52 - -
9%Cu-C
after stability | 207, 296 455.47 1.52 3.94 0.39
testing
9%Cu-CZ 237 14.26 1.82 - -
9%Cu-CZ
after stability | 266, 484 396.23 1.82 4.76 0.29
testing
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Figure 6.1 Wide angle XRD patterns of (A) fresh Cu-C catalysts; (B) fresh Cu-CZ
catalysts; (C) spent Cu-C catalysts and (D) spent Cu-CZ catalysts at various Cu

contents.
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Figure 6.2 (A) The methanol conversion of Cu-C catalysts; (B) The methanol
conversion of Cu-CZ catalysts; (C) The Hz yield of Cu-C catalysts; (D) The Hz yield
of Cu-CZ catalysts; (E) The gas selectivity of 9%Cu-C catalyst; (F) The gas selectivity
of 9%Cu-CZ catalyst. (Reaction condition: H2O/CH30H=2/1, Oz 5 ml/min)
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Figure 6.3 The effect of H2O/CH3OH (W/M) molar ratio on catalytic performance
(A) The methanol conversion of 9%Cu-C catalyst; (B) The methanol conversion of
9%Cu-CZ catalyst; (C) The Hz yield of 9%Cu-C catalyst; (D) The Hz yield of 9%Cu-

CZ catalyst. (Reaction condition: Oz 5 ml/min)
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Figure 6.4 Stability testing of 9%Cu-C and 9%Cu-CZ catalysts (A) The methanol
conversion; (B) The H: yield; and (C) The CO selectivity. (Reaction conditions:
H>0/CH30H=2/1; O2 5 ml/min; reaction temperature at 350 °C for 9%Cu-C and
300°C for 9%Cu-CZ; and time-on-stream per catalyst 168 h)
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Figure 6.5 Wide angle XRD patterns of (A) spent 9%Cu-C catalyst; (B) spent 9%Cu-
CZ catalyst after stability testing for 168 h.

Figure 6.6 TPO profiles of (A) spent 9%Cu-C catalyst; (B) spent 9%Cu-CZ catalyst
after stability testing for 168 h.
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Figure 6.7 TEM images of (A) and (B) fresh 9%Cu-C catalyst, (C) and (D) fresh
9%Cu-CZ catalyst, (E) and (F) spent 9%Cu-C catalyst, and (G) and (H) spent 9%Cu-
CZ catalyst after stability testing for 168 h.

Figure 6.8 (A) Cu 2p XPS spectra of fresh 9%Cu-C catalyst and spent 9%Cu-C
catalyst after stability testing for 168 h; and (B) Cu 2p XPS spectra of fresh 9%Cu-CZ
catalyst and spent 9%Cu-CZ catalyst after stability testing for 168 h.



CHAPTER VII
HIGH POTENTIAL OF MESOPOROUS CERIA/CERIA-ZIRCONIA
SYNTHESIZED VIA NANOCASTING PATHWAY FOR CATALYTIC
APPLICATIONS

7.1 Abstract

Presently, nanocasting process, an alternative synthesis pathway, has been
widely employed to synthesize ordered nonsiliceous mesoporous materials. In this
work, mesoporous CeO2 (C) and mesoporous CeO2-ZrO2 (CZ), were successfully
prepared via nanocasting method using MCM-48 as a hard template. Both C and CZ
supports provided ordered structure with high specific surface area. Copper (Cu)
loaded onto C and CZ supports by deposition- precipitation (DP) method exhibited
high dispersion of Cu species. The structures and properties of both catalysts play a
crucial role to interesting catalytic applications, such as preferential oxidation of CO
(CO-PROX) and oxidative steam reforming of methanol (OSRM). The Cu-C and Cu-
CZ catalysts showed good potential for CO-PROX reaction with 100% CO conversion
at 110° and 130 °C, respectively, and also exhibited excellent catalytic performance

for OSRM reaction with 100% methanol conversion at 350° and 300 °C, respectively.

(Keywords: Mesoporous ceria/ceria-zirconia, Catalytic applications)
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7.2 Introduction

Porous materials, divided into three classes; microporous ) <2 nm( ,
mesoporous )2-50 nm( and macroporous )>50 nm( materials (Sing et al., 1985), have
been extensively studied for several applications, especially ordered mesoporous
materials. Due to their extremely large surface area within a relatively small volume,
mesoporous materials show promising potential to use as adsorbents, catalysts,
catalyst supports, chemical sensors and molecular separation (Ciesla et al., 1999; Wan
et al, 2007). An alternative synthesis pathway, nanocasting process, has been
developed to obtain ordered nonsiliceous mesoporous materials that are difficult to
synthesize by conventional processes (Yang et al., 2005). The nanocasting process
involves in three main steps: i( formation of the template; ii( the casting step with
precursors and iii( removal of the template (Lu and Schuth, 2006). This method can
occur in a limited nanospace of template and the sintering of precursors is restricted in
the limited nanopores, resulting in the achieved materials having high surface area and
special nanostructure (Tang et al., 2015). The hard templates for nanocasting process
show important potential over the soft template because the hard templates provide
well- ordered structure of frameworks, generating high surface areas and ordered
structure of replica (Deeprasertkul et al, 2014). Cubic MCM-48 as mesoporous
material, indexed in the space group of /a3d, is a good candidate using as hard template
in nanocasting process on account of its three- dimensional pore structure and
interconnected channels, reducing diffusion limitations and avoiding pore blockage of
reactants (Monnier et al., 1993).

Ceria )CeO2, C(, a fluorite-type oxide, is the most important rare-earth oxide
for the oxidation reactions because of its redox cycle between Ce*" and Ce*" and high
oxygen storage capacity JOSC( (Shan et al., 2003; Madier et al., 1999). Furthermore,
the introduction of zirconia ) ZrO2, Z( to C is an alternative way to improve thermal
resistance, redox property, and oxygen storage and release capacity of pure C
(Trovarelli et al., 2001). Therefore, both C and CZ are the excellent supports for many
metal catalysts. In this study, mesoporous C and mesoporous CZ supports were
prepared via nanocasting process using MCM-48 as hard template. Cu catalyst was

loaded onto supports by the deposition- precipitation ) DP( method. The catalytic
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performance of Cu loaded onto the mesoporous C and CZ supports )Cu-C and Cu-CZ(
was evaluated by preferential oxidation of CO ) CO-PROX( and oxidative steam
reforming of methanol YOSRM(.

7.3 Experimental

7.3.1 Preparation of Mesoporous CeO2 and CeO2-ZrO2

Mesoporous C and CZ supports were prepared via nanocasting process
using MCM-48 as hard template. In case of mesoporous C preparation, 50 wt% of
Ce(NO3)3.6H20 as a precursor and 50 wt% of MCM-48 were mixed in 5 ml of ethanol
and continuously stirred for 30 min. For preparation of mesoporous CZ,
Ce(NO3)3.6H20 and ZrOCl2.8H20 in a molar ratio of Ce:Zr = 0.75:0.25 were dissolved
in 5 ml of ethanol and then MCM-48 was directly added to the mixture, with constant
stirring for 4 h. Then, ethanol was removed by evaporation in an oven at 100 °C. The
dried powder was calcined at 550 °C for 6 h. MCM-48 was removed by 2 M NaOH at
50 °C. The obtained product was washed with deionized water until neutral and dried

overnight.

7.3.2 Preparation of Cu Loaded Mesoporous CeO2 and CeO2-ZrO2

Cu loaded mesoporous C and CZ were synthesized by the deposition-
precipitation )DP( method. Mesoporous C and CZ were added to aqueous solution of
Cu)NO3(2.3H20 and continuously stirred for 1 h at room temperature. Subsequently,
the mixture was heated to 80 °C, and its pH adjusted to 7 by Na2COs before aging for
another hour. The obtained product was filtered, washed with warm distilled water,

dried overnight, and eventually calcined in air at 500 °C for 6 h.

7.3.3 Catalytic Activity Measurement

The synthesized catalysts were evaluated for the preferential oxidation
of CO by packing 100 mg of catalyst into a U-tube between layers of glass wool. The
reactant gas composition containing 1 vol.% CO, 1 vol.% Oz and 40 vol.% H>

balancing with He was fed into the CO-PROX reactor. The total flow rate of the mixed
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gas was about 50 ml min!. The effluent gas stream was detected by an on-line gas
chromatograph ) Agilent Technologies 6890N( using a carbosphere column and a
thermal conductivity detector )TCD(.

The prepared catalysts were also evaluated for oxidative steam
reforming of methanol. A 100 mg of catalyst was packed in the reactor and fixed by
two layers of quartz wool. The mixture of methanol and distilled water was
continuously pumped by a syringe pump to a vaporizer in order to generate a vapor
mixture of methanol and steam. The mixture vapor was mixed with He carrier gas )45
ml/min( and oxygen )5 ml/min( before being fed into the catalytic reactor. The product
gas stream from the reactor were analyzed by a Hewlett Packard 5890 series II gas
chromatograph equipped with a thermal conductivity detector ) TCD( and carbosphere

column.

7.4 Results and Discussion

7.4.1 Characterization of Synthesized Catalysts

The mesoporous C and mesoporous CZ supports, preparing via
nanocasting process using MCM-48 as template, show similar characteristic peaks at
{211} and {220} to MCM-48. This result indicates that both mesoporous C and
mesoporous CZ supports still maintain some order from the MCM-48 template.

The BET specific surface areas ) Sper( and the average mesopore
diameter )dpore( of mesoporous C and mesoporous CZ supports as well as Cu loaded
mesoporous supports are summarized in Table 7.1. The prepared supports obviously
show the high specific surface area with average pore diameters in the mesoporous
range )2-50 nm( (Sing et al., 1985). The addition of Cu onto supports causes the
decrease of specific surface area of the catalysts because CuO can block the pores of
supports and obstruct the N2 adsorption in the BET experiment.

The phase structure and crystallinity of both supports and Cu loaded
mesoporous supports were confirmed by WAXD in a 26 range of 20° and 80°, as
shown in Figure 7.1. The main peaks of all samples appear at 28.71°, 33.31°, 47.96°,
56.95°, 59.24°,70.00° and 76.93° corresponding to {1 1 1}, {200}, {220}, {311},
{222}, {400}, and {3 3 1} reflections, respectively, and representing the fluorite
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cubic structure (Andrew et al., 1990; Caputo et al., 2008). Surprisingly, the addition
of Cu into both C and CZ supports disappears the change of diffraction patterns and
the intensity of peaks. Furthermore, there are no diffraction peaks of CuO phases at 20
=35.6° and 38.8°. It can be mentioned that the DP method provides the high dispersion
of Cu on C and CZ supports. The absence of the CuO diffraction peak can also confirm
that CuO crystallites are very small (Shan et al., 2003).

7.4.2 Catalytic Activity for Preferential Oxidation of CO YCO-PROX(

The catalytic performance of Cu- C and Cu- CZ catalysts was
investigated for CO-PROX reaction under an excess H2 component in the temperature
range of 50°-250 °C, as shown in Figure 7.2. At the first range of reaction temperature,
CO conversion of both catalysts increase with increasing temperature, but the oxygen
selectivity towards CO2 decreases with temperature. Then, the Cu- C catalyst achieve
100% conversion at 110 °C while the Cu-CZ catalyst reached 100% conversion at 130
°C with the selectivity higher than 50%. Generally, CuO acts as catalyst which can
adsorb CO molecules and it is reduced by CO to produce CO2 molecules. CeO2 and
CeO2-based supports provides lattice oxygens for converting CO to CO2 molecules.
Oxygen competes with CO molecules in order to adsorb on the catalyst and oxygen
vacancies are located at the Cu- CeO: interface (Royer et al.,, 2011). Finally, oxygen
can re-oxidize the surface metal atoms and repopulate oxygen vacancies on the C and
CZ support (Mars et al., 1954). The high activity and selectivity are the important
evidence, indicating that the synthesized catalysts, ordered mesoporous material with

high surface area, show good performance for CO-PROX reaction.

7.4.3 Catalytic Activity for Oxidative Steam Reforming of Methanol YOSRM(

The catalytic activity of Cu-C and Cu-CZ catalysts was evaluated for
oxidative steam reforming of methanol in a temperature range from 200° to 400 °C, as
illustrated in Figure 7.3. The Cu-C catalyst exhibits high methanol conversion more
than 80% at the beginning of reaction temperature while the Cu-CZ catalyst achieves
more than 90% methanol conversion at 200 °C. This result shows that the OSRM

reaction is favored by increase of the reaction temperature. The Cu-C catalyst shows
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methanol conversion of 100% at 350 °C while the Cu-CZ catalyst achieve complete
methanol conversion at 350 °C. The % H2 yield of both catalysts corresponds to
methanol conversion in a temperature range from 200° to 400 °C, providing a
maximum % Hz yield of 60%. Furthermore, CO production from OSRM reaction over
Cu-C and Cu-CZ catalysts is quite low and H2 and CO: are the primary products.
Furthermore, it is found that CO formation increases with increasing temperature since

CO molecules are generated at high temperature by the reverse water-gas shift reaction

(Breen et al., 1999).

7.5 Conclusions

In this study, mesoporous CeO2 and mesoporous CeO2-ZrO2 supports were
successfully prepared via nanocasting process using MCM-48 as hard template. The
C and CZ supports show an ordered mesoporous structure and a high surface area
around 259 and 256 m?g’!. The deposition- precipitation technique was used to load
Cu onto C and CZ supports. Wide angle XRD spectra can confirm that the loading of
Cu onto C and CZ supports does not the change of diffraction patterns and the peak
intensity of supports. Moreover, there are no diffraction peaks of CuO phases,
indicating that DP method provides the high dispersion of Cu on C and CZ supports.
The Cu-C and Cu-CZ catalysts exhibit excellent performance for CO-PROX reaction.
The complete CO conversion of Cu-C and Cu-CZ catalysts appears at the reaction
temperature of 110° and 130 °C, respectively. Furthermore, the OSRM results
illustrate that Cu- C and Cu- CZ catalysts provide the best catalytic performance with
100% methanol conversion and 60% Hz yield at 350° and 300 °C, respectively.

7.6 Acknowledgements

This study is financially supported by the Grant for International Research
Integration: Chula Research Scholar, Ratchadaphiseksompote Endowment Fund,
Chulalongkorn University, Thailand, Development and Promotion of Science and

Technology Talents Project.



133

7.7 References

Andrews, D. (1990) Perspectives in modern chemical spectroscopy. Berlin: Springer-

Verlag.
Breen, J.P. and Ross, J.R.H. (1999) Methanol reforming for fuel-cell applications:
development of zirconia-containing Cu-Zn-Al catalysts. Catalysis Today, 51,

521-533.

Caputo, T., Lisi, L., Pirone, R., and Russo, G. (2008) On the role of redox properties

of CuO/CeO: catalysts in the preferential oxidation of CO in Ha-rich gases.
Applied Catalysis A, 348, 42-53.

Ciesla, U. and Schuth, F. (1999) Ordered mesoporous materials. Microporous and
Mesoporous Materials, 27, 131-149.
Deeprasertkul, C., Longloilert, R., Chaisuwan, T., and Wongkasemjit, S. (2014)

Impressive low reduction temperature of synthesized mesoporous ceria via

nanocasting. Materials Letters, 130, 218-222.

Lu, A. and Schuth, F. (2006) Nanocasting: aversatile strategy for creating
nanostructured porous materials. Advanced Materials, 18, 1793-1805.

Madier, Y., Descorme, C., Le Govic, A.M., and Duprez, D. (1999) Oxygen mobility

in CeO2 and CexZr(1-x)O2 compounds: Study by CO transient oxidation and
180/'%0 isotopic exchange. Journal of Physical Chemistry B, 103, 10999-
11006.

Mars, P. and Krevelen, D.W. (1954) Oxidations carried out by means of vanadium
oxide catalysts. Chemical Engineering Science, 3, 41-59.

Monnier, A., Schuth, F., Huo, Q., Kumar, D., Margolese, D., Maxwell, R.S., Stucky,
M., Krishnamurty, G.D., Petroff, P., Firouzi, A., and Janicke, M. (1993)

Cooperative formation of inorganic-organic interfaces in the synthesis of

silicate mesostructures. Science, 261, 1299-1303.

Royer, S. and Duprez, D. (2011) Catalytic oxidation of carbon monoxide over
transition metal oxides. ChemCatChem, 3, 24-65.

Shan, W., Shen, W., and Li, C. (2003) Structural characteristics and redox behaviors
of Ce1xCuxOy solid solutions. Chemistry of Materials, 15, 4761-4767.




134

Sing, K.S.W., Everett, D.H., Haul, R.A.W., Moscou, L., Pierotti, R.A., Rouquerol, J.,
and Siemieniewska, T. (1985) Reporting physisorption data for gas/solid
systems with special reference to the determination of surface area and
porosity. Pure and Applied Chemistry, 57, 603-619.

Tang, W., Wu, X., Li, S., Shan, X., Liu, G., and Chen, Y. (2015) Co-nanocasting

synthesis of mesoporous Cu—Mn composite oxidesand their promoted
catalytic activities for gaseous benzene removal. Applied Catalysis B:
Environmental, 162, 110-121.

Trovarelli, A., Boaro, M., Rocchini, E., Leitenburg, C., and Dolcetti, G. (2001) Some

recent developments in the characterization of ceria-based catalysts. Journal
of Alloys and Compounds, 323, 584-591.
Wan, Y. and Zhao, D. (2007) On the controllable soft-templating approach to

mesoporous silicates. Chemical Reviews, 107, 2821-2860.

Yang, H. and Zhao, D. (2005) Synthesis of replica mesostructures by the nanocasting
strategy. Journal of Materials Chemistry, 15, 1217-1231.




Table 7.1 N2 physisorption data of the synthesized catalysts

135

Sample Sample acronym Specific surface area | Mesopore diameter
ymgl( )nm(
CeO2 C 259 4.30
Cu-CeO2 Cu-C 206 4.63
Ce02-ZrO2 CZ 256 3.80
Cu-Ce0O2-ZrO2 Cu-CZ 165 3.61
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Figure 7.1 Wide angle XRD patterns of mesoporous C, mesoporous CZ, Cu-C, and
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The CuO loaded mesoporous CeO2 and CuO loaded mesoporous CeO2-ZrO2
catalyst were successfully synthesized via nanocasting and deposition-precipitation
techniques, using MCM-48 as a hard template. Both CuO loaded mesoporous CeO2 and
CuO loaded mesoporous CeO2-ZrOz catalyst provided an ordered pore structure and a high
surface area which was suitable to use in many catalytic applications. Moreover, all CuO
loaded onto mesoporous CeO2 and mesoporous CeO2-ZrO2 supports exhibited a high
dispersion of Cu species.

For CO-PROX reaction, among all synthesized CuO loaded mesoporous CeO2
catalysts, 7Cu/CeO2 presents 100% conversion at 110 °C and 87% selectivity toward CO2
in excess H2 and a feed free of CO2 and H20. In the presence of 10 % CO2 or 10 % CO2
with 10 % H2O, the catalytic activity of 7Cu/CeO:2 provides 100% CO conversion at
higher temperatures (130° and 150 °C, respectively). Furthermore, all CuO loaded
mesoporous CeO2-ZrO: catalysts showed maximum CO conversion in the range of 95-
100% at lower temperatures and the selectivity was more than 50% at temperatures below
150°C. The activity of the Cu-CZ catalysts increases with increasing Cu content from 1
to 9 wt%. The presence of CO2 or COz plus H20 in the feed gas had an inhibiting effect
on the CO-PROX performance. For ASRM application, among all synthesized catalysts,
9%Cu-C and 9%Cu-CZ catalysts exhibit the best catalytic behavior. Methanol conversion
of 100% and H2 yield of 60% are achieved at 350 °C for 9%Cu-C and at 300 °C for 9%Cu-
CZ catalysts in the presence of Oz at 5 ml/min with H2O/CH30H molar ratios of 2/1.
Furthermore, 9%Cu-C and 9%Cu-CZ catalysts generate H> yields of around 34% and
36%, respectively, after stability testing for 168 h with low CO selectivity. Promisingly,
the high performance ASRM reaction over 9%Cu-C and 9%Cu-CZ catalysts can be
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utilized for on-board hydrogen production for polymer electrolyte fuel-cells (PEMFC) to

generate energy for vehicles.

8.2 Recommendations

8.2.1 To use double-stage process for the preferential CO oxidation reaction.

8.2.2 To study other catalysts for loading onto mesoporous CeO2 and mesoporous
Ce0O2-ZrOz2 supports.

8.2.3 To use CuO loaded mesoporous CeO2 and CuO loaded mesoporous CeO2-

ZrOz catalyst for other catalytic applications.
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