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ABSTRACT

In view of a very low CO tolerance of the polymer electrolyte membrane fuel cells
(PEMFCs), the removal of trace amounts of CO contained in the reformate (from water gas
shift) is necessary in order to achieve optimum power output of the fuel cell. Generally,
conventional PEMFCs that use platinum electrocatalysts can only tolerate CO levels of 10
ppmv and below. Carbon monoxide (CO) is also one of the major pollutants released from
internal combustion engines. Because the presence of CO, even in trace amounts, raises
environmental and health concerns, the regulations governing auto emissions are becoming
increasingly stringent. In addressing environmental fears and power output of PEMFCs,
catalytic CO oxidation has been intensively studied and well established. However, there is

still a need to develop new, efficient and relatively cost effective catalysts.

This project entails the development of catalytic materials that are both highly active and
highly selective towards the oxidation of carbon monoxide to carbon dioxide. Transition
metal substituted ceria and titania solid-solution materials (Ce1xMyx O, and Ti;.xMxO2.5
where M = Co, Cu, Pd, Fe and x varies from 0.01 to 0.1) have been developed and used as
catalysts as well as support materials for gold nanoparticles. Deposition of gold onto these
solid-solutions was achieved by the deposition-precipitation method. The properties of the
catalysts have been studied by TEM, BET, powder XRD and XPS. Solid-solution materials
show good catalytic performance as total and preferential CO oxidation catalysts, compared
to pure CeO; and TiO,. On the other hand, supported gold catalysts show superior catalytic

performance at temperatures as low as 25 °C.

Although CO-PROX studies conducted with only CO, H, and O, provide valuable
understanding of the catalyst performance, it is necessary to evaluate catalytic behaviour in
the presence of H,O and CO,, since these components are contained in H,-rich gas obtained
from steam reforming. Hence, the stability of the catalysts was also investigated in the
presence of H,O and CO,. Cu-containing solid-solution materials and Au/Ti;xMxO2.5

catalysts have been found to be robust in the presence of H,O and CO..
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CHAPTER 1

Hydrogen and fuel cells: moving towards greener pastures

1.1 Energy transitions: past, present and future

The history of energy, spanning for over more than 200 years, is the outcome of continuous
technological innovations [1]. Before the industrial revolution, energy demand was limited and
most economies were essentially dependent on agricultural activities. Energy needs were
exclusively met by renewable sources. Windmills and ships depended on wind, homes were
warmed by wood and waterwheels used running water [2, 3]. Before the advent of coal, biomass
was the largest contributor to the world’s energy demand up to the end of the 19" century. At the
beginning of the 20™ century, coal came to the fore and usurped 50% of the global energy
requirements. The energy triangle shown in Figure 1.1 depicts the historical changes in the
global primary energy system over nearly two centuries [4]. It also shows projected changes in
the system. Constant market shares of the three primary energy sources are shown as isoshare
lines of the triangle: the bottom side of the triangle is for carbon-free, the left side for coal and

the right side represents oil/gas energies. The dark line inside the triangle denotes history.

When petroleum emerged as a “cleaner” and versatile energy alternative, it took more than 50
years for it to replace coal as the world’s largest contributor in the energy mix. However, coal
consumption continued to rise in the 20™ century due to demand for electricity generation. The
use of coal as an energy source, the discovery of internal combustion engines and the use of

petroleum fuelled the industrial revolution and transformed the automobile sector [1].

Today, the world still depends on hydrocarbons, mainly oil, coal and natural gas as primary
energy sources. As can be seen from the energy mix data in Figure 1.2, almost 90% of today’s
world energy appetite is met by hydrocarbons [5]. The dominance of these fuels can be attributed
to their relatively easy accessibility and the relatively less energy-consuming efforts needed to
extract and process the sources. In short, the unprecedented global economic growth over the
past century can be partly attributed to the use of fossil fuels. However, there are several

problems associated with the current world energy mix. Although fossil fuels have the capacity
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to generate huge amounts of energy, their main disadvantage is that the technologies related to
the extraction, processing and final use of these fuels have a harmful environmental impact. The
environmental concerns range from air to water and soil pollution due to emissions, spills and
leaks [6]. These problems can be destructive to the global economy. It is a widely held view in
the scientific community that most of the pollutants in the atmosphere are a direct consequence
of the combustion of fossil fuels. Crude oil has enjoyed dominance in the automobile sector and
coal has been the largest contributor in the electricity generation. Therefore, it is not surprising

that the automobile sector is one of the major contributors to a harmful environment.

100 OiliGas
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Figure 1.1 The energy triangle, showing global shares in primary energy use. Reprinted from
[4] with permission from Elsevier.
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Figure 1.2 Share of fuels in the energy mix from 1800-2008 [1, 5].

Because of stringent environmental regulations, any new energy sources and technology
advancements that ignore environmental concerns cannot be considered as groundbreaking
achievements. Even without consideration of climate change, there is a greater need for the
development of alternative clean, reliable and efficient energy conversion processes. Although
the world will not run out of oil, natural gas or coal in the near future, these energy sources are
non-renewable and will run out at some point. Hence, the need for alternative energy
technologies is greater today, than before. Because of the continued population growth of all
nations, the demand for energy supply will inevitably increase. This is also related to the fact that
the world’s appetite for energy is intrinsically linked to the standard of living of nations, which is
dependent on the per capita energy consumption. According to a study reported by the World
Economic Forum and IHS Cambridge energy research associates (IHS CERA), primary energy

consumption is expected to increase, in proportion with global population growth [5].

A closer look at historical transformation or developments in the global energy system reveals
two noticeable trends. Firstly, as the dominant fuel shifted from biomass to coal and then to oil,

the newly discovered and dominant fuel has always been more versatile and multipurpose,
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compared to fuels that came before it. Most notably, energy transitions in the past century have
been accompanied by a slow decarbonisation/hydrogenation of energy carriers. Research has
shown that the carbon tonnage per unit of energy [tons C/kilowatt-years] decreased by 35% over
the past 120 years [7, 8]. This is in agreement with what is postulated by the energy triangle: the
path started with the zero-carbon energy of the first solar civilization and proceeded via low
carbon biomass to high carbon coal and then to low carbon oil and natural gas. This has kept
researchers optimistic that this route is leading to a lower carbon future dominated by renewable
energy and hydrogen as an energy carrier (grey line in the energy triangle Figure 1.1). Table 1.1
summarizes the relative hydrogen-to-carbon ratios and the state of aggregation in different

energy carriers [9].

Table 1.1 Energy carriers [9]

Type H/C ratio State of aggregation
Coal 0.6 Solid

Oil 1.8 Liquid

Natural gas 4.0 Gas

Hydrogen o0 Gas

The position enjoyed by hydrocarbons is gradually being challenged as more alternatives are
being explored to address energy demands. Research has shown that cleaner energy alternatives
can be harnessed to sustain the needs of mankind with less impact on the environment. As
energy carriers are becoming more hydrogen-rich, hydrogen as a fuel has received a great deal of
attention. Hydrogen-based technologies, mainly fuel cell technologies, are considered as viable
options for transforming the energy system into a more flexible, efficient and environmentally
friendly system [10, 11]. Fuel cell powered vehicles offer another option for the transportation
sector [12]. This chapter gives an overview on the use of hydrogen as an energy carrier and its
use in fuel cells. The topics covered include the following aspects of research endeavours:
Hydrogen as an energy carrier, fuel cells, hydrogen production and fuel processing for fuel cells.
There will not be an in-depth discussion of the fuel cell design itself, but rather a brief

description of the fuel cell is included to highlight the relevance of fuel processing technologies.
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Although hydrogen production is possible from non-carbon sources, it is not the focus of this

research. Hence, such technologies will not be dealt with in detail.

1.1.1 Fuel cell technology

The scientific foundations of fuel cells can be traced from Humphry Davy’s research on
electrolysis by voltaic pile [13]. However, the first scientific argument about the possibility of
producing current by combining hydrogen and oxygen was reported by Christian Friedrich
Schoénbein in Philosophical Magazine in the January issue of 1839 [14]. In the scientific
community, Sir William Robert Grove is widely credited for inventing the fuel cell in 183 [15-
17]. The development of fuel cell technology is based on his understanding that electrolysis of
water to produce hydrogen and oxygen consumes electricity. Therefore, the reverse reaction
would produce energy. Grove proved this hypothesis by conducting a series of experiments with
what he referred to as a “gaseous voltaic battery” [18, 19]. Indeed, it was proven that an
electrochemical reaction between hydrogen and oxygen over a platinum catalyst could produce
electrical current. Grove’s experimental set-up, a four cell version gas battery, is shown in Figure
1.3 [20]. Grove’s research work led to an advanced technology which will later be referred to as
fuel cells by Mond and Langer [21]. Since then, continued research efforts have resulted in
important advances in fuel cell technology. The 20™ century saw the use of fuel cells in space
missions, submarines and electric vehicles and in stationary power applications. By the end of
the 20™ century, custodians in the automotive industry launched fuel cell vehicles (FCVs) to

demonstrate the feasibility of the technology.
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Figure 1.3 A hydrogen/oxygen gas battery or fuel cell developed by Sir William Robert Grove.
(Reprinted with permission from The Taylor and Francis Group) [19, 20].

By definition, a fuel cell is an electrochemical device that produces energy/electricity from
hydrogen and oxygen. The basic electrochemical reactions are illustrated in Equations 1.1 and
1.2.

Anode: H, — 2 H* + 2e- (11)
Cathode: %0, +2H +2-—H,0  (1.2)
Overall: H, +¥% 0, — H,0 (1.3)

The advantage of this technology over that of batteries is that a fuel cell doesn’t require
recharging. Theoretically, energy will be produced as long as the device is supplied with a source
of hydrogen fuel and a source of oxygen. Water and heat are produced as main by-products.
Notably, the products and by-products formed are harmless, which has resulted in fuel cells
being coined as zero-emission engines. Contrary to the internal combustion engine, the fuel is not
burned, instead the chemical energy is directly converted into electrical energy through an
electrochemical reaction [17]. According to the exergy concept from engineering
thermodynamics, the energy conversion is more efficient in a fuel cell compared to a heat engine
[22]. In practice, fuel cell efficiencies can reach as high as 60 % in electrical energy conversion,
the difference being heat. The overall efficiency can be over 80% if the heat generated is used for
other applications. Such fuel cells are referred to as combined heat and power fuel cells (CHP)

and are commonly used in hotels, universities and industries [23]. In short, fuel cell technology is
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not only cleaner, but two to three times more efficient compared to conventional combustion

technologies.

1.1.2 Types of fuel cells and their main applications

The core building block of most fuel cells is the unit cell, which is the zone where chemical
energy is converted into electrical energy. This component consists of a solid or liquid
electrolyte in contact with an anode and cathode on either side. A selectively conductive
electrolyte transfers charged species between the two electrodes during the operation of the fuel
cell [20, 24]. A catalyst is normally used to catalyse the reactions at the electrodes. From the
days of Grove’s fragile fuel cell, a number of modern fuel cells have been developed. Different
types of fuel cells are commonly classified according to the electrolytes and fuels they use.
However, the basis of their operation is similar. In the dual chamber fuel cell, a hydrogen-rich
fuel is oxidized to protons and electrons at the anode, while oxygen is reduced to oxide ions at
the cathode. Figure 1.4 shows a schematic representation of the principles of a fuel cell (based on
the reaction of hydrogen and oxygen) [17, 25]. Depending on the electrolyte of that particular
fuel cell, specific ions (usually protons or oxide ions) can be conducted either from anode to
cathode or vice versa. Since each type requires particular materials for its design, they in-turn
operate under different conditions and are therefore feasible or suitable for different applications.

There are six classes of fuel cells that are presently receiving attention, being researched and
developed viz. direct methanol fuel cells (DMFC), proton exchange membrane fuel cells
(PEMFC), alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel
cells (MCFC) and solid oxide fuel cells (SOFC) [25]. MCFC and SOFC can be categorized as
high-temperature fuel cells, operating at 650 °C and 800-1000 °C, respectively. Such operating
temperatures result in improved reaction kinetics, hence they do not require noble metals as
catalysts [26, 27]. MCFC use a molten salt of lithium carbonate and potassium as an electrolyte,
while SOFC uses a solid ceramic oxide electrolyte. Both systems can use a range of fuels such as
coal-derived gas, natural gas and hydrocarbons. This is due to their capability to reform the fuel
internally [27, 28]. Unlike MCFC which need a carbon dioxide supply at the cathode, SOFC can

also be fuelled by pure hydrogen. The electric efficiency of the two can reach as high as 60% and

Hydrogen and fuel cells



can be improved if waste heat is used for other applications. They are popularly used for
stationary power generation [29]. The properties of the major types of fuel cells and their

respective applications are summarized in Table 1.2.
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Figure 1.4 Schematic representation of a fuel cell (PEM). The drawing is adapted from
reference [30].

DMFCs operate at 50-130 °C and are relatively new in the family of fuel cells. Like PEMFC,
DMFC uses an acidic polymer membrane as an electrolyte. Liquid methanol is used to indirectly
supply hydrogen. The reaction is facilitated by a platinum-ruthenium catalyst at the anode [30].
They are generally viewed as the best candidates to replace batteries in portable devices since
they have a longer lifespan compared to lithium ion batteries. Although they have low efficiency

(25-40%), they still receive attention due to the easy transportation and handling of methanol

fuel.
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Table 1.2 Types of fuel cells and their characteristics and applications [17, 20, 24, 27, 28].

DMFC PEMFC ? AFC PAFC MCFC SOFC
Electrolyte Proton Proton KOH H3PO4 Molten carbonate ®  Ceramic ©
conducting conducting immobilized on
solid polymer solid polymer SiC
Charge carrier H* H* OH H* CO5> 0~
Electrodes/ Catalyst Pt/Ru PtonC Ni (also Pt) PtonC Ni/NiO Perovskite
Fuel Methanol H, H, H, NG, HC ¢ NG, HC®
Operating temperature (°C) 50 - 130 50 - 100 =70 150 - 220 ~650 800 - 1000
Electric efficiency (%) 25 -40 35-47 35-60 35-42 44 - 60 45 - 60
Power range (kW) <250 W <1MW <400 kW 50 kW —1 MW 300 kW -28 MW <3 MW
Applications (examples) Portable Ideal for Military Stationary power Stationary power Stationary power
devices FCVsand servicesand  and heat generation and heat generation and heat generation
stationary space
electricity programes
generation

2 Also known as a solid polymer fuel cell (SPFC), ® Lithium and potassium carbonate, © yttria, zirconia, ¢ natural gas and

hydrocarbons.
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The PEMFC, AFC and PAFC use hydrogen as a fuel and operate in relatively low temperature
ranges (50-100 °C, 70 °C and 150-220 °C respectively) [31]. In contrast to high-temperature
systems and DMFC, these fuel cells could truly represent a clean energy technology, if the
hydrogen used is pure and generated from renewable sources. The AFC and PEMFC are very
sensitive to poisoning, while PAFC have a maximum tolerance of 2% CO. The presence of CO is
known to be detrimental to the platinum electro-catalyst, consequently shortening the lifespan of
the fuel cell. In addition, AFC are also highly intolerant to CO, [24]. As a result air from the
atmosphere cannot be used as an oxidant. Although they have relatively short lifetimes, they
have been used in the space shuttle program by the National Aeronautics and Space
Administration (NASA) [32]. PAFC use phosphoric acid, immobilized on SiC, as an electrolyte
and offer electrical efficiency of 35%-42%. The limitations of these fuel cells are associated with
the fact that they are prone to corrosion and are heavy [29].

PEMFCs have been the most popular and widely used of the aforementioned fuel cell
technologies. In comparison with other fuel cells, PEMFC have high voltage, current and power
density. The solid polymer used to separate the anode and the cathode allows them to operate up
to 4 A/cm? [33]. The main advantages that come with using a solid electrolyte include simple
mechanical design and easy handling, with no possibility of corrosion. These fuel cells are also
known for having fast start-up and response times to change of load. Due to their beneficial
attributes, they have been demonstrated and tested for a variety of applications, such as power
for airplanes and automobiles, portable devices and stationary power generation. To the best of
our knowledge, they are the only fuel cells considered for powering fuel cell vehicles (FCV),
offering an operational efficiency that is more than two times that of traditional combustion
engines [12]. One of the major drawbacks of these systems is their high sensitivity to impurities
in the hydrogen fuel. Specifically, the maximum tolerance is 50 ppm of CO. Considering that
most of the hydrogen used in fuel cells is generated from reforming of hydrocarbons, the
reformate stream normally contains CO [34]. The next section gives an overview of the
technologies used to produce hydrogen. The section also attempts to highlight different ways of

cleaning hydrogen before it can be used in sensitive fuel cells such as the PEMFC.
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It has been demonstrated that PEMFC can be modified into high-temperature PEMFC (HT-
PEMFC) by changing an electrolyte into a mineral, acid-based system. HT-PEMFC can operate
at temperatures as high as 200 °C and the thinking behind their design is to minimize the CO
poisoning by working at temperatures where CO chemisorption is reduced. Nonetheless, HT-

PEMFCs are still surpassed by low temperature analogues in terms of performance [35].

1.2 Hydrogen as a versatile energy carrier

Hydrogen is the simplest, lightest and the most abundant of all chemical elements in the
universe. However, hydrogen rarely exists in a natural molecular form and thus is almost always
found as part of compounds such as water, hydrocarbons and alcohols. It is also available in
natural biomass [36, 37]. Hydrogen can be produced from these different sources and can be
used as a versatile, clean and efficient fuel in almost all applications where fossil fuels are used.
Therefore, hydrogen can be viewed as an energy carrier and not as an energy source [6, 11, 37].
The availability of almost sulfur and carbon monoxide-free hydrogen fuel is the driving force for
the advancement of fuel cell technologies, particularly PEMFCs. Unlike other conventional
fuels, hydrogen fuel is non-toxic and its utilization produces no pollutants. Hence, hydrogen is
widely accepted as a universal clean fuel that can be produced from both fossils and renewable

resources.

Recent reports show that the annual production of hydrogen is approximately 50 million tons
[37]. In the face of increasing hydrogen consumption and fast-paced research efforts, this output
is expected to increase in the near future. Hydrogen can be produced from a diverse range of
sources. Thus, water splitting by photolytic and electrolytic technologies can produce pure
hydrogen, clean enough to be used for fuel cell applications. The drawback of these technologies
is that they are considered as energy consuming and expensive [36]. In addition, if such methods
are to be considered as truly green and renewable, they will have to rely on the electricity
produced from nuclear, water, wind and/or solar technology. The research efforts in this regard
are still in their early stages and not yet capable of large scale hydrogen production. Biomass
processing from plants and animal and municipal waste is still the most viable renewable option

for hydrogen production with existing infrastructure [3]. Common options for hydrogen
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production and the process steps involved are summarized in Figure 1.5 [38]. An envisaged
sustainable and environmental friendly energy system, where electricity and hydrogen

complement the renewable energy sources, is depicted in Figure 1.6.

1.2.1 Hydrogen from fossil fuels
Although significant progress is being made in developing different hydrogen production

technologies, hydrogen is mainly produced from fossil fuels via steam reforming of
hydrocarbons. Steam reforming is currently regarded as the least expensive and most viable
method to produce hydrogen [39]. At present, steam reforming of natural gas accounts for almost
half of all hydrogen production. Partial oxidation of oil/naphtha from refineries or off-gases from
chemical industries contribute nearly 30 %, while coal gasification and water electrolysis
contribute 18 % and 3.9 % respectively. Other sources are struggling to make an impact and have

a 0.1% share.

Hydrogen can only be the clean fuel of choice if its production is sustainable and nearly emission
free. Carbon capture and storage technology is widely considered as one of the methods to
reduce emissions during hydrogen production. However, these efforts are still in the early
developmental stage and do not solve the world’s dependency on fossil fuels for energy needs.
Therefore, the justification for producing hydrogen from fossil fuels cannot be limited to
environmental concerns, since it also touches on economic borders. While renewable hydrogen
production is still considered as an expensive technology and is not operational on a large scale,
hydrogen produced from fossil fuels helps to build early markets and infrastructure for hydrogen
based technologies such as fuel cells. Generally, fuels from fossil sources contain sulphur.
Consequently, before the fuel reaches the reformer and/or used in fuel cells, a desulfurization
step is necessary during fuel processing. Sulphur removal is a diverse topic on its own and will

not be covered in the current work.
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Figure 1.5 Energy sources and conversion steps involved in hydrogen production. Adapted from Hotza et al.[39] 13
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Figure 1.6 A Scheme of an environmentally compatible energy system. Adapted from Barbir et

al.[6, 11]

1.2.1.1  Hydrocarbon reforming, partial oxidation and gasification

The conversion of hydrocarbon fuels to hydrogen involves complex chemical and engineering
steps. In this section, the main steps of reforming and clean-up will be discussed. Steam
reforming (SR), partial oxidation (POX) and autothermal reforming (ATR) are the three common
methods used to produce hydrogen from hydrocarbons. These techniques are normally referred

to as thermal processes, since they require thermal energy to favour the reactions that produce

hydrogen directly from hydrocarbons.
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Generally, steam reforming can be described as the gas phase conversion of energy carriers into
synthesis gas (H, + CO). It is an endothermic reaction. The heat supplied is generated by the
combustion of additional fuel in a reactor and is separated from the steam reforming section by a
thermal conductive wall [40]. Natural gas, light hydrocarbons, methanol and oxygenated
hydrocarbons are the preferred fuels for steam reforming. In the case of methanol and
oxygenated hydrocarbons, the reaction is performed at ~ 180 °C, whereas the reaction
temperature can be as high as 500 °C for other hydrocarbons. Although precious metal catalysts
are used to speed-up the reaction, nickel catalysts are the industrially approved catalysts for the
reaction [41, 42]. The following reactions represent reforming reactions involving hydrocarbons

and methanol as representative fuels:

CmHn + MH,0 — mCO + (m + 0.5n) H, (1.4)
CmHn + 2mH,0 — mCO, + 2m +0.5n) H,  (1.9)
CO + Hy0 «> CO; + Hy (1.6)

CH3OH + H,0 <> CO, + 3H, (1.7)

The resulting gas mixture of the steam reforming process is often referred to as the reformate.
The mixture normally contains other components, such as steam and CO,, in addition to H, and
CO. In the second stage of the process, CO in the cooled reformate can be converted to CO; via
the water gas shift reaction (WGS) (Equation 1.6). The reaction improves the hydrogen content
in the reformate, while reducing CO levels. Although this hydrogen rich stream can be employed
in high temperature fuel cells, it is still not pure enough to be used in low temperature
counterparts, which are highly CO sensitive. Hence, further purification is necessary. The clean-

up methods will be discussed in Chapter 2.

Partial oxidation (POX) is another important reaction for producing hydrogen on an industrial
scale. The reaction is primarily used for processing heavier hydrocarbons or oil fractions [43].
However, biogas and methane can also be employed as raw materials for the process. It can be
viewed as an oxidative conversion of fuels under oxygen deficient conditions. Complete

combustion is normally avoided by controlling residence time and keeping the amount of oxygen
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lower than the stoichiometric amount required for complete oxidation. In simple terms, POX is a
non-catalytic process where fuel is gasified at high temperatures (1300 — 1500 °C) and under
pressure (3 — 8 MPa) [44]. The general reaction for POX is shown in equation 1.8. In contrast to
steam reforming, the amount of carbon monoxide formed in POX is substantially higher. In
addition, coke may be formed from carbon monoxide according to the Boudouard reaction and
the reaction with hydrogen (Equations 1.9 and 1.10 respectively) [43]. In cases where the fuel
processor is connected to CO-sensitive fuel cells, the clean-up reactions are necessary. The water
formed during the combustion is used in the subsequent WGS reaction (Equation 1.6).

CrHy + 0.5m0O, — mCO + 0.5nH, (1.8)
2CO <> CO, +C (1.9)
CO+H; — C+H0 (1.10)

When hydrocarbon reforming is performed in the presence of both steam and air, the process is
called oxidative steam reforming. The general reaction for this process is represented by
Equation 1.11. The process is the combination of steam reforming and partial oxidation [37]. The
heat generated from the exothermic partial oxidation reaction (POX) is used to promote an
energy demanding steam reforming reaction during steady-state operation. Consequently, this
combined process requires no external heat and the overall reaction is autothermal. Hence, the
process is often referred to as autothermal reforming (ATR). In order for the overall reaction to
be self-sustaining and thermally neutral, heat losses are normally compensated by performing the
reaction with a high atomic oxygen-to-carbon ratio (O/C). Optimum O/C and steam-to-carbon
(S/C) ratios differ from fuel to fuel, ranging between 0.7 - 1.0 and 1.5 — 12.0, respectively [43,
44]. Careful manipulation of the two ratios is of significant importance as they dictate the actual
reaction temperature, reformate compositions and coke formation [45]. Different catalysts (Rh,
Ru, Pt and Ni based) have been used to speed up the reaction [41, 42, 46]. Generally, the reaction

is operated at temperatures between 700 and 800 °C.

CmHn + 0.25mO, + 0.5mH,0 — mCO + (0.5n + 0.5m)H, (1.11)
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Comparing all three reforming processes, SR has the lowest operating temperature and produces
a reformate with the highest H,/CO ratio (3/1). Despite the advantage of eliminating additional
compartments or steps (heat and steam supply) in POX reformers, a drawback is that they
operate at very high temperatures which results in soot formation, which adds to the process
complexities. Significant advantages of ATR over POX are that its operation temperature is low
and it produces a high H,/CO ratio. Regardless of the compactness and economic viability of
ATR technology, it is still not popular in industry [37]. The comparison and relationship between
POX, ATR and steam reforming is schematically depicted in Figure 1.7 [37].

POX OSR

Total oxidation —+— —*— SR

-~

T
Exothermic

v

ic

H, = maximum
ATR
Q(heat) = minimum

Figure 1.7 Comparison and relationship between SR, POX and ATR. Adapted from Kalamaras et
al. [38].

All three processes produce a reformate containing mostly H,, CO and CO,. In addition to this,
the composition also contains Ny, in the cases of POX and ATR where air is used to supply
oxygen. Therefore, reforming processes are normally followed by one or two water gas shift
reactors to reduce the CO content to lower levels. Fe-Cr based [47, 48] and Cu-Zn-Al,03 [48-50]
based catalysts are commonly used for high temperature (HT-WGS) and low temperature water
gas shift (LT-WGS), respectively. HT-WGS reactors are usually operated in the temperature
range between 320-240 °C, while LT-WGS counterparts are performed at 180- 240 °C to avoid
catalyst sintering [51]. Precious metal catalysts have also received great interest for the WGS
reaction. In particular, ceria and titania-supported platinum [52, 53] and gold [54] catalysts are

among the promising candidates that have been extensively studied [51].
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Although the hydrogen-rich stream obtained after WGS usually contains a low CO content (~1
vol%), this is still high enough to poison the Pt electrocatalyst in the PEMFC. Hence, there is a
need for further purification of the reformate to ensure maximum PEMFC power output.
Methods used for further hydrogen clean-up will be discussed in Chapter 2, as they form an
important part of the current research work. Special attention will be given to the recent progress

in preferential CO oxidation in a hydrogen rich stream and in total CO oxidation.
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CHAPTER 2

Recent advances in CO removal in hydrogen-rich stream

In view of a very low CO tolerance of the polymer electrolyte membrane fuel cells (PEMFCs),
the removal of trace amounts of CO contained in the reformate after the water gas shift reaction
is necessary in order to achieve optimum power output of the fuel cell. Generally, conventional
PEMFCs that use platinum electrocatalysts (anode) cannot tolerate CO levels above 50 ppmv. In
certain cases where alloys are used as anodes, the CO tolerance may be about ~ 100 ppmv [1]. It
has been shown that CO adsorbs strongly on the Pt electrocatalyst at typical operating
temperatures (~80 °C) of the membrane electrode assembly (MEA). In a CO-contaminated
reformate, the CO binds to the Pt sites according to Equations 2.1 and/or 2.2, resulting in the
inhibition of the dissociative adsorption of hydrogen and the subsequent charge transfer
(Equations 2.3 and 2.4) [2]. Although this is not a fast process, the performance of the fuel cell

can decrease significantly with increasing CO adsorption over time.

CO + Pt — Pt-CO (2.1)
2C0O + 2Pt-Hygs — 2Pt-CO + H, (2.2)
H, + 2Pt — 2Pt-Hags (2.3)
2Pt-H,gs — 2Pt + 2H" + 2e- (2.4)

Figure 2.1 shows the dependence of the calculated equilibrium CO concentration, at the exit of
the WGS reactor [3]. The authors based their calculations on a feed containing only H,O and
CO. The technologies used for the final cleanup of the reformate can be broadly classified into
four categories: adsorption, membrane separation, scrubbers and selective reactions (CO

methanation and preferential oxidation of CO).
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Figure 2.1 Calculated equilibrium CO concentrations as a function of H,O/CO ratio and
temperature. Reprinted from [3] with permission of Elsevier.

In adsorption, activated carbon of high surface area is commonly used to adsorb and desorb the
contaminant of choice. Once the bed of the activated carbon material is saturated with the
adsorbent, the process is stopped and the stream is diverted to another bed. The saturated bed can
be removed and regenerated [4, 5]. In order to avoid frequent stops and diversion of the stream, a
series of beds can be employed continuously. This is often referred to as pressure swing
adsorption (PSA). In a typical PSA system, the adsorbent is pressurized and depressurized to
generate a continuous stream of purified reformate [6]. One of the disadvantages of the
adsorption technology is that high CO removal efficiencies are achieved only when working at
high pressures. Therefore, this results to design complications, as the system contains high
proportions of H, and energy consuming. Another drawback is that the materials used to trap
the contaminants tend to lose their adsorption capacity over time. This forces the replacement of

the entire series of beds.
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Another alternative for reformate clean-up is the use of hydrogen selective membranes.
Polymeric, metallic and inorganic membranes have been used to separate hydrogen from gaseous
contaminants such as CO, CH4 and CO,. Most hydrogen selective membranes are designed in
such a way that they allow only H; to penetrate through the membrane [4]. Metallic membranes,
particularly palladium-based, exhibit the best hydrogen permeability [7]. However, these
membranes undergo embrittlement and form hydrides when exposed to hydrogen at low
temperatures [8]. These changes have been associated with the loss of selectivity in palladium
membranes [9]. Other disadvantages include the high cost of palladium and deactivation by
carbon compounds [10]. Most researchers in this field are exploring the use of palladium alloys

to overcome these drawbacks [4, 11, 12].

Scrubbers are also a well know purification technology in the chemical industry. In this
technique, liquid-stripping agents are used and the process involves the transfer of contaminants
from the gas phase to the liquid phase, then back to the gas phase, before venting [13, 14].
Although this multistep process is viable for very large stationary installations, it is not popular

for hydrogen purification.

Selective reactions have been extensively studied and continue to receive tremendous interest as
a promising way to achieve reformate clean-up [15, 16]. This chapter will briefly focus on
selective methanation (Sel Meth.) and extensively highlight recent advances in preferential CO
oxidation (PROX), as clean-up processes. These reactions have the same goal of reducing CO
levels before hydrogen fuel is used for energy generation. Hence, they are competing processes

and only one would need to be employed, based on its inherent benefits.

2.1 Selective methanation

Selective CO methanation, as another way towards almost complete CO removal, has gained
attention and has been widely studied. Since both CO and CO, are contained in the reformate

mixture after the WGS reaction, selective refers to the importance of converting CO to CH,4
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without transforming CO; to CH,4. Generally, CO methanation in a typical reformate dominates
at lower temperatures and CO, methanation becomes more pronounced at elevated temperatures.
This is associated with stronger adsorption of CO on the catalyst’s active sites at lower
temperatures. However, at higher temperatures, the CO adsorption strength is weakened and the
undesirable CO, methanation becomes prevalent. Therefore, it is important to design a catalyst
that will selectively convert CO in a selected temperature range. Both these reactions are highly
exothermic and are represented in Equations 2.5 and 2.6. The methanation reaction takes place
over a hydrogenation catalyst and can be viewed as the reversal of the steam reforming of
methane. Methanation requires no additional gas component as it uses the hydrogen that is
already present in the reformate. In this way, process complication is avoided and the CH,4

produced does not affect the fuel cell performance, but only acts as a diluent.

CO + 3H,; — CHy + H,0 AH g5 = -206 kJ/mol (2.5)
CO, + 4H; — CHy + 2H,0 AH5g5 = -165 kJ/mol (2.6)
CO, + H, » CO + H,0 AH%gg = 41 kJ/mol (2.7)

Removal of CO by selective methanation in a Hj-rich stream has been studied over different
metal catalysts that include Ru, noble metals, Ni, Au and alloys of the aforementioned metals.
Ni- and Ru-based catalysts have been the most effective catalysts for selective methanation,
hence most of the published research focused on these two catalyst systems. In the early
pioneering work by Baker et al. [17] and Rehmat and Randhava [18], Ru catalysts were reported
to have highest methanation activity, followed by Ni catalysts. Although these catalysts were
highly selective for CO hydrogenation in the presence of CO,, the CO concentration used was
relatively lower (0.29%) than the levels found in typical reformate streams. Ru/Al,O3 reduced
CO levels from 0.29% to 10 — 20 ppm over the temperature range of 150 — 180 °C at relatively
low space velocities (500 — 1000 h™). Rehmat and Randhava [18] further studied the catalytic
behaviour of Ru/Al,O3 over a wide temperature range (125 — 300 °C) and high space velocities
(9000 — 36000 h™). Their results showed that the catalyst was highly selective at temperatures
below 250 °C. Increasing temperature above this point resulted in pronounced CO, methanation
and the reverse water gas shift reaction (Equation 2.3), which increased the CO concentration.
Takenaka and co-workers screened different supported metal catalysts for CO methanation [19].
Once again, Ru- and Ni-based systems were the most promising candidates and the activity was
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found to be dependent on the type of the support used. ZrO,-supported Ni and TiO,-supported
Ru catalysts were the best combinations for Sel Meth. These catalysts reduced CO levels from

0.5% to 20 ppm in a reformate generated from methane steam reforming.

There have been several attempts to develop and improve the performance of Ru-based catalysts.
These have ranged from studying the effect of the preparation methods and metal loading, to
support effect and particle size [20]. Microchannel reactors [21-24] and different reaction
conditions have been studied to improve reactor efficiencies and optimize selectivity over a wide
temperature window. Thus, Dangle and co-workers studied the effect of the preparation method,
metal loading and particle size on the performance of Ru/y-Al,O3 [25]. It was found that the
activity increased with the metal loading, which is in agreement with the results reported by
other authors [26]. The catalysts with the loading range of 3 — 7 wt% reduced CO levels from
0.9% to 10 — 20 ppm at temperatures between 215 — 220 °C. However, increasing the metal
loading was accompanied by an increase in CO, methanation, corroborating the importance of
choosing a metal loading that will balance activity and selectivity. In the same work, it was
observed that the catalysts prepared by single-step and multi-step impregnation had different
catalytic behavior. The single-step impregnation method produced a more active catalyst,
reaching maximum CO conversion at 220 °C and showing high H, conversion due to CO,
methanation. In contrast, the multistep catalyst reached maximum conversion at 240 °C.
Notably, this catalyst converted less CO, even at high temperatures. The difference in the
catalytic performance of the two catalysts was related to crystallite size, 10.9 and 34.2 nm for the
single-step and multistep syntheses, respectively. Panagiotopoulou et al. also suggested that CO
and CO, methanation reactions are structure sensitive, observing that larger Ru (Al,O3 and TiO,)

crystallites are more active[20].

Ruthenium, as the most used metal for Sel Meth, has been supported on different supports in
efforts to design the best catalytic materials. Tekenaka et al. reported that smaller Ru particles (<
5 nm) showed the best catalytic performance [19]. The catalytic activity decreased in order of
Ru/TiO, > Ru/Al,0; > Ru/ZrO, > Ru/MgO, while the crystallite sizes decreased in order of
Ru/MgO > Ru/ZrO, > Ru/Al,03 > Ru/TiO,. Notably, their explanation contradicts the work by

Panagiotopoulou and co-workers [20], discussed in the previous paragraph.
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Although Ru-based catalysts are the preferred catalysts for methanation, Ni-based catalysts have
also been extensively studied. Liu et al. [27] investigated the effect of Ni loading and found that
the activity decreased with an increase in Ni loading, whereas Men et al. [21] reported better
catalytic performance for higher metal loading (43 wt.%) in a microchannel reactor. The acid-
base nature of the support also influences the methanation reaction. Men et al. [21] showed that
Ni/Al,O3 displayed better activity than Ni/TiO,. However, Tekenaka et al. [19] reported that the
CO conversion followed the order of Ni/MgO < Ni/Al,03 < Ni/SiO, < Ni/TiO, < Ni/ZrO,.

The fact that there are opposing observations among researchers highlights the urgent need for
further work on such catalysts in order to understand and perfect catalyst design and activation
on different supports. Attempts to improve the methanation technique have involved coupling a
Pd-membrane with a selective methanation catalyst [28]. The membrane traps most of the CO
and CO, present and the catalyst converts trace amounts of CO remaining.

Different groups have proposed the use of multistage methanation by applying two or more kinds
of catalysts [29-31]. The process reported by Li et al. reduced CO from 1% to levels below 10
ppm after two stages over Ru/Al,O3 [29].

In principle, methanation appears to be a viable and relatively simple process, without the need
to add oxygen. However, it has some drawbacks. Most literature refers to gas composition
containing CO levels below 0.5%. As it can be seen from Table 2.1, even with relatively low
CO concentration, most catalytic studies demonstrated that it is difficult to reduce CO to
acceptable levels of < 10 ppm. When CO concentrations are present in the ~ 1% range, the
methanation reaction is conducted with the penalty of fuel efficiency, i.e three molecules of
hydrogen are sacrificed for each CO molecule converted to CH, (Equation 2.5). This easily
escalates, since most methanation catalysts are active at high temperature, where an additional
four hydrogen molecules are consumed for each CO, converted in undesired CO, methanation
(Equation 2.6). Thus, it is a general view that methanation is not yet matured for deep CO
removal in typical reformates. Hence, preferential CO oxidation has received far greater attention
for deep CO clean-up in PEMFC systems.
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Table 2.1 Comparison of the catalytic performance of reported catalysts for CO methanation.

Catalyst Inlet CO level Temperature Space velocity Outlet CO level  Reference

(%) Q) (ppm)
0.5%Ru/Al,04 0.29 150 - 180 500-1000 h™ 10-20 Baker et al. [17]
0.5%Ru/a-Al,O4 0.3 250 9000 h* 50 Rehmat and

Randhava [18]
35%Ni/Al,O3 0.27 200 9000 ht 60 Rehmat and

Randhava [18]

5% RU/TiO, 0.5 220 2525 mL g  min®  ~20 Tekenaka et al.
[19]

10%Ni/ZrO, 0.5 280 2525 mLg'min® ~20 Tekenaka et al.
[19]

3%Ru/y-Al,04 0.9 220 13500 h' ~10 Dangle et al. [25]

0.4%Ru/Al,03— 1-0.1 230 —150 2500h* 0.1% —» <10 Li etal. [29]

0.8%Ru/Al,O5

2.2 Total CO oxidation and preferential CO oxidation (PROX) in Ha-rich streams

Catalytic oxidation of CO is one of the most extensively studied reactions in heterogeneous
catalysis. The foundation of the Langmuir theory of catalytic adsorption can be traced to this
reaction [32]. Hence, CO oxidation has been widely studied to provide answers that allow
researchers to probe surface properties of catalytic materials. During the past few decades, there
has been a renewed interest in the reaction due to its relevance in pollution control and fuel cell
applications. As one of the major toxic auto emission gases, CO removal is accomplished by
catalytic converters using platinum group metal (PGM) catalysts. Due to increasing
environmental concerns and auto emission regulations, there is a need for new and relatively
cheap catalysts to transform the pollutants released from internal combustion engines. With CO
methanation consuming a high amount of H,, the oxidative removal of CO is regarded as the
most effective and cost-efficient process for CO clean-up in fuel cells. Currently, there are
tremendous efforts in the design of highly active and selective catalysts for CO oxidation in a H,-
rich stream. The process is referred to as preferential oxidation or PROX. Unfortunately, the
incorporation of this process in the reformer, in addition to WGS reactors, increases complexity

and adds extra cost to the PEMFC system. Nonetheless, it is widely considered as the most
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promising purification method among all other methods. In summary, for the maximum

operation and efficiency of a PEMFC, the reformate from steam reforming has to pass through

two-staged WGS and PROX reactors to reduce CO content to acceptable levels, before it enters

the MEA where electrochemical energy is generated (Figure 2.2).

H, generation Electrical energy
HT-WGS o LT-WGS -] PROX PEMFC

320-240 °C 180-240 °C ~80-225 °C ~80 °C

Figure 2.2 The simplified description of the CO cleanup by water gas shift and PROX

The key to the application of PROX is the development of a catalyst that meets the following

important requirements:

*

The catalyst should be extremely active and highly selective for CO oxidation. Thus, over the
PROX catalyst, CO oxidation (Equation 2.8) should be a preferred reaction, rather than the
oxidation of hydrogen (Equation 2.9) present in shifted reformate. For PROX in a reformate
consisting of 1 vol% CO, it is important that CO conversion is above 99% before H, is used
in the PEMFC.

CO+% 0, — CO; AH%gg = -283.0 k/mol  (2.8)
Y% 0, + Hy, — H,0 AH%5 = -241.8 kd/mol  (2.9)

The catalyst should operate optimally in a wide temperature window. Because PROX
catalysts are positioned between the low temperature WGS unit and the PEM fuel cell, the
acceptable temperature range is between 80-225 °C to ensure efficient energy use. Above
this range, the CO oxidation reaction might occur concurrently with the reverse WGS
reaction (Equation 2.7) and/or the CO methanation reaction. On the other hand, catalysts that

are active even at temperatures below that of the fuel cell are beneficial when PEM fuel cells
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are used for transportation applications. However, the exact operating temperature is chosen

based on two key drivers of the catalyst, the activity and selectivity.

* PROX catalysts should be well-suited for conditions of the upstream processes. Specifically,
they should show good resistance to CO, and steam from the upstream WGS processes.
However, this is not to downplay the importance and validity of the experiments performed
in the absence of CO; and steam since, they provide scientific knowledge that could not be
gained in the presence of CO, and steam.

Catalyst formulations for PROX can be classified into three categories, based on the active metal
used, viz. platinum group metal catalysts (Pt, Pd, Ru, Rh and Ir), gold catalysts and non-precious
metal oxide catalysts. In this section, the recent progress in development of promising PROX
catalysts is reviewed. In addition, factors that influence their activity and the mechanisms they
adopt will be highlighted. Special attention is given to ceria-based oxides and supported gold

catalysts since they are part of the work conducted in our laboratories.

2.3 Supported PGM-based catalysts

PGM-based catalysts have been widely studied and are practically applied for PROX
applications. As early as in the 1960s, Pt/Al,O3; catalysts were used by the Engelhard
Corporation in hydrogen plants to remove CO prior to ammonia synthesis [33]. Since then,
different catalyst formulations have been developed to purify hydrogen for PEMFC applications.
The commonly studied PGMs are Pt, Pd, Rh and Ru supported on materials such as silica,
alumina, zeolites and ceria. Oh and Sinkevitch studied and compared the catalytic performance
of different alumina-supported Pt, Pd, Rh and Ru catalysts [34]. They observed that Ru/Al,O3
and Rh/Al,O3 were better formulations, giving almost complete CO oxidation at 100 °C. On the
other hand, the Pt/Al,O3 catalyst gave complete CO conversion at 200 °C, while Pd/Al,O3
achieved maximum conversion of 85% at 350 °C. The poor catalytic behaviour of Pd/Al,O3 has
since been confirmed and explained by other researchers [35-37]. At low temperature, this is
often attributed to the formation of the B-hydride, preventing the possibility of CO oxidation. At
high temperature, palladium is known to selectively adsorb hydrogen rather than CO, leading to
hydrogen oxidation instead of the desired CO oxidation [37]. Although the experiments
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performed by Oh and Sinkevitch provided valuable information, the gas composition used
contained a very low H, concentration (0.85%) compared to the H, concentration that is present
in the reformate gas mixture. It has since become a widely held view that, under ideal PROX
conditions, supported PGM (non-promoted monometallic) catalysts are not very active at
temperatures below 100 °C, but significant activities have been obtained at temperatures above
150 °C. Manasilp and co-workers have shown that complete CO conversion over 2 wt%
Pt/Al,O3 is not easily obtained even at temperatures as high as 170 °C [38]. In their work, a 80%
conversion was achieved at 170 °C, using 0.5% O,. Complete conversion was observed at a
temperature range of 130 to 150 °C, after increasing O, content to 1.35%. The presence of H,O
appeared to improve the activity, while CO, had the opposite effect. Avgouropolous et al.
reported improved activity using a 5wt% Pt/y-Al,O5 catalyst [39]. This catalyst showed complete
CO conversion at 160 °C and its performance was not significantly affected by the presence of
H,0O and CO,.

Many researchers have used various zeolite materials as supports for Pt catalysts. Such supports
include ZSM-5 [40], mordenite [41-43] and, type A, X and Y zeolites [43-46]. lgarashi and co-
workers studied the effect of different zeolite materials used to support Pt [43]. The results
showed that PROX selectivity over the Pt-zeolite catalysts decreased in the following order:
Pt/A-zeolite > Pt/mordenite > Pt/X-zeolite > Pt/Al,O3. All examined zeolite-supported catalysts
required less O, to achieve complete CO conversion, compared to the conventional Pt/Al,Os.
However, the O, content used for all catalysts was above 1% and complete oxidation was
observed at high temperatures (>200 °C). Pt/mordenite was the most promising formulation,
showing the highest conversion and H,O resistance.

In order to improve the activity of conventional PGM catalysts at low temperatures, researchers
have focused on understanding their mechanisms. To date, it is a widely held view that a
Langmuir-Hinshelwood (L-H) mechanism applies during PROX, where O,, CO and H, compete
for adsorption on the same active site [47-49]. It has been shown that at low temperatures, CO

predominantly adsorbs on the active sites, inhibiting oxygen adsorption [49]. The adsorption of
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0O, and H; can only occur at elevated temperatures (> 150 °C) when CO desorption is possible.
Thus, the O, adsorption or CO desorption has been proposed as the rate determining step for
conventional PGM catalysts [47, 49-51]. It is, therefore, necessary to work at high temperatures
to achieve reasonable CO conversion, although this comes at the expense of poor selectivity. It
appears that an attempt to enhance the activity of these catalysts at low temperatures would
require new catalyst formulations to weaken CO adsorption on the metal and/or create O,
adsorption/activation sites. This modifies the competitive L-H mechanism into a non-competitive
dual-site pathway. Considering this view, the performance of PGM catalysts has been improved
by implementing the following approaches (Figure 2.3):

* Using reducible oxides as supports for PGMs (route A) or as promoters (route C). The

reducible oxide can act as O, adsorption/activation sites, while weakening CO adsorption on
the PGM.

| | Support

¢ =FeO,NiO, SnO,, etc.

® -rcv D

Inert support |

Figure 2.3 Conceptual representation of reported ways of enhancing the PROX activity of PGM-
based catalysts. Adapted from reference [52]with permission from the Royal Society of
Chemistry
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* Promoting the catalysts by adding alkali or alkali earth metal cations to weaken the CO
adsorption on the PGM. However, it has been proposed that the promotional effect is driven
by reactive OH groups that are close to the CO-adsorbing PGM metal (route B).

* Introducing a second transition metal, in addition to the PGM, to form a different bimetallic

structure that interacts differently with CO (route D).

Among the reducible metal oxides, ceria and iron oxides have been widely studied as favourable
supports or promoters of PGM catalysts. The interest around ceria as a support for these catalysts
is due to its oxygen storage capacity (OSC) properties, which in turn influences oxygen supply
and subsequent oxidation [53, 54]. The use of CeO, [35, 53, 55-58] and Ce;xZrxO»-s [35, 59-61],
instead of Al,Og, significantly improved the activity of the Pt catalyst at low temperatures, 60 to
80 °C. Complete CO conversion over these catalysts was achieved in excess oxygen, but the
selectivity was compromised. The involvement of the surface oxygen from the support has been
shown by Oj-exchange experiments and the observation of zero order O, dependency [62-64].
This confirms the validity of the dual-site non-competitive L-H mechanism where the ceria
support adsorbs/activates oxygen atoms before reacting with adsorbed CO at the metal-support
interface or via spill-over. In case of Pt/Ce;.xZrxO,.s, where the OSC and oxygen mobility has
been enhanced by doping, the catalyst is not only active for CO oxidation but for undesirable
hydrogen oxidation as well [60]. The conceptual representation of the dual-site L-H pathway

followed by reducible oxide-supported PGM catalysts is represented by route A of Figure 2.3.

The promotional effect of iron or iron oxide was first reported by Korotkikh and co-workers
[65]. The FeOy-promoted catalyst was found to be more active than conventional Pt/Al,Os,
showing improved CO conversion from 13% to 68%. The iron promotion appears to be
dependent on the support. For instance, Fe oxide promoted Pt/zeolites catalysts are known to be
more active relative to Fe promoted Pt/Al,O3; [42, 66-68]. With regard to Fe oxide promoted
Pt/Al,O3, the activity has been associated with changes in the electronic states of platinum metal
particles [69]. For Pt/zeolite formulations, the addition of Fe promoter results in low CO
coverage and Pt-CO bond strength [68]. After being promoted, the activity of Pt/zeolite materials
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followed the order, Pt/type-A > Pt/mordenite > Pt/type-X. From a list of Pt-Fe/zeolite catalysts
studied by Watanabe’s group, it appears that a 4 wt% Pt — 2 wt% Fe/mordenite is the most
promising catalyst formulation [68]. This catalyst achieved complete CO conversion in excess
O, in a temperature range of 80 — 150 °C. No loss in activity was observed, even in the presence
of CO, and H,0O. One of the best results thus far was obtained using a FeOx promoted Pt/nano-
SiO, catalyst [70]. The resulting material is highly active and selective, even at room
temperature. It has since been tested on a 1 kW PEMFC system where it proved to be stable for
at least 900 h. The superior performance of Pt/SiO, catalysts was first reported by Fukuoka and
co-workers [52, 71]. They supported Pt nanoparticles on FSM-type mesoporous silica and
obtained a highly active and selective catalyst. Based on isotopic tracer and IR experiments, they

proposed the involvement of reactive OH groups in CO oxidation (route B in Figure 2.3) [71].

Another option for improving the performance of Pt catalysts is to introduce a second noble
metal to form a different bimetallic structure. This approach is inspired by electrocatalysis
findings which have shown that alloys have improved CO-tolerance due to reduced CO
adsorption [72, 73]. Pt-Ru on SiO;, [74], Al,O3 [75], and mordenite [76] form part of the
commonly reported bimetallic systems. Such catalysts have been reported to be more active at
low temperatures, compared to their monometallic counterparts, and in some cases they have
even wider temperature of operation [74]. Pt-Au/zeolite-A has also shown promising PROX
activity, achieving complete CO conversion at a temperature at least 50 °C lower than that of the
monometallic catalyst [77]. Eichhorn’s group prepared different PGM-Pt core-shell structures,
where the core PGM (Ru, Rh, Ir, Pd and Au) nanoparticles are covered by Pt [78, 79]. From
these studies, the Ru-Pt catalyst displayed weakened CO adsorption and high PROX activity at
temperatures as low as 20 °C. Other reported promoted catalysts include the following
combinations, Pt-Mn [80], Pt-Ni [81, 82], Pt-Cu [83], Pt-Co [83-86] and Pt-Sn [87, 88].

Although this section has focused on Pt-based catalysts, other PGM metals, on various supports,
are cited in literature as promising candidates for PROX. After Oh and Senkevitch reported Ru

and Rh as good metals catalysts for selective CO oxidation, other researchers have considered
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these metals, but to a lesser extent compared to Pt. Han et al. have compared the activity of a
commercial Rh catalyst (Rh/MgO) with those of Ru/y-Al,O3 and Pt/y-Al,O3 [89]. The Rh catalyst
was reported to be effective only at high temperature (250 °C), while Ru/y-Al,03 and Pt/y-Al,O3
showed promising results at 150 and 200 °C, respectively. Specchia’s group has since supported
Rh on type-A zeolites (3A, 4A and 5A), Al,0O3, TiO, and CeO, [90, 91]. From the examined
catalyst formulations, 1% Rh/3A-zeolite displayed better performance at low temperatures (80 -

140 °C), achieving ~10 ppm exit CO concentration in the presence of excess oxygen.

The catalytic behaviour of supported Ru catalysts, for PROX, has also been explored by different
groups [92-104]. The performance of these catalysts is known to be sensitive and dependent on
factors such as pretreatment, Ru precursor, and reducing agent used. For instance Echigo et al.
reported that pre-reduced Ru/Al,O3 catalysts are capable of reducing CO concentrations to levels
below 10 ppm over a much wider temperature window (85 — 170 °C), compared to unreduced
catalysts [96-102]. In addition, the study of Chin et al. on Ru/SiO, and Ru/Al,O3 catalysts
revealed that formulations prepared from a nitrate precursor are comparatively more active than
those prepared from RuCl; [103]. Despite poor performance in the presence of CO, and
deactivation due to metal sintering, these catalysts completely removed CO in reasonable
temperature ranges, in the absence of H,O and CO,. For Ru/SiO; catalyst, complete CO removal
was achieved from 120 to 150 °C and for Ru/Al,Os3, this was achieved in a temperature range
from 160 to 180 °C. Han et al. have since demonstrated that the presence of surface Ru® results
in high PROX activity [92]. Ruthenium catalysts are unique from other PGM analogues due to
their ability to perform CO/CO, methanation (Equation 2.5 and 2.6) and reverse water gas shift
reactions (Equation 2.7), in addition to CO oxidation. As mentioned in Section 2.1, the
methanation process results in hydrogen consumption, while RWGS counteracts CO reduction.
Therefore, regardless of ruthenium’s low cost and its promising PROX activity (relative to other
PGMs), interest in the application of Ru-based PROX catalysts has stagnated. In literature, there
are many PGM-based catalysts that are active and selective for PROX under different conditions.
A system also worth-mentioning is that of Ir/CeO,. This catalyst has been reported to display
reasonable PROX activity, but less than that observed for Pt-based catalysts [105, 106]. The
selectivity of Ir/CeO; has been improved by incorporating Ir into the ceria matrix [106].
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2.3.1 Gold catalysts

Over the long history of catalysis, gold was regarded as chemically inert and overlooked as an
important component of catalyst formulations. Therefore, its reactivity and practical applications
have not been as fully investigated compared to PGMs. This is regardless of the fact that more
gold is being mined than the PGMs. It is partly due to the old, widely held, view that bulk gold is
one of the most stable and noble substances, which is devoid of any interesting catalytic
behaviour. This viewpoint of the nobility of gold relied on the fact that bulk gold adsorbs neither
oxygen nor hydrogen to any meaningful degree at room temperature [107]. In spite of this
consensus, the first indication that the gold has catalytic properties when dispersed as small
particles on the support, surfaced in the 1970s. The work conducted by Bond and Sermon on the
hydrogenation of alkenes and alkynes gave the first indication of dissociative chemisorption of
hydrogen on supported gold particles at = 100 °C [108, 109]. A little later, the promising and
interesting performance of supported gold catalysts on oxygen and hydrogen transfer reactions

was reported by Paravano’s group [110, 111] and this work was reviewed by Schwank [112].

The seminal works of the 1980s demonstrated that gold, in a suitable form, displays some
interesting catalytic properties. These early studies in gold catalysis were steered by Haruta et al.
[113] and Hutchings and co-workers [114] for their respective discoveries of gold catalyzed low-
temperature CO oxidation and ethyne hydrochlorination. Haruta’s work on gold catalysis was
inspired by the volcano-like plots, drawn between the H, oxidation activity of metal oxides and
the metal-oxygen bond strength, as shown in Figure 2.4 [115].
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Figure 2.4 Volcano-like plot based on H; oxidation activity and the enthalpy of oxide formation.
Reprinted from [115] with permission from Elsevier.

In the plot (Figure 2.4), the catalytic activities of the metal oxides are plotted based on the
temperature at which 50% of H, oxidation (Ty) is achieved, and the metal-oxygen bond
strengths are inferred from the enthalpy of formation of metal oxides. It was assumed that a
combination of the oxides of the metals that are positioned on the left side (Ag and Au) with
those on the opposite side (Mn, Fe, Co and Ni) of the volcano plot would result in active
composite oxides, matching the performance observed for PtO,. In the extension of this work, it
was found that the catalysts were composed of gold nanoparticles supported on metal oxides.
These observations revived the interest of scientists to explore the catalytic behavior of gold in
different reactions. The credit for the advancement of gold catalysis is often given to Haruta and
co-workers because they have extensively studied the catalytic performance of supported gold
catalysts in reactions such as low temperature CO oxidation [113], preferential CO oxidation
(PROX), water gas shift [116], hydrogenation [117-119] and oxidation of hydrocarbons [120].
Since then, there has been a tremendous interest in mastering the preparation and understanding

of the working of supported gold catalysts in different chemical reactions.

To date, gold-based catalysts are known to catalyze numerous chemical reactions, with potential
applications in emission control and fuel cell technology. It has been shown in literature that the
catalytic performance of supported gold catalysts is mostly dependent on the preparation method
[121-126], particle size [127], choice of the support [127-129] and the effect of water in the feed
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[130, 131]. Although there are other factors contributing to the activity of supported gold
catalysts, the aforementioned are ranked high in the hierarchy. This section highlights recent
advances in gold catalysis, especially in the techniques for preparing active gold catalysts and the
factors that influence catalytic performance of gold catalysts in specific oxidation reactions.
Although gold catalysis has been reported in homogenous systems, this section will only focus

on the heterogeneous applications.

2.3.1.1 Preparation of supported gold catalysts

Various methods have been reported for the preparation of supported gold catalysts. These

methods can be classified into two categories [132]:

*  Co-precipitation or sol-gel: the method is based on the formation of both support and gold
precursors which can be transformed into gold particles strongly attached onto the metal
oxide support upon calcination.

* Impregnation, deposition-precipitation (DP), ion adsorption or exchange, chemical vapour
deposition and deposition of colloidal gold: the technique involves the application of the gold

precursor on the preformed oxide support and subjecting the material to calcination.

Different research groups have shown that these preparation methods are open to modifications.
The published works reflect no consensus on the rationale behind the numerous variations and
thermal treatment conditions. The modifications account for the different activities reported, and
the importance attached to the preparation method. Although gold chloride (AuCls) [133] is
sometimes used, chloroauric acid (HAuCl4.3H,0) [127, 128, 134, 135] is commonly used as the
Au®* precursor for making supported gold catalysts. Hence, in most cases, gold exists in the +3
oxidation state prior to thermal treatment. Since auric oxide (Au,Os) is unstable, the Au®* species
can be reduced to Au® by thermal treatment at temperatures up to 300 °C [132]. However, it has
been reported that some of the ionic species may remain after thermal treatment [136]. The first
generation of gold catalysts was prepared by an impregnation method, partly because of its
inherent simplicity [119]. Those skilled in the art of designing such catalysts have since realized
that this method produces catalysts with Au particle size (= 30 nm) that falls outside the
boundaries (2-10 nm) that are traditionally associated with high activity [137]. Thus, catalysts
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obtained by this method often show poor catalytic performance and have had limited success, in
particular, for CO oxidation reactions. This phenomenon is commonly related to the presence of
chloride ions which promote mobility and coagulation of gold particles during thermal
conditioning [138, 139].

Haruta’s group and others have demonstrated that effective metal oxide supported gold catalysts
can be produced by the co-precipitation method [140]. Generally, the method involves the
formation of co-precipitates from an aqueous mixture of HAuCl,.3H,O and a nitrate of the
subsequent corresponding metal oxide support in the presence of a neutralizing agent. In order to
accelerate the hydrolysis of the [AuCl4]" complex, the reaction is often conducted at 70 °C and
Na,COs is preferred as a neutralizing base to maintain a pH of ~ 9. A catalyst with highly
dispersed small Au particles is achieved by washing, drying and calcination of the co-
precipitates. The drawback of this preparation method is that it is only feasible for base metals
that are capable of forming carbonates or hydroxides in the pH range of 6 to10, where Au(OH);
also co-precipitates [132]. Catalyst formulations that have been generated using this method
include Au/Fe;O3, Au/Co304, Au/Al;O3, Au/In,O3, Au/NiO, Au/MgO, Au/ZnO and Au/LaO.
Among these, Au/Fe;03, Au/Co30,4 and Au/NiO catalysts are some of the most successful
formulations that have been prepared by this method, showing excellent CO oxidation activity at
temperatures as low as -70 °C [140]. Nonetheless, this technique is becoming less used, as it has
been suggested that some of the gold particles could be embedded in the bulk support during the

preparation.

The most effective technique, to date, for the preparation of supported gold catalysts is the
deposition-precipitation (DP) method. Geus and co-workers pioneered this method for the
synthesis of supported nickel and copper catalysts [141]. It has since been developed for the
preparation of gold-based systems. Deposition-precipitation, although seemingly a simple
preparation method, requires careful control of variable parameters such as the concentration of
HAuUCI, solution, the base used to control the pH, the reaction temperature, and the calcination.
Alteration of these parameters can lead to the formation of catalysts with different catalytic
behaviour. In this method, gold species are deposited onto the support as the pH (6-10) and
temperature (rt — 70 °C) values of the suspension of HAUCI4.3H,0 (~1x10° M) and the support
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are adjusted to fixed values. Sodium hydroxide and sodium carbonate are often used to control
the pH, while urea [142, 143] has been occasionally used when higher metal loadings are
targeted. Increasing the pH during the reaction facilitates gold precipitation, as a hydroxide. The
precursor must be thoroughly washed, dried and calcined (< 300 °C) to get the final material.

Among other synthesis parameters, pH appears to be a decisive factor that determines the
chemical nature, particle size and the activity of the gold species. Several studies have been
conducted in order to investigate the importance and influence of the pH during gold deposition.
The increase in the pH of a HAuCI, solution induces changes in the nature of gold species in
solution. Nechayev et al. calculated the dependence of the concentrations of anionic gold species
on the pH [144]. Their thermodynamic calculations showed that three sequential reactions occur
as the pH is increased (Table 2.2), viz. displacement of CI" ions from the [AuCls]" complex by
H,0 (1 and 3), deprotonation of the neutral hydrated species (2 and 4) and (iii) replacement of
Cl" ions by OH" (5 and 6). The equilibrium constants presented in Table 2.2 have been used to
predict probable concentrations of different gold species as the extent of hydrolysis is increased
(Figure 2.5) [134, 135].

Table 2. 2 Gold speciation of the HAuUCl, solution showing hydrolysis progression [134].

[AuCl] + H,0 < AuCls(H;0) + CI Ki=4x10° 1
AuCl3(H,0) < [AuCl3(OH)]” + H* K,=2.6x10" 2
[AuCI3(OH)]" + H,0 <> AuCly(H,0)(OH) + CI Ks=3.6x10° 3
AuCl,(H,0)(OH) < [AuCl,(OH),]” + H* Ks=2.8x10° 4
[AuCIy(OH),] + H,0 <> [AuCI(OH)s]” +CI'+H*  Ks=9.0x 107 5
[AUCI(OH)3]” + H,0 < [Au(OH)4]” + CI' + H* Ke=1.0x 10" 6
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Figure 2.5 Estimated dependence of the concentrations of gold anionic species on the pH.
Reprinted with permission from Elsevier [134, 144].

Figure 2.5 shows that gold predominantly exits as the neutral AuCl;.H,O at the pH interval of 3-
4, while there is high probability that [AuCI(OH)3] species dominate at pH 7, which is often the
chosen range for gold deposition on many supports. At pH 10, which is often regarded as the
utmost permitted pH for deposition precipitation, gold is mostly present as the fully hydrolyzed
[Au(OH)4] anion. In the DP method, the adhesion of hydrolyzed species such as [Au(OH),Cls.n]
(n = 1-3) to the support, is guided by the concept of electrostatic interaction between the two

components [145]. Figure 2.6 gives a pictorial representation of the DP method.
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Figure 2.6 Schematic representation of deposition-precipitation method and isoelectric points of
different supports. The scheme is adapted from reference [146], with permission from Wiley.
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At the pH values below the isoelectric point (IEP) of the support, the negatively charged gold
species can be adsorbed because the surface is mainly positively charged. However, for most
supports, this pH range is within the borders where there is less hydrolysis of the Au-Cl bonds
and the presence of the chloride facilitates the mobility of Au on the support, resulting in large
gold particles [138, 139]. Systemic and detailed studies have accordingly showed that catalysts
prepared below a pH of 6 have poor performance, despite high gold deposition efficiency. Poor
catalytic activity could be attributed to large particle size [147]. On the other hand, catalysts
prepared in the range of pH 7 to 10 involve the adsorption of highly hydrolyzed gold species
(with less chloride content) and have been found to show excellent CO oxidation due to a
markedly reduced Au particle size [134, 135, 145, 147]. However, for supports with the IEPs
below this preparation pH, low deposition efficiency is expected, impacting on the catalytic
activity. Hence, DP is not a feasible preparation method for supporting gold on metal oxides
supports with IEP below pH 5. Examples of such materials include acidic supports such as SiO,
(IEP = 2), SiO,-Al,03 (IEP = 1), and WO3 (IEP = 1) [148]. Haruta’s group has highlighted the
importance of preparing Au/TiO;, above pH 6 if particle sizes below 4 nm are to be obtained
[127]. Moreau and Bond have shown that pH 9 is the optimum value for the preparation of
highly active Au/TiO; catalysts for CO oxidation [145]. Figure 2.7 shows the comparison of the
catalytic performance displayed by catalysts prepared at different pH values [145].
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Figure 2.7 CO conversion as a function of temperature for Au/TiO, catalysts prepared at

different temperatures; A= pH 3,0 = pH 5,0=pH 7, + = pH 8 and ® = pH 9 (reprinted with

permission from Elsevier) [145].

42
Literature review



To date, the DP method has been used to deposit gold on a wide range of supports and catalysts
obtained have demonstrated very effective CO oxidation and PROX performance. Commercial
gold catalysts are also prepared by this technique [148]. Other preparation methods, e.g. direct
anion exchange [149, 150], chemical vapour deposition [151, 152] and the co-sputtering method
[153-155] have been employed to prepare gold catalysts supported on metal oxides. However,
these approaches are still not considered as the methods of choice for the preparation of robust
PROX catalysts.

2.3.1.2 The nature of active gold: Influence of the support, oxidation state and mechanism

The most important prerequisite for achieving high activity on supported gold catalysts is the
size of the gold nanoparticles. In most catalytic reactions, catalysts composed of Au particles of
< 5 nm show excellent activity. It has been highlighted in Section 2.3.1.1 that the gold particle
size can be controlled by the preparation methods and its related variable parameters. Although a
comparison of published catalytic data shows that CO oxidation activity over gold-based
catalysts is primarily dictated by particle size (Figure 2.8) [156], the contact structure of Au
nanoparticles and the support also plays an important role in ensuring that gold remains as
nanoparticles even after calcination [148]. When gold is supported on semiconductive metal
oxides such as Co304, a-Fe,O3, NiO and TiO,, more stable catalysts are formed due to strong
Au-support interaction, compared to catalyst formulations that include insulating supports such
as Al,O3 and SiO, [148]. It has been suggested that a better configuration for the contact
structure is an epitaxial contact, where gold sits on the support with its densely packed (111)
plane exposed [148, 157]. Therefore, it is not surprising that the catalytic behaviour of gold
catalysts is also influenced by the chemical nature of the support. In the case of Au/TiO,, Haruta
et al. have emphasized that hemispherical gold metal particles are more effective for CO

oxidation and epoxidation, compared to spherical ones [148, 158].
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Figure 2.8 Comparison of measured activities for CO oxidation over different Au catalysts as a
function of the average Au particle size (reprinted with permission from Elsevier) [156].

Au particle size distribution over different supports differs, despite using the same preparation
method. For example, Au particle sizes larger than 30 nm have been reported to exist on supports
such as CdO, Cr,03 and SiO, [129, 159]. Therefore, the support may directly or indirectly affect
the reaction by either influencing Au particle size or by electronic interaction with Au
nanoparticles. Rousset and co-workers have studied the direct effect of the support by depositing
the same loading of gold with comparable diameters (~ 3 nm) on Al,O3, ZrO, and TiO, [160]. In
their studies, the CO oxidation activity of the catalysts was found to be dependent on the support
and increased in the order: Au/TiO, > Au/ZrO,> Au/y-Al,O3. Based on the X-ray photoemission
measurements, the authors concluded that Au was present in the zero oxidation state and the

variation of Au (4f7;2) binding energies suggested a possible metal-support electronic interaction.

Based on numerous reports, there is a consensus that reducible metal oxides such as Fe,;0s, TiO,,
Ce0,, ZrO,, Co304 and ZnO are the best supports to produce highly active gold catalysts [161].
Because such supports tend to have oxide ion vacancies on their surfaces, they are capable of
binding and providing active oxygen species required for catalytic progression. For supported

gold catalysts, it is presumed that vacancies are concentrated near gold particles because of the
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Schottky junction at the metal-semiconductor interface [162]. Individual reports have revealed
that the activity of Au/ZrO, [163] and Au/CeO, [164] catalysts can be enhanced by employing
well-defined nanocrystalline supports (ZrO, and CeOy), rich in anion vacancies. On
nanocrystalline CeO, supported catalysts, the presence of superoxide (O,) and peroxide (0,%)
species has been identified by Raman spectroscopy [164]. These species are presumed to be
active oxygen species responsible for CO transformation at the metal-support perimeter. The
superiority of Iwasawa’s Au/FeOy catalyst has been associated with easy reducibility and the
presence of anion vacancies [165]. In contact with ferric oxide and ceria, XPS and Mossbauer
measurements often show gold in ionic states (Au* and Au®*) [136, 166]. In the latter, it has been
suggested that ionic gold may represent gold ions dissolved into the fluorite CeO, support [136].
In the case of Fe,Os, the highly active Au®" species has been linked to the oxyhydroxide
(AuO(OH).xH0) [166].

A number of CO oxidation studies over gold supported on reducible oxides points to a
mechanism that involves “collaboration” between metal particles and the support [148, 161, 167-
170]. The general consensus is that CO is largely chemisorbed on metallic gold particles. The
active oxygen species is either adsorbed on the surface vacancies of the support, or the lattice
oxygen species at the metal-support interface is directly used in a route that can be regarded as a
modified Mars-van Krevelen mechanism [170]. In the latter case, O, from the feed is used to
replenish lattice oxygen and the route is more plausible for more easily reducible oxide supports
such as CeO, and Fe,O3. The two possibilities are depicted in Figure 2.9. Schubert et al. reported
that the turn over frequency (TOF) of gold catalysts supported on reducible oxide supports is not
dependent on the Au particle size, since oxygen dissociation is not a rate limiting step [161].

They classified such supports as active supports.
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Figure 2.9 General schematic representation of possible reaction pathways proposed for the CO
oxidation over gold catalysts supported on reducible (A), more easily reducible (B) and
irreducible oxides (C and D).

Generally, supporting gold on activated carbon, alumina and acidic support materials, such as
Al;03-Si0,, SiO, and WO;3; produces less active catalyst formulations [171]. It is hardly
conceivable that such supports can bind, activate and/or supply oxygen required the reaction
progression. Hence, there is uncertainty about the nature of the active site for oxygen activation
and the active oxygen species, making it difficult to construct a plausible CO oxidation
mechanism over such formulations. Schubert’s group classified such supports as inert supports
[161].

Although several theoretical studies have inferred that weakly bound molecular O, represents
active oxygen, calculated absorption energies are low, suggesting that such species are highly
unstable and unlikely to be active oxygen species at room temperature and above [169, 172,
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173]. It has been proposed that CO oxidation over Au supported on irreducible oxides proceeds
only on metallic gold, where the TOF is strongly dependent on the Au particle size [161]. As
shown in Figure 2.9, the active oxygen species is either atomically or molecularly chemisorbed
oxygen on the Au nanoparticles (route C) [161, 172]. Alternatively, molecularly or atomically
chemisorbed oxygen reacts with CO at the gold-support interface (route D) [168, 172]. The
mechanisms highlighted in this section are not the only proposed mechanisms, but they are
commonly acceptable. Detailed information about CO oxidation mechanisms associated with
gold catalysts can be found in different books [132] and review articles [168, 174, 175].

2.3.1.3 The effect of moisture or water

Several studies have shown that the presence of moisture or water in the reactant gas has a
significant influence on the catalytic activity of supported gold catalysts, particularly for CO
oxidation. Although an enhancement of the catalytic activity of supported gold catalysts by
moisture is considered as a unique feature of such formulations, other authors have reported
moisture to have a detrimental or non-beneficial effect. Careful studies have shown that the
effect of moisture is dependent on the support material and the quantity of moisture co-fed in the
reactant gas [131, 176]. Daté and Haruta have reported that the optimum moisture concentration
for CO oxidation over Au/TiO, is ~200 ppm [176]. Their findings showed that the reaction was
enhanced by at least 10 fold compared to dry conditions. However, further increase in the
moisture concentration led to a decrease in activity, attributed to the blockage of active sites. In a
separate report, the same group emphasized that the degree of enhancement was dependent on
the support. It was high for insulating metal oxides such as Al,O3 and SiO, and moderate for the
semiconducting oxide, TiO, [131]. Regardless of the considerable enhancement by moisture, the
activation energies calculated for Au/Al,O; and Au/TiO, were almost independent of water
concentration. Based on these results, the authors concluded that moisture did not significantly
affect the structure of these catalysts and the mechanistic pathway. However, for Au/SiO, the

conversion curves were unusual and significantly changed by the moisture concentration.
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A similar picture emerged from the moisture effect studies conducted by Park and Lee using
Au/Fe,03, Au/Al,O3 and Au/TiO, catalysts [177]. Based on XPS measurements, it was
established that during the reaction under dry conditions, Au exists in the metallic form, whereas
ionic species (Au®") were identified under wet conditions. Here, water presumably creates active
sites for CO oxidation, since oxidized species were more active. Bond and Thompson have
suggested that both Au®* and Au® species play a collaborative role in CO oxidation, where Au® is
needed for the chemisorption of CO and Au®" carries OH™ and ensures strong metal-support
interaction [175]. According to the proposed mechanism (Figure 2.10), the hydroxyl attached
either on the periphery (Au**— OH) or on a support cation (OH;), attacks the chemisorbed CO
(Au’—CO) to form a hydroxycarbonyl (Au**—COOH).
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Figure 2.10 A schematic representation of the initial stages CO oxidation at the periphery of active
gold particles, as proposed by Bond and Thompson [175].
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The superoxide ion, O, — o5, Where o5 represents the vacancy of the support, then successively
oxidizes two carboxylate groups to form CO; and the hydroxyl group, which then migrates to its
original position and enters the next catalytic cycle. The cycle and the proposed mechanism
involve the following subsequent reactions [175]:

AW’ +CO — Au’—CO (i)
AU** + OHy — Au**—OH (ii)
Au’—CO + Au**—OH — Au**—COOH + Au’ (iii)
O, + 05 — Oy —g (iv)
Au**—~COOH + 0;” —0s — Au** + CO, + HOy—xs (v)
Au**—~COOH + HOy —og — Au®" + CO, + 20Hs + o (vi)
Au* +os — AU +of (vii)

The mechanism proposed by Bond and Thompson is similar to the one reported by Kung’s group
for Au/Al,O3, except that no assistance from the support was suggested, as Al,Os3 is irreducible
(Figure 2.11) [169]. In their study, thermal treatment of the catalyst led to its deactivation,
presumably due to dehydration and subsequent modification of the active site (Au*—OH). The
catalyst could be reactivated by exposing it to moisture. In the study of the effect of moisture and
calcination temperature on the performance of Au/Fe;O3, Daniells et al. have proposed a similar
mechanism [167]. Notably, there is a disagreement between the mechanisms and conclusions
proposed by Kung and those reached by Daté [176], regarding the activity enhancement of
Au/Al,O3 by moisture.
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Figure 2.11 (A) Mechanism proposed by Kung et al. and (B) the associated model assemble of the
active site (Au® and Au*—OH)

2.3.1.4 Performance of some gold catalysts for PROX

The innovative research advances highlighted in the whole of Section 2.3.1 have been used as
the basis for the development of efficient gold-based catalysts for the removal of CO from a H,-
rich reformate. One of the most important requirements that a successful PROX catalyst should
possess is that the oxidation of CO should not be inhibited by the presence of H,, H,O and CO..
Since the literature cited in Section 2.2.2.3 shows that water promotes CO oxidation for some
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gold catalysts, PROX studies of these catalysts are widely explored and continue to be a topic of
interest. Also, gold catalysts are active at low temperatures, making them suitable candidates to
be employed in processing units coupled to PEMFC. In the past two decades, gold supported on
selected metal oxides such as Fe;03, MnOx, CeO; and TiO,, have received tremendous interest
as potential catalysts for PROX applications. Generally, Au catalysts show excellent activity and
selectivity for CO oxidation at low temperature. However, the selectivity towards CO, under
PROX conditions decreases sharply with increasing temperature. Hence, at the operation
temperature window of the PEMFC (80 -100 °C) or processing unit (200 — 300 °C), competitive
H, consumption becomes a concern. The stability of gold catalysts in PROX testing has also
been considered as a drawback. Reports about the long-term stability of these catalysts under
idealistic simulated PROX conditions are very limited. In this section, gold catalyst formulations
that show promising PROX activity are discussed.

One of the early PROX studies using supported gold catalysts was reported by Haruta et al. for
AU/MnOy prepared by co-precipitation [178]. In the presence of H,, the catalyst showed CO
conversions between 85 — 95% in the respective temperature range of 50 t0120 °C. This activity
outperforms that achieved over Pt/A-zeolite catalysts, which are active at temperatures above
150 °C [34]. The results obtained by Haruta and co-workers inspired Kahlich et al. to conduct
detailed kinetic studies for a Au/oa-Fe,0;3 PROX catalyst [179]. The respective activation
energies of CO and H, oxidation reactions were 31 and 50 kJ/mol, which correlated with the loss
of selectivity with increasing temperature. The CO oxidation rate constant for Au/a-Fe,O3 at 80
°C was comparable to that of conventional Pt/Al,O3 (at 200 °C) [179].

Avgouropoulos et al. studied the effect of H,O and CO; in the catalytic performance of Au/ a-
Fe,O3 [39]. Compared to Pt/y-Al,O3 and CuO-CeO,, the gold-based catalyst showed superior
catalytic performance for PROX at relatively low temperatures (80 — 120 °C). However, Au/a-
Fe,O3 was sensitive to the presence of H,O and CO,, showing significant decrease in activity and
selectivity. Later, Schubert and co-workers emphasized that although water enhances the activity
of Au/a-Fe;0s3, it cannot completely counteract the detrimental effect of CO, during the PROX
process [180]. Similar results and observations have been reported for a comparative study of

Au/a-Fe,0O3 and Au/MnOy [181]. The performance of these catalysts was very comparable, in the
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presence of H,O and CO,. The positive effect of water can be explained by the involvement of
OH" groups in the CO oxidation, as explained by in Section 2.2.2.3. It was later shown that the
PROX activity of Au/a-Fe,O3 formulations could be improved by careful pre-treatment [182].
The Au/Fe,O3 catalyst prepared via two-stage calcination has been reported to reduce CO to
acceptable levels under realistic PROX conditions. However, optimum results were only
observed in a narrow temperature window. To the best of our knowledge, no other supported

gold catalyst has since surpassed the results observed for Au/Fe;Os.

Several groups have reported promising results for PROX over gold catalysts supported on ceria-
based materials [125, 164, 183-186]. It has been reported that the performance of Au/CeO,
catalysts can be fine-tuned by careful selection of the preparation method [187] and by doping
the ceria support or by employing nanostructured CeO, [164]. For these catalysts, the chemical
and structural nature of the support greatly influences the catalytic performance of the gold
catalyst. The chemistry associated with ceria-based materials will be briefly discussed in the next
section. In most cases, Au/doped-ceria catalysts are more effective than Au/pure-CeO,,
depending on the dopant. llieva et al. recently studied the PROX activity of gold catalysts
supported on ceria doped with FeOy, MnOy and CoOy [125, 185]. In their study, Mn- and Fe-
containing gold catalysts displayed high activity and selectivity compared to Au/pure-ceria and
Au/Co0x-CeO; catalysts. However, PROX activity of these materials decreased drastically in the
presence of CO, and H,O. Wang and co-workers have systematically studied the effect of Ce/Co
atomic ratio in the PROX activity of Au/Co30,4-CeO, catalysts [188]. A Au/Co304-CeO, catalyst
with a Ce/Co ratio of 0.2 displayed promising PROX results, achieving CO conversion of 91%
and selectivity of 51% at 80 °C. In a similar study for gold catalysts supported on iron-modified
ceria, catalysts containing 10 mol% of Fe were reported to be more active and stable under
PROX conditions, compared to Au/CeO, [189].

Gold has also been supported on ceria doped with zinc oxide [184, 186] and rare earth metals
such as La, Sm, Gd and Y [184-186]. Amongst the investigated combinations, doping ceria with
Zn, Sm and Y resulted in an improvement of the activity and stability. Generally, for Au/ceria
and Au/MOy-CeO, catalysts, promising activity and selectivity are achieved in the temperature
window of 30 — 130 °C [183]. Although both Au/pure-ceria and Au/doped-CeO, formulations
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are often negatively affected by the presence of CO, and H,0O, the degree of deactivation is less
pronounced for gold catalysts supported on Fe,O3;, ZnO and Y,Os-doped under similar

conditions.

PROX activity of gold catalysts supported on other oxides and mixed oxides also has been
studied. However, most of these catalysts appear to have very little potential for further
applications [190]. Au/TiO, catalysts prepared by deposition-precipitation show good catalytic
activity for PROX at temperatures between 25 and 50 °C [190-193]. However, increasing
temperature often leads to substantial decrease in selectivity and promotes deactivation.
Deactivation has been associated with the accumulation of carbonate species and complete
transformation of Au** to Au° [190, 193]. Different reports have showed that Fe,Os [194],
Co304 [195] and CeO, [196] are suitable promoters for Au/TiO, catalysts for PROX
applications. Au/Al,O3 catalysts are generally less active and tend to deactivate over a period of

time [132]. However, their activity can be restored by treatment with H, or moisture [132].

2.3.2 Transition metal oxide catalysts

Major concerns involving the use of PGM and gold-based catalysts are the high cost and limited
resources. As a result, greater emphasis now is placed on developing cost effective catalysts.
Alternate metal oxide catalyst systems have been studied and have captured the attention of
scientists as cost effective candidates for future applications in PROX. Some of the catalyst
formulations that have been studied for PROX include oxides of transition metals such as Co, Cr,
Cu, Ni, and Zn, supported on MgO, La;03, SiO»-Al,03, CeO, and CeO,-ZrO, [197]. For these
types of catalysts, supporting Co, Cu or combinations of Co and Cu on fluorite structured oxides
such as CeO; and CeO,-ZrO, often generate active catalysts. The most studied catalysts of this
type are ceria supported copper catalysts. In comparison with Au/a-Fe,O3 and Pt/y-Al,Og,
Avgouropoulos et al. found the CuO/CeO; catalyst to be the most selective, maintaining 100%
selectivity at temperatures up to 120 °C, with ~ 80% CO conversion [39]. However, to obtain
99% CO conversion, a temperature of 200 °C and excess oxygen were required. When H,0O and
CO;, were added to the feed, the temperature required for the catalyst to nearly achieved
complete CO conversion increased. Liu and Flytzani-Stephanopoulos have attributed the notable
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activity of CuO/CeO, catalysts to a synergistic interaction between copper and CeO,, as
represented by a proposed redox equilibrium: Ce*— Cu'*e Ce**— Cu®* [198, 199]. It was

suggested that CuO is easily reduced and adsorbs CO better when finely dispersed on CeO,,

It has been reported that the catalytic performance of CuO/CeO; catalysts is strongly influenced
by the preparation method [200, 201]. Avgouropoulos and co-workers found that the catalyst
prepared by the urea-nitrate combustion method displayed superior activity compared to those
prepared by co-precipitation, impregnation or the citrate-hydrothermal method [201]. The
activity followed the order: urea-nitrate combustion > citrate-hydrothermal > co-precipitation >
impregnation. A chelating method has also been reported to be an effective preparation method
for these catalysts, promoting the formation of defects in the ceria structure and catalytic
progression [202]. There is a vast literature discussing different preparation methods and varied
PROX activities over CuO/CeO,. Some reports contradict earlier studies, claiming that
impregnation and co-precipitation can also produce effective catalysts [200, 201]. Therefore, it is
not clear as to the effect of the preparation method on the structure and activity of the catalyst.
However, there is consensus that the optimal Cu loading is ~ 5 wt% and that bulk CuO on CeO,
is not effective [202-206]. A detailed discussion on the factors affecting the activity of these
catalysts has been presented by Bion et al. [207]. Based on temperature programmed reduction
experiments and comparative studies of CuO catalysts on different acidic and basic supports,
most researchers agree that good activity is dependent on the promotion of synergistic redox
features as a result of strong interaction between CuO and CeO, [197, 208, 209]. Therefore,
tuning the redox properties and improving interaction between the two components can result in
improved performance. The following section highlights ways of inducing redox and catalytic
properties of ceria.

Cobalt oxide based catalysts have been widely studied for CO oxidation in the absence of H,
[210-212]. For cobalt oxide, optimum CO oxidation activity is associated with Co3O4, in which
cobalt exists in a mixed valence state of +2 and +3. Different authors have emphasized that
Co30,4 is more active than CoO [211, 213]. Both bulk and supported Co3O, are reported to
display high CO oxidation activities in the absence of H,. In a Hp-rich stream, the Co species, in
bulk Co304, are reduced to Co?* and Co® which are not active for CO oxidation [214, 215]. It has
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been shown that when supported on suitable oxides, Co3O, catalysts can maintain their efficient
CO oxidation activity due to the enhancement of Co**— Co** redox couple efficiency [216]. In
this context, the choice of the support is of paramount importance in order to ensure optimum
activity. Zhao et al. investigated the effect of the support by studying the performance of cobalt
catalysts supported on different metal oxides such as ZrO,, CeO,, SiO,, Al,03, and TiO, [217].
Among these catalysts, Co/ZrO, was the most active under PROX conditions. It was claimed that
the cobalt is in a Co30,4 phase and the performance of Co/ZrO, was linked to a high dispersion of
the active species. In an extension to this work, Woods et al. and Gawade et al. reported that
supporting CoOy on high-surface area ceria nanoparticles improved the dispersion of the active
component from 0.1% to 3.4%, resulting in an in increase in the activity of the catalyst [218,
219]. However, this catalyst showed a decrease in PROX activity in the presence of water and
CO; and it consumed H; via the methanation reaction at temperatures above 220 °C. Although
the presence of H, led to a decrease in CO oxidation rate, the activation energy of H, oxidation
was always higher than that of CO oxidation, regardless of cobalt loading. There is a growing
number of reports suggesting that supported cobalt catalysts can be promising candidates for
PROX applications [217, 220-225].

In the work published involving the use of metal oxide catalysts for PROX studies, limited
literature is available detailing the stability of these catalysts in the presence of water and CO.. In
most of these studies, a decrease in CO conversion is observed in the presence of CO, and water.
For CuO/CeO, catalysts, deactivation has been related to an accumulation of hydroxyl and
carbonate species on the active sites, sintering of copper species [220] and copper redistribution
[226]. The stability of the Co-based catalysts has been cited as a concern in a reducing
environment due to reduction of Co to a lower valence state which is not active for CO oxidation
[227]. Also, the formation of CO-H,O “complex” has also been suggested as the possible
explanation for loss of activity [228, 229]. It has been shown by Operando-DRIFTS studies that
the surface CO-H,O complexes are the hydroxylated carbonate-type species [229]. Their

presence can lead to the impediment re-oxidation during PROX.
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2.3.2.1 Insight into ceria properties and their modification

Ceria-based materials are well known for their applications as oxygen storage materials in
automotive three-way catalytic converters (TWC) [230]. Recently, ceria-based catalysts have
gained recognition in a wide range of applications, most notably, in the field of alternative
energy and fuel cells [230]. The attractive catalytic behaviour demonstrated by ceria-based
materials is often attributed to their good ionic conduction, temperature stability and most
importantly, the facile redox cycle between Ce®*" and Ce** [231]. This reversible redox transition
results from the release of lattice oxygen, which leads to structural defects and the formation of
oxygen vacancies in ceria. Therefore, the single electron defects of Ce®* ions can serve as vacant
sites for active oxygen species required for catalytic reactions. In this way the oxygen storage
capacity (OSC) and oxygen mobility become the important features in catalysis by ceria-based
systems. Defects that are induced by thermal disorder or redox processes are referred to as
intrinsic defects [230]. These changes can be represented by Equation 10 or by the Kroger-Vink

notation (Equation 11) [232]. In the following equations, Cec., Vo' and O represents Ce*, a

doubly charged vacancy and the oxide ion in the lattice, respectively.

0% + 2Ce*" - 2Ce* + 1,0, (g) (2.10)
05 2Ces, < 2V + 2Cec.+ ¥ 05 (g) (2.11)

Fluorite structured oxides such as ceria are known to tolerate high atomic disorder which may be
induced by reduction or introducing a dopant [230]. A high concentration of oxygen vacancies
can be created by incorporating foreign metal ions with a lower valence (M*/M?*) into the
lattice structure of ceria [233]. The formation of oxygen vacancy defects (V") occurs in order to
compensate for charge imbalance after the incorporation of dopants with lower valence. In
addition, the formation of vacancies is also driven by structural strain effects, where larger or
smaller dopant cations may prefer a different coordination than the 8-fold coordination of the
fluorite structure [234]. Hence, substituting Ce** by isovalent metal ions (M*") still allows
modification of the electronic properties and the catalytic properties of ceria. Based on this,
zirconium-doped ceria materials are common components of three way catalysts (TWC) and are
well-known as oxygen storage materials [235]. Oxygen vacancy defects that are invoked by the
incorporation of foreign metal ions into the lattice are termed extrinsic defects [230]. In a class of
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ceria mixed oxides, ceria-based materials that have foreign metal ions dissolved into the ceria
lattice structure are commonly referred to as solid solutions. The representation of non-
substituted CeO, is shown on the right, while substituted ceria on the left of the cube as shown in
Figure 2.12 [236].

Figure 2.12 Representation of the fluorite structure, showing non-substituted (right of the cube)
and substituted ceria (left of the cube). Dark spheres represent the dopant and the oxygen
vacancy is shown as a small sphere. Reprinted from [236] with the permission of the National
Academy of Science, USA

Since the formation of oxygen vacancies is linked to oxygen deficiency in the structure of CeO,,
ceria that is rich in oxygen vacancy defects tend to have increased proportions of Ce®* in order to
maintain charge balance. It has been shown that high surface area nanoparticulate ceria has
improved redox properties, shown by reduction at low temperatures compared to bulk ceria [237-
240]. These observations were found to be related to the presence of intrinsic oxygen vacancy
defects. Therefore, catalytic properties of ceria can also be modified without introducing dopant
metals into the lattice. In this context, careful design of the synthesis method is important.
Preparation methods that have been reported to be effective in producing high surface area
nanoparticulate ceria include sol-gel [241], combustion [233] and the surfactant-assisted methods
[237, 242]. For catalytic CO oxidation, ceria-based materials that are rich in oxygen vacancies
and in turn enhanced oxygen storage capacity often show better activity [233, 241]. In the case of
CuO/CeO,, it has been proposed that the presence of copper improves the reducibility, the

thermal stability and enhances the oxygen storage capacity of ceria [197]. Accordingly, studies
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have shown that the redox transition during CO oxidation involves the reduction and oxidation of
both the ceria and copper species [208, 243]. Several researchers have attributed the notable
activity of CuO/CeOQ, catalysts to a synergistic interaction between Cu and CeO,, as represented
by a proposed redox equilibrium: Ce*— Cu'*e Ce*— Cu?* [199, 203, 205]. The redox
mechanism and catalytic activity of CuO/CeQ, catalysts has been associated with the possible
incorporation of some of the copper ions into the ceria lattice, forming a solid solution with
Ce—O—Cu phases [202, 203, 205]. In other studies, Jung et al. [203] and Liu and Flytzani-
Stephanopoulos [205] have demonstrated that the calcination of ~5 wt% CuO/CeO, catalysts at
temperatures between 600 to 700 °C produces stable solid solution catalysts with enhanced
activity. Calcination of the catalysts above this temperature window led to a decrease in activity,

which was linked to phase separation due to the migration of copper species to the surface.

In recent years, several groups have shown that introducing a third metal such as Pt, Ni, Sn, Zr,
Fe or Co to CuO/CeO; systems improved the activity [244-250]. However, the addition of Pt, Ni
and Co additives showed no improvement on the selectivity. Comparative studies of CuO/CeO,
and CuO/Ce0,-ZrO, catalysts showed that the latter formulation performed better than the
former under PROX conditions [244]. Superior catalytic performance displayed by CuO/CeO,-
ZrO, was attributed to the enhanced oxygen mobility, induced by incorporation of zirconium. In
the same study, the CuO/CeO,-ZrO, catalyst was reported to be as active as the more expensive
Pt/Al,O3 catalyst, but showed even better selectivity. Incorporating an appropriate amount of
Al,O3 (20%) into this formulation improved the dispersion of CuO and, consequently, the
activity of this catalyst [251]. Li and co-workers doped the CuO/CeQ, catalyst with different
metals such as Mn, Fe, Ni, Co and Cr [204]. The PROX activity of the catalysts followed the
order: CuO/Mn-CeO; = CuO/Fe-CeO, > CuO/Ti-CeO, > CuO/Ni-CeO, > CuO/CeO, > CuO/Co-
Ce0;, > CuO/Cr-CeO,. The superiority of Mn and Fe-doped catalysts was linked to the formation
of a solid solution network, with a high concentration of oxygen vacancies. Recently, Chen et al.
reported high PROX activity for CuO catalysts supported on cobalt-doped ceria materials
(CuO/Co304-Ce0,) [249]. Depositing 7 wt% CuO on a support which comprised a Ce/(Ce + Co)
atomic ratio of 0.1 was reported to be the most promising formulation, where complete CO

conversion was maintained over a broad temperature window, 98 — 173 °C.
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In an attempt to improve the dispersion of Cu species, Moretti et al. prepared a mesoporous and
high surface area CuO/CeO,/Al,O3 catalyst, using a surfactant-assisted synthesis [206]. The high
activity, selectivity and prolonged stability of the catalyst under PROX conditions were
associated with high surface area. In another study with CuO-CeO,/y-Al,O3, addition of a small
amount of Co (0.2 wt%) promoted the activity of the catalyst [252]. Supporting CuO on high
surface area (HAS) ceria prepared by the surfactant-assisted [242, 253] or sol-gel method [241]
has been reported to produce formulations that display high activity due to high dispersion,
enhanced redox properties and high OSC.

2.3.2.2 Active entities and mechanistic aspects of metal oxide catalysts

In CuO/CeO, catalysts, copper can exist as three different species, viz. finely dispersed CuO,
Cu?* incorporated into the ceria lattice and bulk CuO species [207, 241, 254]. It was suggested
that CuO is easily reducible and much more efficient in CO adsorption when finely dispersed on
CeO,. Cu®" in the lattice ensures redox synergism between the cerium and copper species and
facilitates the formation of defects, which are an incentive for the enhancement of the catalytic
activity CuO/CeO,. Bulk CuO is known to play the least role in CO oxidation. Under PROX
conditions, the synergistic effect between the copper and ceria species has been reported to
facilitate the reducibility of Cu®* and subsequently lead to the formation of Cu*— CO species.
Based on in situ diffuse reflectance infrared spectroscopy studies (DRIFTS), it has been
demonstrated that, during PROX progression, CO adsorbs on Cu® mainly as carbonyl, forming
Cu’— CO species [241, 249, 254]. It is generally accepted that CO oxidation over CuO/CeO, and
many other ceria supported metal oxide catalysts proceeds according to the Mars-van Krevelen
(MvK) redox pathway, in which the metal cations serve as anchoring sites for CO and there is a
dynamic equilibrium between solid gaseous oxygen [199, 210, 226, 247, 255-257]. As discussed
earlier, the redox and OSC properties of ceria favour oxygen adsorption, which can be
transformed to lattice oxygen species according to the following steps [226, 255, 256]:

0, (ad) — Oy (ad) — 0,* (ad)— 20" (ad)— 207 (latt) (2.12)
Equilibrium between solid and gaseous oxygen has been proven by means of isotopic exchange
experiments [258]:

Ce16016o + 180180 < C618016O + 180160 (213)
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The involvement of lattice oxygen in CO oxidation has been verified by the use of the temporal
product analysis (TPA) reactor technique [199]. In these studies, passing CO through the
oxidized CuO/CeO, led to a spike of CO conversion, which then decreased after the
consumption of all active oxygen species. Figure 2.13 shows a general MvK catalytic pathway

employed to describe CO oxidation over ceria supported metal oxide, including CuO/CeQO; and
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Figure 2.13 Schematic representation of CO oxidation over supported metal oxide catalysts: (a)
CuO/Ce0s, (b) Co304/Ce0, and (c) general simplification for general metal oxides[252, 254]
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Different authors have reported that Co3O,4 is more active than CoO [211, 213]. The high activity
of Co30, has been associated with the co-existence of Co**— Co®" pairs [211, 213]. Royer and
Duprez suggested that Co®* may be the anchoring site for CO and could be reduced to Co®* upon
CO adsorption [210]. This proposal is supported by the density functional theory (DFT)
calculation results reported elsewhere [259]. Xie et al. emphasized that the superior performance
of Cos04 depends on the balance of Co®*/Co* ratio of the spinel structure [211]. It was
suggested that CO and O, adsorb at Co®* sites and Co**—o—Co>* specific sites, respectively.
Adsorption of CO on Co*" has been confirmed by infrared experiments [212]. With respect to
Co30, catalysts supported on ceria-based materials, DRIFTS studies have indicated that
bidentate carbonate species are the intermediates for CO oxidation [254].

2.4 Summary and outlook

It is a necessary requirement to reduce the CO concentration in the reformate in order to achieve
maximum power output and ensure prolonged lifespan of the PEMFC. Different process
technologies have been discussed and compared as H, purification methods for PEMFC
applications. Selective catalytic reactions appear to be a promising way of achieving reformate
clean-up, compared to membrane separation techniques which are limited to large scale
applications. Two catalytic processes, Sel Meth and PROX were discussed in detail. Although
literature shows that Sel Meth is a promising process and eliminates the need to add oxygen, its
drawback is that three molecules of hydrogen are consumed for every CO molecule converted to
CHa,.

Based on the literature survey, it can be concluded that PROX is the preferred method that can
selectively reduce the CO concentration (= 1 vol%) to acceptable levels for PEMFC applications.
Catalyst systems that have been demonstrated as candidates for PROX include supported noble
metals, metal oxide supported gold nanoparticles and non-precious metal oxides, with the first
category being conventionally used. A conceptual comparison of the performance of the
catalysts is depicted in Figure 2.14, and Table 2.3 summarises the performance of different

catalysts, cited in this chapter, under different PROX conditions.
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Table 2.3 Comparison of the catalytic performance of noble metal, supported gold and non-precious metal oxide catalysts for PROX

reported in literature

Catalyst

Preparation method Operation parameters

Comments

Reference

Noble metal catalysts

2 wt% Pt/"{-AIzOg

5 wt% Pt/"{-Alzogg

6 wt% Pt-mordenite

0.32 wt% Pt/CeO_gzro_zoz

4% Pt-0.5% Fe/mordenite

4% Pt-0.5% Fe/SiO,

5% Pt/FSM-16

1 wt% (2:1) Pt-Au/A-zeolite

0.5% Pt-Co/YSZ (Co/Pt = 10)

Sol-gel

Impregnation

lon-exchange

Impregnation

lon-exchange

Sol-gel

Impregnation

Impregnation

Impregnation

H,/CO/0,/CO,/H,0 (60/1/1.35/25/10
vol%) in He. Space velocity: 571 mL
g* min*

H,/CO/0,/CO,/H,0 (50/1/1.25/15/10
vol%) in He. W/F = 0.144 g .s. ml™

CO/0y/H,0 (1/1/20 vol%) in H,.
Space velocity: 1 000 mL g™* min™

H,/CO/0,/CO,/H,0 (60/1/1/5/5
vol%) in He. Space velocity: 12 000
h-l
H,/CO/0,/CO,/H,0 (68/1/1/20/20
vol%) in N,. Space velocity: 50 000
h-l

CO/0,/CO,/H,0 (1/0.5/25/20 vol%)
in H,. Space velocity: 36 000 mL g™
h—l

N,/CO/0,/CO,/H,0 (5/1/0.5 vol%) in
H,. Space velocity: 200 mL g* min™

H,/CO/0,/CO,/H,0 (40/1/1/10/10
vol%) in He. Space velocity: n.d

H,/C0O/0,/CO,/H,0
(64.6/0.9/0.9/17.4/13 vol%) in N..
Space velocity: 278 mL g™* min™

~100% CO conversion at
150 -175 °C.

Stable. 93+ 7 % CO
conversion at 150 °C

Stable. 70% CO
conversion at 200 °C

~90% CO conversion at
80 °C

100% CO conversion at
150 °C

92% CO conversion at
80 °C

Not stable. ~100% CO

conversion at 60 -150 °C.

~100% CO conversion at
180 -210 °C.

Stable. CO reduced to
below 10 ppm at 110-
150 °C

Manasilp and Gulari [38]

Avgouropoulos et al. [39]

Igarashi et al. [43]

Ayastuy et al. [59]

Watanabe et al. [68]

Fuetal. [70]

Fukuoka et al. [71]

Naknam et al. [77]

Ko et al. [84]
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Gold catalysts

Au/MnOX (Au/Mn = 1/50)

2.9 wt% Au/a-Fe,03

5.38% Au/FeOx

5% Au/Fe,03

3 wt% Au /10FeCeO,

AU/CGOz—C0304

1 wt.% Au/ 10CuOx—Ce0O,

Co-precipitation

Co-precipitation

Co-precipitation

Co-precipitation
Deposition—
precipitation

deposition-
precipitation

deposition-
precipitation

Non-precious metal oxide catalysts

1.9 wt.% CuO-CeO,

3 wt% Cu-CeO,

25 wt% CuO-CeO,

Cug 15Ceq g5

sol—gel

Impregnation

Citrate-hydrothermal

Urea nitrate
combustion

CO/O; (1/1 vol%) in H,. Space
velocity: 10 000 h™

H,/CO/0,/CO,/H,0 (50/1/1.25/15/10
vol%) in He. W/F = 0.144 mL g*
min™*

H,/CO/0,/CO,/H,0 (40/1/1/2/2.6
vol%) in He. Space velocity: 500 mL
g—l h—l

H,/CO/0,/CO,/H,0
(50/0.9/0.9/22/4.7 vol%) in N,. Space
velocity: 12 000 h™
H,/CO/0,/CO,/H,0 (50/1/1/10/10
vol%) in He. Space velocity: 4000 h™*

H,/CO/0O, (50/1/1 vol%) in Ar. Space
velocity: 30 000 mL g™* h

H,/CO/0,/CO,/H,0 (50/1/1.25/2/10
vol%) in N,.

H,/C0O/0,/CO,/H,0 (50/1/1.25/15/10
vol%) in He. W/F = 0.144 g smL™

H,/CO/0,/ (50/2/1 vol%) in He.
Space velocity: 100 N mL min™

H,/CO/0,/CO,/H,0 (50/1/1.25/15/10
vol%) in He. Space velocity: 417 mL
g* min*

H,/CO/0,/CO,/H,0 (50/1/1.25/15/10
vol%) in He. Space velocity: 417 mL
g’ min*

~100% CO conversion at
50 °C

Not stable ~100% CO
conversion at 100 °C

Stable ~100% CO
conversion at 50 °C

Stable 99.8 % CO
conversion at 80 °C

~70 % CO conversion at
100 °C

Not stable. 94% CO
conversion at 80 °C

Not stable. ~100% CO
conversion at 150 °C

Stable. ~100% CO
conversion at 175 °C

n.d. 76.2 % CO
conversion at 136 °C

Stable. 99% conversion
at 200-210 °C

n.d . 99% conversion at
190 °C

Sanchez et al. [178]

Avgouropoulos et al. [39]

Luengnaruemitchai et al. [181]

Landon et al. [182]

llieva et al. [125]

Wang et al. [188]

Laguna et al. [189]

Avgouropoulos et al. [39]

Marifio et al. [197]

Avgouropoulos and loanides
[200]

Avgouropoulos et al. [201]
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5% Cu0O-CeO,

7 wt% CuO/CngZrMOz

7% CUO/CEolgzro'loz'A|203

5 wt% CuO/MnOx-CeO,

5% CuO/20% CeO,/y-Al,O;

7 wt% CuO/Co030,4-Ce0,

Co-promoted CuOCeO,/
v-Al,05

10 wt% Co/ZrO,

10%Co/CeO, nanoparticles

Chelating method

Impregnation

Suspension/co-
precipitation

Hydrothermal

Impregnation

Impregnation

Impregnation

Impregnation

Impregnation

H,/CO/0, (50/1/1.25/15/10 vol%) in
Ar. Space velocity: 12 000 mL g™* h™

H,/CO/0,/CO,/H,0 (50/1/1/15/10
vol%) in He. Space velocity: 10 000
mLg*h?

H,/CO/0,/CO,/H,0 (50/1/1/15/10
vol%) in He. Space velocity: 167 mL
g’ min?

H,/CO/0,/CO,/H,0 (50/1/1/15/7.5
vol%) in Ar. Space velocity: 60 000
mLg*h?

H,/CO/0, (30/0.6/0.6/ vol%) in He.
Space velocity: 300 mL g™* min™

H,/CO/0,/CO,/H,0 (50/1/1/12.5/10
vol%) in N,. Space velocity: 12 000
mLg*h?

H,/CO/0,/CO,/H,0 (60/1/1/13/10
vcil%) in N,. Space velocity: 60 000
b

H,/CO/O; (60/1/1/13/10 vol%) in He.

H,/CO/0, (60/1/1 vol%) in He.
Space velocity: 30 000 mL g* min™

Stable. ~99% conversion
at 120 °C

Stable. ~100% CO
conversion at 150 °C

Stable. ~100% CO
conversion at 160 -170
°C.

~100% CO conversion at
140 °C

Stable. ~99% CO
conversion at 200 °C.

~100% CO conversion at
120 °C (Highly selective)

Not stable. ~99% CO
conversion at 200 -235
°C.

~90% CO conversion at
175 °C

~100% CO conversion at
200 °C.

Liu et al. [202]

Chen et al. [244]

Chen et al. [251]

Li et al. [204]

Moretti et al. [206]

Chen et al. [249]

Park et al. [252]

Zhao et al. [217]

Woods et al. [218]
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Figure 2.14 Conceptual depiction of the PROX activity of different classes of catalyst. Adopted
from [260]

2.5 Rationale, aim and objectives of the current study

Catalytic CO oxidation is a preferred method for reducing CO concentration as an auto emission
pollutant and/or detrimental poison for the Pt electro-catalyst in PEMFCs. Conventionally,
supported PGMs and gold catalysts are used, while CuO/CeQO, catalysts are an alternative
system. Enhanced catalytic activity of these catalysts generally depends on the dispersion of the
active component and its strong interaction with the support. However, complete dispersion is
difficult to achieve and only 20 to 25% of the active components are normally used in catalytic
conversion. In the current study, supported gold and ceria-based catalysts were considered. The
aim of this research work was to:

*  Synthesize and characterize single-phase metal ion substituted ceria catalysts Ce;.xMxO2.5
(solid-solution), where M = Cu, Co, Pd or a combination of either two metals. Solid-solution
formation allows maximum dispersion of the active metal ions, tuning of the redox

properties, metal-Ce interaction and consequently the catalytic behaviour.

* Prepare and characterize titania-based solid-solution materials, Ti;-xMxO,.s where M = Fe or

Co, and use them as supports for gold catalysts. Incorporating metal ions in the TiO, matrix
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would be expected to induce the formation of oxygen defect sites and supporting gold on such

supports is anticipated to yield catalysts with enhanced performance.

* |nvestigate the catalytic activity of the prepared materials as total CO oxidation and

preferential CO oxidation catalysts.

2.6 Reactor system

Continuous  fixed-bed reactors are the easiest, cost effective and commonly used reactor
systems for gas-solid catalysed reactions. Therefore, catalytic measurements reported in this
thesis were conducted using a continuous fixed-bed reactor, due to its compatibility. A schematic
diagram of the reactor unit used in this study is shown in Figure 2.15. The fittings and piping
used to build the test unit were made from stainless steel and were supplied by Swagelok®. The
reactor is equipped with Brooks mass flow controllers (MFC) for gas flow rate regulation. MFCs
were calibrated for standard temperature and pressure (STP, 0 °C and 1 atmospheric pressure)
prior use. Additional details about the reactor system are presented in subsequent chapters and

Appendix 2. Gases used in the studies were purchased from Afrox or Air Products SA.
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Reactor design
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Figure 2.15 Schematic diagram of the test unit used for catalytic measurements
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CHAPTER 3

CO oxidation activity enhancement of Ceg 95Cug 950,.5 induced by

Pd co-substitution

Keywords: Ceria, bimetallic, solid solution, CO oxidation

Abstract

A bimetallic, ionic, Cegg3Pdo02CUp0502-5 catalyst was synthesized in one-step using a urea-
assisted solution combustion method. The structural and electronic properties of the catalyst
were studied by different techniques, together with those of mono-metallic analogues. The
catalytic performance of the materials was investigated using CO oxidation as the model
exhaust reaction. X-ray diffraction (XRD), Raman spectroscopy, XPS, XANES, EXAFS and
high resolution transmission electron microscopy (HR-TEM) revealed that the prepared
materials are single-phase, solid-solution oxides with a fluorite structure. The correlation of
the characterization and catalytic results indicates that catalytic performance is influenced by
the presence of oxygen vacancies and the existence of synergism between Pd**, Cu®* and
cerium ions. The activation energy for CO oxidation over Ceg ¢3Pdp.02Cuo0502-5 was found to

be 45.8 kJ/mol, compared to 72.2 kJ/mol over Ceg g5CUp.0502-5.

3.1 Introduction

Ceria-based materials are regarded as materials of technological importance due to their
various applications in automotive catalysis [1], solar cells [2] and hydrogen production
reactions for fuel cell technology [3-5]. The catalytic activity of ceria-related materials
mainly originates from their ability to be reduced and oxidized, switching between the redox
couple Ce** « Ce** [3]. This redox transition results from the release of lattice oxygen,
creating vacant sites [6]. Therefore, the single electron defects of Ce®*" ions can serve as
vacant sites for active oxygen species required for catalytic reactions. In this way, the oxygen
storage capacity (OSC) and oxygen mobility become the important features at the core of

catalysis by ceria-based systems.
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Ceria has been used as a support for different metals and metal oxides in order to produce
catalyst formulations with enhanced performance. To date, the properties and performance of
ceria-related catalytic systems such as CuO/CeO, [7-9], Pd/CeO, [8], Pt/CeO; [8], Rh/CeO,
[8] and Au/CeO; [10] have been investigated for different reactions. In most cases, CeO; as a
support, has been associated with improved metal dispersion and better metal-support
interaction, which in turn translate to enhanced catalytic activity. However, complete
dispersion is difficult to achieve and only 20 to 25% of the active components are normally
used in catalytic conversion [11]. An approach that has been proposed as a solution to the
dispersion problem involves incorporating foreign metal ions into the lattice structure of the
support (CeOy), forming a solid-solution material [11]. With this method, the active metal can
be fully dispersed as ions within the Ce;.xMxO,.5 single-phase material. Importantly, this
approach allows tuning of the redox properties, oxygen storage capacity, metal-Ce interaction
and consequently the catalytic behaviour. Moreover, the incorporation of foreign metal ions
creates oxygen vacancies which act as local sites for active oxygen needed during catalytic
progression. It has been shown that the insertion of metals such as Pt, Pd, Rh, Cu, Fe and Co

leads to materials with enhanced OSC and improved catalytic performance [5, 11-15].

Carbon monoxide (CO) is one of the major pollutants released from internal combustion
engines. Because the presence of CO, even in trace amounts, raises environmental and health
concerns, the regulations governing auto emissions are becoming increasingly stringent. In
the course of addressing environmental fears, catalytic CO oxidation has been intensively
studied and well established [16, 17]. However, there is still a need to develop new efficient
and cost effective catalysts. Traditionally, supported platinum group metals (PGMs) and gold
catalysts are used to achieve this goal. In particular, Pd supported on ceria-based materials
has been included in the three-way catalyst formulations [8, 18]. Alternate CuO/CeOQ, catalyst
systems have also been studied and may be promising candidates for future applications in

auto-emission control, due to their high activity towards CO oxidation [9, 19].

In recent years, several groups have shown that introducing a third metal such as Pt, Zr or Co
to CuO/CeO, systems improved the activity [7, 10, 20]. The improved catalytic performance
in bimetallic catalysts is often linked to the presence of synergism between the corresponding

metals. Based on this, we have synthesized ceria-based solid-solution mono-metallic and
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bimetallic ionic catalysts, viz. Ceg9gPdo.0202-5, Ce€0.95CU0.0502-5 and Ceg.93Pdo.02CUp.05s02-5. The
intention was to explore the combined effect of Cu?* and Pd®* ions within the matrix of CeO,.
To understand this, the structure, redox features and CO oxidation activity of the
Ceo.93Pdp.02CU0 05025 bimetal ionic catalyst were studied and compared with those of the
mono-metallic ionic catalysts, CesPdo0202.s and CepgsCupos02.5.  Simultaneous
incorporation of Cu** (0.73 A) and Pd®* (0.86 A) appears to be a viable combination due to
their small ionic radii, compared to Ce** (0.97 A). More importantly, the substitution of Ce
with small valence ions has been reported to result in materials with improved OSC [5, 11,
13]. The presence of Pd in the catalyst is expected to be beneficial for CO adsorption and the

use of low Pd atomic loading, relative to Cu, would be economically justifiable.

3.2 Experimental

3.2.1 Catalyst synthesis

Single-phase solid-solution mono-metallic (Cep.9sPdo.0202-s and CeggsCuUgps02-5) and
bimetallic (Ceg.g93Pdo02CUp0502-5) ionic catalysts were prepared using a single-step urea-
assisted combustion method [21]. Ceric ammonium nitrate [(NH;).Ce(NOz)s, 99.9%], copper
nitrate [Cu(NO3),.3H,0, 99.9%], palladium chloride [PdCl,, 99%] and urea [NH,CONHj,
99.9%] were obtained from Sigma-Aldrich and used without further purification. A typical
preparation method involves making a redox combustion mixture composed of stoichiometric
amounts the metal precursors and urea fuel in the ratio of 1.0 : 3.77 respectively. Specifically,
for the synthesis of Cep.93Pdo.02CUo 5025, 10.197 g of ceric ammonium nitrate, 0.242 g of
copper nitrate, 0.107 g of palladium chloride and 4.529 g of urea were dissolved in 50 mL of
water in a borosilicate dish. The solution was mixed and reduced to ~ 20 mL at 150 °C on a
hotplate for 10 minutes. The boiling solution was then transferred into a muffle furnace
which was preheated to 400 °C. After nearly complete dehydration, the solution boiled with
foaming and dried before igniting. The resulting dark-brown solid product was kept in the
furnace overnight at 400 °C. Mono-metallic, ionic analogues were prepared using a similar
combustion method. Detailed calculations for the preparation of solid solution materials are

presented in Appendix 2.
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3.2.2 Catalyst characterization

Surface area, pore volume and pore size distribution were measured by nitrogen adsorption-
desorption at -196 °C using a Micromeritics TriStar 3000 multipoint analyser. The samples
were degassed under a flow of nitrogen at 200 °C for 12 h before being analysed. The linear
part of the adsorption curve was used to determine the specific surface area (Sger). The pore
size distribution was deduced from the desorption curve applying the Barret-Joyner-Halenda
(BJH) theory.

Powder X-ray diffraction (XRD) patterns of the samples were recorded on a Bruker D8
Advance diffractometer, equipped with an Anton Paar XRK900 in situ cell and a Cu Ka
source (A= 1.5406 A). The XRD patterns of 20 from 10 to 90 degrees were recorded at a scan
rate of 0.5 °/min. The structures were refined by the Rietveld method using the Full Prof
Suite-2000 program. The average crystallite size (D) and lattice strain (¢) values of the
substituted ceria materials were determined from Williamson-Hall (W-H) plots and equation
(3.2).

KA .
By cosb Y +4esin®  (3.1)

Raman spectra were recorded at room temperature using an Advantage 532 series
spectrometer, employing the visible laser line of 514 nm. High resolution transmission
electron microscopy (HR-TEM) images were recorded on a JEM-2100 electron microscope
and the images obtained were further analysed using ImageJ software. The samples were
dispersed in ethanol via sonication prior to deposition on the holey carbon-coated grids. A
ZEISS FEG-SEM Ultra Plus instrument was used to acquire the field emission scanning
electron microscope (FEG-SEM) images.

X-ray photoelectron spectra (XPS) were recorded with a Thermo Scientific Multilab 2000
spectrometer equipped with the Al Ka radiation source (1486.6 ¢V). All the binding energies
were referenced to the C(1s) peak (284.5 eV). Temperature programmed reduction by

hydrogen (H,-TPR) was conducted on an AutoChem Il 2920 chemisorption instrument, with

84



a thermal conductivity detector (TCD). The gases were purified by a solid trap of molecular
sieves. The powder catalyst was placed in a quartz reactor tube and held by the quartz wool
beds on either side. Before the analysis, the sample was preheated at 400 °C for 30 minutes
and cooled to 80 °C. The temperature of the sample was raised from 80 to 900 °C at a rate of
10 °C/min under a flow of 5% Hy/Ar (30 mL/min) as the hydrogen consumption was

monitored.

The EXAFS measurements were carried out at the Energy-Scanning EXAFS
beamline (BL-9) in transmission mode at the INDUS-2 Synchrotron Source (2.5 GeV,
100 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India
[22, 23]. This beamline operates in the energy range of 4 KeV to 25 KeV. The
beamline optics consist of a Rh/Pt coated collimating meridional cylindrical mirror
and the collimated beam reflected by the mirror is monochromatized by a Si(111)
(2d=6.2709) based double crystal monochromator (DCM). The second crystal of the
DCM is a sagittal cylindrical crystal which is used for horizontal focusing of the beam,
while another Rh/Pt coated bendable post mirror facing down is used for vertical
focusing of the beam at the sample position. Three ionization chambers (300 mm
length each) were used for data collection in transmission mode, one ionization
chamber for measuring incident flux (lp), the second one for measuring transmitted
flux (Iy) and the third ionization chamber for measuring the EXAFS spectrum of a
reference metal foil for energy calibration. Appropriate gas pressure and gas mixture
were chosen to achieve 10-20% absorption in the first ionization chamber and 70-90%
absorption in the second ionization chamber to obtain better signal to noise ratio. The
Si drift detector was used in standard 45 degree geometry for fluorescence mode.
Rejection of the higher harmonics content in the X-ray beam was performed by

detuning the second crystal of DCM. The absorption coefficient x was obtained using

the relation:

1= l.e (3.2)

In this equation, x is the thickness of the absorber. Ce edge measurements were done
in transmission mode and Cu edge measurements were done in fluorescence mode.
For transmission measurements, powder samples of appropriate weight, estimated to

obtain a reasonable edge jump, were mixed thoroughly with cellulose powder to
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obtain a total weight of 100 mg, and homogenous pellets of 15 mm diameter were

prepared using an electrically operated hydraulic press.

3.2.3 Catalytic activity measurements

CO oxidation activity measurements were performed in a continuous flow fixed-bed reactor
(L =500 mm, internal diameter D = 18 mm) at atmospheric pressure. The temperature of the
catalyst bed was measured by an insulated unitemp thermocouple wire. Feed and effluent
gases were analysed online with a three-channel Agilent CP-4900 micro gas chromatograph,
each channel equipped with a TCD and column. The GC is fitted with Molsieve 5A and CP-
Sil5 CB columns, with 1.0 puL back-flushing to discharge residual components after analysis.
The catalysts were pelletized and sieved into small granules (300-600 um mesh). The catalyst
pellets was diluted with inert carborundum beads (24-grit, ~ 600 um) to a volume of 3 mL
and loaded at the centre of the reactor. The empty spaces on the either side of the catalyst bed

were filled with carborundum and the ends of the reactor were plugged with glass wool.

CO oxidation experiments were performed at gas hourly space velocities (GHSV) of 12 000,
24000 and 48 000 h™, using respective catalyst volumes of 0.70, 0.35 and 0.175 mL. The
reactant gas composition contained 1 vol% CO, 1 vol% O, and the balance was nitrogen gas.
Before the reaction, the catalyst was conditioned at 150 °C for 4 h under a continuous flow of
air and cooled to room temperature under nitrogen flow. CO conversions and specific rates
were calculated based on equations (3.2) and (3.3). In the latter, Xco represents CO
conversion, Fco is the molar flow rate of CO in mol/s and m¢y is the mass of the catalyst in g.
Data points were collected within 30 minutes in triplicates at steady state (1 h) and all carbon
and oxygen balances were within + 5%.
[CO]in-[CO]out

CO conversion (Xco)= [COTin x100  (3.3)

XcoX F
rate (r)= 0 @ (3.4)

cat
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3.3 Results and discussion

3.3.1 Structural and morphological properties

The XRD patterns of Cegg3Pdo02CUp 0502 5 and the two mono-metallic, ionic catalysts are
displayed in Figure 3.1 A. The diffraction peaks of all the catalysts can be indexed to the
fluorite structure of ceria (JCPDS 34-0394). Diffraction lines corresponding to either the
metallic components or pure oxides, namely PdO and CuO, were not detected. This
observation suggests the formation of single-phase solid-solution materials with a fluorite
structure. However, the presence of pure oxides on the surface cannot be ruled out
completely, since oxides may be undetectable by XRD if they are well dispersed as small
crystals on CeO,. The magnification of the (111) peak in the 26 range of 26-32° is shown as
an insert in Figure 3.1. It can be seen that this peak slightly shifts to lower 20 values when
foreign metal ions are incorporated into the ceria lattice. Such changes are often associated

with an alteration in lattice parameters [13].

A typical refined XRD pattern is shown for CegggPdo.0202-5, in Figure 3.1 B, and the rest of
the patterns are included as supplementary information in Appendix 1. The results obtained
from the Rietveld refinement show that the lattice parameter, a, decreases slightly upon the
incorporation of Cu and Pd ions. Lattice contraction would be expected since the ionic radii
for Pd** (0.86 A) and Cu®* (0.73 A) are smaller than the radius of the host Ce** (0.97 A). On
the other hand, introduction of foreign metal ions of lower valence in the CeO, lattice can
result in solid-solution materials enriched with single electron defects of Ce** ions and oxide
ion vacancies. Ceria-based materials with high concentrations of oxide ions have been found
to have increased lattice parameters [13]. Therefore, a slight change in the lattice parameter is
a reflection of counteractive effects, due to the incorporation of foreign metal ions with small
ionic radii and the presence of oxide ion vacancies. The structural properties and crystallite
sizes of the studied materials are summarised in Table 3.1.
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Figure 3.1 A X-ray diffraction patterns of (a) CeO, (b) CepgsPdo 02025 (C) Cep.95CUp.0502-5 and (d)
Ceo_93CUo_o5Pdo_0202-§. B Rietveld refined XRD pattern of Ceo_93CUo_o5Pdo_0202-5
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Table 3.1 Structural parameters of investigated catalysts

Catalyst Lattice  Structure Bragg x> Lattice Crystallite d-spacing®
paramete  factor factor (Rg) strain size (nm) (nm)
rad (R (10°)

CeO, 5.4221 1.95 3.06 1.24 1.10 8 0.307

Ceolg5CU0.0502_§ 5.4185 1.12 1.76 1.87 3.80 14 0.308
(0.30)

Ceo.98Pd0.0202-5 5.4200 1.27 2.28 1.54 4.20 13 0.309

Cep.93CUg 05P 002025 5.4197 1.06 1.79 1.85 5.10 14 0.309
(0.32)

“Values show in parenthesis were estimated from HR-TEM

XRD patterns were further analysed by the Williamson-Hall (W-H) method. The W-H plot
corresponding to the XRD data of Cegg3Pdo2CUo0s02 5 is shown in Figure 3.2, as an
example of the linear fits used to deduce the lattice strains and crystallite sizes. The rest of the
plots are given in Appendix 1. As expected, there is a minimal lattice strain on non-
substituted ceria (Table 3.1). For the studied substituted ceria materials, this value increases
in the following order: Ceg.g5CUg.0502 5 < Cep.98Pd0.0202 5 < Cep.93Pd0.02CUo 0502 5. The results
are a good indication of distortion of the structure of CeO,, as a consequence of introducing
Cu and/or Pd ions. The average crystallite size of substituted ceria samples, calculated by the

W-H equation, is comparable (~ 14 nm) and higher than that of pure ceria (8 nm).
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Figure 3.2 Classical Williamson-Hall plot used to determine the lattice strain and crystallite
size for Ceo_g3Pdo_02CUO_o502,5
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Local structures of the solid-solution materials were also studied by Raman spectroscopy and
the spectra are compared in Figure 3.3. The Raman spectrum of non-substituted CeO, shows
one strong peak positioned at 461 cm™. This peak is associated with the triply degenerate Fag
Raman-active mode of the CeO, fluorite structure [24]. It is indicative of the symmetrical
stretching mode of the Ce-Og vibrational unit, where oxygen atoms surround the Ce** cations.
The F,qy Raman peak marginally shifts to 459, 458 and 457 cm™ for CegosCloosO2s,
Ceo.98Pdp.0202 5 and Ceg.g3Pdo.02CU0 05025, respectively. The blue shift of this Raman peak
confirms the insertion of the substitute foreign metal ions into the fluorite structure. Gamarra
et al. have reported a similar phenomenon for Cu/CeQO, catalyst formulations [25, 26].
Notably, the incorporation of Cu®* and/or Pd®* is accompanied by the broadening of the main
band (F,g). Such characteristics have been related to the existence of an inhomogeneous
strain, due to the generation of oxygen vacancies or charge balance compensation in the
fluorite structure [26-28]. In the case of Cepgs5CuU 502 5 and Cegg3Pdop2CUo 05025, peak
broadening is more pronounced, possibly due to a relatively higher concentration of oxygen
vacancies. Consequently, the spectra of the two samples show broad peaks between 550 and
650 cm™, confirming the presence of oxygen vacancies (Oy) [29]. The absence of the O, band
in non-substituted ceria correlates with minimal lattice strain, as seen from W-H analysis of
the XRD data (Table 3.1). From this observation, it can be inferred that the oxygen vacancies
are not of intrinsic nature due to inherent Ce** components [30]. Hence, they evolve as a
direct result of incorporating foreign metal ions. In summary, Raman data reconciles with
data obtained from XRD and points to the possible likely formation of single-phase solid-

solution materials.
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Figure 3.3 Raman spectra of the prepared (a) CeO; (b) Cep.9sPdp.0202-5, (€) Cep.95CU00502-5
and (d) Ceo.93CUo.05Pd0.0202-
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HR-TEM and SEM were used to investigate the structure and morphology of the samples.
Figure 3.4(a) and (b) show characteristic HR-TEM images of CepgsCuoos02 5 and
Ceo.93Pdp.02CU0 0502 5. The particle size distribution of the materials, estimated from images
given in Appendix 1, is in the range of 10 — 16 nm, which is comparable to the average
crystallite size determined by W-H analysis of the XRD data (Table 3.1). The respective
interplanar spacings between the adjacent fringes were measured to be 0.30 nm for both
Ce0.95CUp.0502 5 and Ceg.93Pdo.02CUg 0502 5, Which are related to the dji; lattice planes of the
CeO;, structure. These values are consistent with the d-spacing values obtained from XRD,

applying the Bragg equation at the (111) peak (Table 3.1).

The FEG-SEM images of the catalysts, depicted as inserts in Figure 3.5(a) and (b), show that
the catalysts are uniform nanomaterials of nearly spherical morphology. The spheres are
agglomerates of small nanocrystals. The corresponding EDX profiles of the Cepg5Cuo 0502 5
and Cegg3Pdp.02Cu0 0502 5 samples are shown in Figure 3.5(a) and (b), respectively. In the
latter, the molar ratio of Ce, Pd and Cu was found to be 0.93:0.01:0.06 and the molar ratio of

Ce:Cu is 0.92:0.08 was obtained in the former material.

Figure 3.4 HRTEM images of (a) Ceo,g3CU0,05Pdo,0202_5 and (b) Ceg.95CUg 05025
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Figure 3.5 SEM micrographs and corresponding EDS of (a) CepgsCuUgos02.5 and (b)
Ce0.93CU0.05Pd0.0202-5

The nitrogen adsorption/desorption isotherms and the corresponding pore size distributions of
pure CeO, and solid-solutions are depicted in Figure 3.6. It can be seen that the isotherms are
characteristic of type Il isotherms, with a sharp increase in relative pressure (P/Po) at ~ 0.8.
This suggests the existence of mesopores (2-50 nm) [31]. The absence of an adsorption
plateau at (P/Py) ~ 1 indicates the presence of some macropores [32]. According to the
IUPAC classification, it can be inferred that the materials are mesoporous with a slight
contribution of macroporosity [33]. Pore size distribution of non-substituted CeO, crossed the
mesoporous/macroporous border, with two distribution peaks centered at 7-15 nm and 15-60
nm. After incorporating metal ions, only a fraction of narrow pores can be seen, centred at
2.5-10 nm and 6-12 nm for Cep.93Pd0.02CUg 0502 5 (0r Cep.95CUo 502 5) and CeggsPdo.0202 5,
respectively. Pd-containing (69 m?/g) and Ceg.g5Cuo.0502.5 (58 m?/g) mono-metallic catalysts
have surface areas that are slightly higher than that of pure CeO, (51 m?/g), whereas the
bimetallic material has the lowest surface area (21 m?/g). The textural properties of the

materials are summarized in the Table 3.2.

Table 3.2 Chemical composition and surface properties of prepared catalysts.

Catalyst Ce Pd Cu SeeT Average Pore volume
(at%) (at%) (at%) (m?%g)  poresize (cm®/g)
(nm)
CeO; 100 - - 51 3.2 0.041
Ceg.9gPdo 02025 99.0 1.0 69 2.7 0.048
Cen.95CUg 05025 94.8 - 5.2 58 4.7 0.021
C60_93CU0_05Pd0_0202_5 93.0 15 55 21 2.9 0.047
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Figure 3.6 Nitrogen adsorption/desorption isotherms and pore size distribution curves of
Ce0.98Pd0.0202-5 Ce0.95CU0.0502-5 and  Cep.93CU0.05Pd0.0202-5

3.3.2 Electronic and redox properties

X-ray photoelectron spectroscopy was used to explain the electronic states of Ce, Cu, Pd and
oxygen on the prepared solid-solution catalysts. Figure 3.7A shows the comparison of the
core level XP spectra of Pd (3d) in Ceg 93Pdo.02CUo.0s02 5 and Ceg.9gPdo.0202 5. The XP spectra
of the two Pd-containing samples show two peaks with a spin-orbit coupling energy of 5 eV.
The peaks are positioned at 337.5 and 342.5 eV and are assigned to Pd (3ds;2) and (3dsp),
respectively. The binding energy of Pd (3ds,;) in the prepared materials is higher than the
literature values for Pd in PdO (336.8 eV) [34-36] and Pd° (335.0 eV) [36, 37]. Instead, it is
in good agreement with the reported values for palladium ions in PdCl; (338.0 eV) and the
Ce1xPdx0,.5 solid-solutions [13, 37, 38]. The results give an indication that palladium is

dispersed as individual Pd** ions in the ceria lattice.

Figure 3.7B depicts the Cu (2p) spectra of Cegg3Pdo02CU0.05025 and Cegg5Cug 0502 5. The
spectra of the two samples show a shake-up peak at ~ 940 eV and a Cu (2ps2) peak appears at

933 eV. The presence of these peaks suggests that the oxidation state of the Cu species in the
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catalysts is +2 [9, 19]. The Ce (3d) spectra of all the catalysts are shown in Figure 3.7C. The
Ce (3d) spectra were deconvoluted in order to show the presence of Ce** components. The
peaks can be labelled as U (U-U""") for 3ds/, spin-orbit and V (V-V'"’) for 3ds;, components,
according to Burrough’s nomenclature [39]. The V peak at ~ 882 eV and its corresponding
satellite V" peak at ~ 889 eV is indicative of the Ce*" in CeO,. The crescent between these
two peaks is partially filled-up and is not well-defined because the V' peak of the
Ce®*"component appears in this region. Based on this, the Ce (3d) spectra of all prepared

materials confirm that Ce is predominantly present as Ce**, with some contribution of Ce®"
[39].
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Figure 3.7 A: Pd (3d), B: Cu(2p) and C: Ce(3d) XP spectra of the catalysts: (a) Cep9gPd0.0202-5,
(b) Ceo.95CUo,0502.5 and () Ceg.93CU0.05Pd0.0202.5.
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The redox behaviour of the catalysts was studied by H,-TPR measurements. The H,-TPR
profiles of the catalysts are compared in Figure 3.8. The H,-TPR profile of Cu-containing
mono-metallic ionic catalyst shows two reduction peaks located at 186 °C and 211 °C.
Notably, these peaks are lower than the reduction peaks reported for pure CeO; (>400 °C and
> 700 °C) [40], pure CuO (> 300 °C) [9] and other CuO/CeO, formulations [19]. Two
reduction peaks, for CuO/CeQO, catalysts, have been reported by Liu and Flytzani-
Stephanopoulos [41], Wrobel et al. [42] and Avgouropoulos et al. [9]. Based on these reports,
a low temperature reduction peak can be attributed to the reduction of copper ions strongly
interacting with cerium ions, possibly acting as substitute ions in the ceria lattice. A high
temperature peak is possibly related to the reduction of copper species weakly interacting
with ceria. A single hydrogen uptake peak at 138 °C is observed for Ceg3Pdp02Cu0050; 5.
The absence of separate reduction peaks at 180-211 °C suggests that the Cu®" ions are
reduced together with Pd®" ions in Cego3PdogaCu0 o505 5. Accordingly, the hydrogen
consumption increases from 9.4 cm3/g for CeposCuUoos0.5 to 10.3 cm3/g for
CeogsPd02Cu00s0, 5. Hence, the addition of Pd®* to CegesCuosO25 improves the
reducibility of the catalyst and thus lowers the reduction temperature of copper species. This

redox behaviour possibly arises as a consequence of synergistic interaction between Pd, Cu

and Ce ions.
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Figure 3.8 H,-TPR profiles of (a) CeggsPdo02025 Co(2p), (b) CeposCupos02s and (c)
Ce.93CUq,05Pdp.020,-5 catalysts.
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3.3.3 XANES and EXAFS studies
The XANES spectra of Ceolg3Pd0,02CUO,o502-5, C90,95CU0,0502-5 and CGo,gsPdo_onz-a

samples are shown in the inset of Figure 3.9 along with that of the CeO, standard. The
calibration of experimental spectra was done using Cr metal foil and the third
lonisation chamber was used to measure reference spectra to align the edge position.
The four main features are depicted as A, B, C and D by the dashed line in Figure 3.9
inset. The pre-edge structure, labelled A, is assigned to final states with delocalized d
character at the bottom of the conduction band and corresponding to 2s to 5d
transition. Due to the cubic crystal-field splitting of Ce 5d states, features B and C are
associated to the transitions of Ce 2p to the Ce 4f'5dey L and Ce 4f'5dty, L states,
where, L denotes an oxygen ligand 2p hole; 4f' refers to an electron from an oxygen
2p orbital to a cerium 4f one (charge transfer-like). The energy separation between
peaks B and C is about 3.6 eV and between C and D is 7.1 eV, which is in agreement
with previous works [43, 44] The feature D is attributed to the contribution of a
different final state configuration 4f°5d. It has been experimentally shown by other
researchers that the peak at B would increase if Ce were present in the sample in the
+3 oxidation state [45, 46]. No such change is observed in the three samples studied
here, and from the resemblance of the XANES spectra of the samples with that of the
CeO; standard, it can be concluded that in all the samples Ce is present in the +4
oxidation state. The presence of Ce*® states in the samples as observed from XPS

studies might be confined to the surface states only.

The XANES spectra of the Cepg3Pdo.02CuUpo5025 and CeggsCupos025 Samples
measured at the Cu K edge are shown in the inset of Figure 3.10 along with those of
standard samples of CuBr and CuO in which Cu is present in +1 and +2 oxidation
states respectively. The Cu K edge positions for both the samples are significantly
shifted to the higher energy side compared to the Cu K edge position in CuBr and
matches with the Cu K edge position of CuO. The edge position conclusively indicates

that Cu is present in the +2 oxidation state in the samples.
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Figure 3. 9 Normalised EXAFS spectra of CeO,, Cegg3Pdo02CUg.0502-5, Ce0.95CU0.0502-s and
Ceo.98Pdp020,.5 at the Ce L3 edge. The XANES spectra are shown in inset.

Figures 3.9 and 3.10 show the normalised EXAFS spectra of the Ceg 93Pdo.02CUp.0502-5,
Ce0.95CUp.0502-5 and Ceg ggPdo.0202-5 samples measured at Ce L3 and Cu K-edges. In
order to take care of the oscillations in the absorption spectra, u(E) has been converted
to absorption function y(E) defined as follows [47]:

(3.5)

#(E) — 14 (E)

Z(E) = Ap (Ep)

In this equation, Ey is absorption edge energy, uo(Eo) is the bare atom background and
Auo(Ep) 1s the step in the u(E) value at the absorption edge. The energy dependent
absorption coefficient y(E) has been converted to the wave number dependent

absorption coefficient y(k) using the relation:
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Figure 3. 10 Normalised EXAFS spectra of CuO, C90,93Pd0,02CU0,0502_5 and Ceg.95CUg 05025
at the Cu K edge. The XANES spectra are shown in inset along with those of CuBr and CuO.

In equation 3.6, m is the electron mass. y(k) is weighted by k® to amplify the
oscillation at high k and the k® weighted y(k) versus k plots for the Ceg.93Pdg.02CUo0.0502-
s, Ce0.95CUp0502-5 and Ceg.9gPdo.020,-5s Samples are shown in Figures 3.11 (a)-(c) for Ce
the L3 edge and Figure 3.11 (d)-(e) for the Cu K edge respectively. The y(k)i®
functions are Fourier transformed in R space to generate the y(R) versus R spectra in
terms of the real distances from the centre of the absorbing atom. The set of EXAFS
data analysis programmes available within the IFEFFIT software package has been
used for the EXAFS data analysis [48]. This includes background reduction and

Fourier transform to derive the y(R) versus R plots from the absorption spectra (using
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ATHENA software), generation of the theoretical EXAFS spectra starting from an
assumed crystallographic structure and finally fitting of experimental data with the

theoretical spectra using ARTEMIS software.

The x(R) versus R plots generated (Fourier transform range is k =3.0-10.0 A™ for the
Ce L3 edge and k =3.0-11.0 A™ for the Cu K edge) for all the samples from u(E)
versus E spectra, following the methodology described above, are shown in Figure
3.11 at Ce L3 and Cu K-edges. The goodness of fit has been determined by the value
of the Ractor defined by:

Ry = 3 1M (5) = 0 (DI # (R (5) — 1, ()T (3.7)
et [IM(Zgar (T + [RE( gt ()T

In this expression, yqa: and yw, refer to the experimental and theoretical x(r) values
respectively and Im and Re refer to the imaginary and real parts of the respective
guantities. Other than the single scattering paths, multiple scattering paths are also
used for fitting purposes.

The structural parameters (atomic coordination and lattice parameters) of CeO, have been
used for simulation of theoretical FT-EXAFS spectra of the samples at the Ce L3 edge and
the best fit y(R) versus R plots of the samples are shown in Figure 3.11 (a)-(c) along with the
experimental data. The bond distances, co-ordination numbers (including scattering
amplitudes) and disorder (Debye-Waller) factors (o?), which give the mean square
fluctuations in the distances, have been used as fitting parameters and the EXAFS fitting
results are shown in Table 3.3.
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2Ry (A™)

Table 3.3 Bond lengths, coordination number and disorder obtained by EXAFS fitting at the
Ce L3 edge.

Path Parameters CEOQ CEo_ggpdo_OQCUo,%Oz-a CEo,gsCUo_o5Oz-5 CGo_gsPdo,onz-s

Ce-O R(A) 2.33 2.27(2) 2.29(1) 2.29(5)
N 8 8.0(2) 8.0(3) 8.0(2)
o2 0.0095  0.0089(1) 0.0073(9) 0.0071(7)

Ce-Ce R (A) 3.78 3.70(2) 3.82(1) 3.83(3)
N 12 12.0(4) 12.0(5) 12.0(4)
o2 0.0052  0.0094(6) 0.0044(9) 0.0032(6)

Ce-O R(A) 4.33 4.29(3) 4.40(9) 4.39(6)
N 24 26.0(7) 24.0(9) 24.0(7)
o 0.0132  0.0012(8) 0.0127(44) 0.0073(9)

2R (A™)

Figure 3.11 Fourier transformed EXAFS spectra of (a) CepggPdo0202-5 (b) Cep.95CUp.0502-5
and (c) Ce0.93Pdo02Cup 5025 (scatter points) and theoretical fit (solid line) at the Ce L3
edge. Fourier transformed EXAFS spectra of (d) Cep.g3Pdo.02CUo.0502-s and (e) Cep.g5CUp.0502-
s (Scatter points) and theoretical fit (Solid line) at the Cu K edge.
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The first peak in Ceg95Cup 5025 IS a contribution of 8 oxygen atoms around Ce at a
distance of ~2.29 A (without phase correction it appears at lower bond length). This
bond length is slightly lower than the Ce-O bond length (2.33 A) in CeO,. The second
peak around 3.5 A is a contribution of 12 Ce-Ce bonds and the peak at 4 A is due to a
longer Ce-O bond with 24 coordination number. Coordination numbers are found to
be the same for all three samples, however the disorder factors of the Ce-O as well as
Ce-Ce shells are higher for the sample Cegg3Pdo02CU00502-5 In comparison to the
samples Ceg 95CU0502-5 and Ceg.9gPdo0202-5. One also observes a shorter Ce-Ce bond
length for the sample Cepg3Pdp2CUo0s02.5 In comparison to the samples

Ce.95CU0.0502-5 and Ceg ggPdg 0202-5.

The Fourier transform EXAFS spectra at the Cu K edge for the samples
Ce0.95CUp.0502-5 and Ceg 93Pdo.02CU0.0502-5 are shown in Figure 3.11 (d)-(e) along with
best fit theoretical spectra. The initial parameters for generating the theoretical spectra
are obtained using the CuO structure due to similarity in the XANES spectra. The
bond distances, co-ordination numbers and disorder have been used as fitting
parameters and the EXAFS fitting results are shown in Table 3.4 The first peak in
Ceo.95CUg 05025 is a contribution of the Cu-O bond at 1.96 A with coordination number
~3.2. It is the same as the Cu-O bond length in copper oxide, but oxygen coordination
in this shell is found to be lower than that in CuO (4 oxygens at 1.96 A). The next
coordination peak (2.6 A) is due to Cu-Cu shells at distances of 2.94 A and 3.13 A
respectively. The third peak at 3.1 A is a contribution of a Cu-Ce shell at a distance of
3.35 A. This Cu-Ce bond length obtained here is slightly longer than obtained by Bera
et al. for Cu/CeO; [45]. Thus, comparison of the EXAFS results of CuO and the Cu
doped CeO, samples, as shown in Table 3.4, shows that the environment of Cu in the
samples, is significantly different from that of CuO after the first coordination peak
and, hence, it suggests that Cu?* goes to Ce*" sites in CeO,. Similar behaviour is also
observed by Bera et al. [45] and they concluded that Cu®* is largely occupying Ce**
sites in Cu doped CeO catalysts. However, less oxygen coordination in Cu sites
manifests the presence of oxygen vacancies at Cu sites, which has also been observed
by Bera et al. [45].
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Table 3.4 Bond length, coordination number and disorder factors obtain by EXAFS fitting at

the Cu K edge.

Path Parameters CuO Cep.93Pd0.02CUp 05025  Ce0.95CUp.0502-5
Cu-O R (A) 1.95 1.94(1) 1.96(2)
N 4 3.6(7) 3.25(6)
o? 0.0010(5) 0.0010(5)
Cu-O R (A) 2.78
N 2
0_2
Cu-Cu R(A) 2.90 3.29(3) 2.94(1)
N 4 3.6(11) 4.0(4)
o 0.0227(18) 0.0069(1)
Cu-Cu R(A) 3.07 3.13(1)
N 4 4.0(4)
o 0.0069(1)
Cu-Ce R(A) 3.21(1) 3.35(6)
N 3.6(11) 2.0(2)
o’ 0.0038(8) 0.0182(23)
Cu-Cu R(A) 3.15
N 2
o_2

102



3.3.4 Catalytic studies

Having studied the characteristics of the materials, CO oxidation was used as the model
exhaust reaction to evaluate the catalytic performance. The activity of the bimetallic, ionic
catalyst was compared with those of the mono-metallic analogues in order to highlight the
benefit of incorporating two foreign metal ions in the CeO; lattice. Figure 3.9 shows the
light-off curves of CO oxidation of the prepared solid-solution catalysts. Based on the
temperatures at which 50% and complete CO conversions were achieved (Tso and Tiqp), it is
observed that the bimetallic, ionic catalyst displays better catalytic performance compared to
the mono-metallic analogues and pure CeO,. The respective Tso and Tigo Values are marked
on the light-off curves. The Cep93Pdo.02CuU0 0502 5 catalyst has the lowest Tso (75 °C) and Tio
(150 °C) values amongst the studied catalysts and is thus the most active. The Tso value of
this catalyst is lower by 15 °C compared to that of Cegg5Cug 0502 5 and 45 °C lower than that
of CepgsPdp0202 5. The temperature of complete CO conversion follows the same trend:
Cep.93Pdo,02CUg 05025 (150 °C) < Cep.95CUg.0502 5 (180 °C) < Cep.9sPdy 02025 (200 °C).

The activity trend of Cu-containing catalysts correlates with the H,-TPR profiles of the
materials. The considerable enhancement of the CO oxidation activity of copper-ceria is due
to the improved reducibility upon the addition of palladium ions. The results suggest that
there is a synergistic interaction between Pd**, Cu** and the parent Ce ions. The catalytic
behaviour of the prepared materials can also be explained by the presence of oxygen
vacancies or defects.

CO conversion (%)

20 -

25 40 60 80 100 120 150 180 200
Temperature (°C)

Figure 3.12 CO conversion as a function of temperature over ¢ CeO, A CeggPdp 02025, ¢
Ceo_g5CU0_o502-(5 and m Ceo_g3CUo_05Pdo_0202.5 catalysts.
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Figure 3.13 (a) Rate of the reaction as the function of temperature and corresponding (b)
Arrhenius plOl‘SfOl’ 4 Cepo5CUpp502.5 and m C80_93CU0_05Pd0,0202-5 catalysts.

Since the Raman spectra showed no clear presence of oxygen vacancy defects in
Ceo.08Pd0.0202 5 and CeO,, it is not surprising that Ceg ggPdo 020, 5 is the least active among
the studied substituted ceria materials. Yang et al. have indicated that the presence of oxygen
vacancies promotes the reducibility of ceria-based materials [19]. Hence, it may be concluded
that the oxygen vacancies in Cepg3Pdo.02CUo 502 5 and CepgsCupos0O2 5 promote the CO

oxidation reaction.

The specific reaction rates over Cepg3Pdy02CUo0502 5 and Cegg5Cug 0502 5 Were calculated
using the three lowest CO conversion data points. The plots of specific rates with temperature
are shown in Figure 10(a), while the corresponding Arrhenius plots for the CO oxidation are
depicted in Fig 10(b). The activation energy values extracted from the Arrhenius plots were
found to be 72.2 and 45.8 kJ/mol for Ceg.95Cug 0502 5 and Ceg.g3Pdo.02CuUo 05025, respectively.
The results are within the range reported for similar catalyst formulations and also highlight
appreciable enhancement of the activity of Ceg5Cupos02 5 by Pd addition [19, 49]. The
adsorption and desorption of gas molecules on the catalyst are the key steps in the CO
oxidation reaction [50] and, since Pd is well-known for CO adsorption, the superior

performance by the bimetallic ionic catalyst also may be due to enhanced CO adsorption.

The steady-state activity of the bimetallic ionic catalyst was further studied at gas hourly
space velocities of 12 000, 24 000 and 48 000 h™. As shown in Figure 11, decreasing the
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GHSYV at a given temperature increases the CO conversion. Upon decreasing the GHSV from
48 000 h™ to 24 000 and then to 12 000 h™, the temperature at which 50% CO conversion is
obtained shifts from 75 °C to 70 and then 60 °C, respectively. At 24 000 and 12 000 h™,
complete CO conversion is achieved at respective temperatures of 120 and 100 °C. These
results demonstrate that the prepared catalyst, Cegg3Pdo02CUo 05025, is highly active and
capable of achieving complete CO conversion over a wide temperature window, if the contact
time is extended.

—8—12000 h-1 24000h-1 —m—48000h-1

100 T i i
90 100
80 -
70 -
60 -
50 T50
40 -
30 -
20 -
10 -

CO conversion (%)

25 40 60 80 100 120 150 180 200
Temperature (°C)

Figure 3.14 CO conversion as a function of temperature at different GHSVs (12 000 — 48 000
h™) over Cegg3Pdo.02Clo.0502-s-

3.4 Conclusion

In this study, three substituted ceria catalysts (CepogPdo.02025 Cep95CUposO2 and
Ceo.93Pdo.02Cu0,050, 5) were prepared using one-step solution combustion. Their structural
and electronic characteristics were established by multiple techniques (XRD, Raman, HR-
TEM, XPS and H,-TPR). The CO oxidation activity of CeggsCug o502 5 was considerably
enhanced by the incorporation of palladium as the second substitute metal in the lattice
structure. The synergetic effect between palladium, copper and cerium ions in
Ce.93Pdo02Cu0,050, 5 resulted in improved reducibility and superior performance. The
catalytic behaviour of the studied catalysts was found to be directly associated with the
enhancement of the reducibility and the presence of oxygen vacancies.
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CHAPTER 4

Effect of Cu additives on the performance of a cobalt substituted
ceria (Ceg99C0p 100,_5) catalyst in total and preferential CO
oxidation

Keywords: PROX, CO oxidation, ceria, solid-solution, Cu-containing catalysts, Co-
containing catalysts

Abstract

The study reports the modification of the developed Cey.90C00.1002 5 catalyst by incorporating
copper ions in order to improve the catalytic activity for total and preferential CO oxidation
(TOX and PROX). A series of metal ion substituted ceria catalysts, Ceg.90C00.100, s and
Ce0.90-xCuxC00 1002 5 (x = 0.01, 0.03 and 0.05) were synthesized in a single step by the urea-
assisted solution combustion method. The compositions, textural and structural properties of
the catalysts were characterized by XRD, XPS, Raman, H,-TPR and ICP-OES. The insertion
of Cu ions in Ceg90C00100, s greatly enhanced the reducibility and improved the activity,
with CegsCup05C00.1002 5 showing superior catalytic performance compared to other
bimetallic catalysts. When the gas hourly space velocity was varied between 12 000 and
48 000 h, the catalyst achieved complete CO conversion below 200 °C under total and
preferential CO oxidation conditions. Analysis of the reaction profiles and rate calculations
suggest that H, and CO oxidation over Ceg0C09.1002 5 may be occurring on the same active
sites while the two reactions seem to be taking place on independent sites over Cu-containing
catalysts. In addition, the effect of H,O and CO, in PROX has been studied. The presence of
H,0 and/or CO, caused a decrease in the activity of the catalysts. However, the degree of
deactivation by H,O and CO, decreased with increasing the Cu content in the catalysts.
Removing the two components from the feed leads to full restoration of the activity. The
present catalysts are highly active, selective and stable in TOX and PROX (in the absence of
H,0 and COy).
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4.1 Introduction

One of the important challenges faced by researchers is the development of clean and
alternative energy conversion processes. Polymer electrolyte membrane fuel cells (PEMFCs)
have become an important subject of research for sustainable energy development
technologies. This is due to their low temperature of operation, reasonably high power
density and zero emission of pollutants [1]. Most of the hydrogen required as fuel for
PEMFCs is produced by steam reforming of hydrocarbon fuels, followed by the water gas
shift (WGS) reaction, in order to improve hydrogen yield. The hydrogen produced after this
step co-exists with 1% of carbon monoxide (CO) and other gaseous products [2]. This
amount of CO in the hydrogen stream drastically decreases the efficiency of the Pt anode
catalyst in converting hydrogen fuel to energy [3, 4]. Therefore, the removal of CO from the
reformate gas is necessary in order to ensure maximum PEMFC power output. To date, CO
preferential oxidation is one of the most effective ways for the purification of the reformate

stream, with minimal hydrogen consumption [5].

Different types of catalyst formulations have been explored and studied for the total CO
oxidation (TOX) and preferential CO oxidation (PROX) [6-9]. Among other transition
metals, platinum group metal (PGM) based catalysts have been widely studied and applied
for PROX. As early as the 1960s, Pt/Al,O3 catalysts were used by the Engelhard Corporation
in hydrogen plants to remove CO prior to ammonia synthesis [10]. Since then, more catalysts
have been developed to purify hydrogen for PEMFCs applications. The most studied PGMs
are Pt and Pd and to a lesser extent Rh and Ru, supported on materials such as silica, alumina,
zeolites and ceria [11]. A major concern involving the use of PGMs is the high cost and

limited supply. As a result greater emphasis is placed on developing cost effective catalysts.

Ceria-based materials are well known for their applications as oxygen storage materials in
automotive three-way catalytic converters (TWC) [12]. Recently, ceria-based catalysts have
gained recognition in a wide range of applications, most notably, in the field of alternative
energy and fuel cells [13, 14]. The attractive catalytic behaviour demonstrated by ceria-based
materials is often attributed to their good ionic conduction, temperature stability and the

facile redox cycle between Ce®* and Ce** [15, 16]. In the past decade, selective oxidation has
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been the focal point of the work published on ceria-based materials [17-20]. In particular,
total CO oxidation and preferential CO oxidation have received more attention due to their
applications in emission control and fuel cell technologies [21-24]. In most cases, ceria has
been used as a support for active precious metals, such as Pt, Au or Pd [24-27]. Despite good
CO oxidation activity shown by these catalysts, the drawback is that they are also active for

the undesirable H, oxidation reaction.

Many researchers have investigated the catalytic performance of non-precious transition
metal oxide catalysts for TOX and PROX [28-30]. Among the explored metal oxides, copper
and cobalt based oxides (especially CuO and Co30,4) are the most promising catalysts for
TOX and PROX [31, 32]. Ceria-supported copper catalysts have also been widely used as
alternative catalyst formulations for these reactions [33, 34]. The outstanding activity of
CuO-CeO; catalysts has been attributed to the synergistic interaction between Cu and Ce, as
represented by a proposed redox equilibrium, Ce**— Cu'*— Ce**— Cu?* [28, 29, 35]. The
importance of the alternating between Cu(l) and Cu(ll) oxidation states has been emphasized
by Jernigan and Somorjai [36]. On the other hand, in the case of unsupported Co30,, its
activity has been associated with the co-existence of Co**— Co** pairs [32]. Unfortunately,
pure Co3O,4 deactivates easily, especially in the presence of moisture and is only efficient for
low-temperature total CO oxidation [37]. In a Hp-rich stream, the Co species, in bulk Co30y,
can be reduced to Co*" and Co® which are not active for CO oxidation [38, 39]. Motivated by
the performance of the CuO-CeO, system, several researchers have studied the activity of
C0304-CeO, catalysts [7, 40-43]. It has been shown that, when supported on oxides, C0o304
catalysts can maintain their good PROX activity due to the enhancement of the Co®*— Co**
redox potential [44]. PROX studies of C0304-CeQ; catalysts have shown that the activation
energy of CO oxidation is always lower than that of H, oxidation [42]. Hence, although CO,
H, and O, may adsorb non-competitively on non-precious metal oxides during CO oxidation,
higher temperatures are required for H, oxidation to light-off.

Regardless of better stability, compared to pure Co30,, supported Co3O, catalysts suffer from
deactivation in excess H, due to the formation of CoO and have low tolerance for CO, and
H,O [45, 46]. Although the catalytic behaviour of supported metal oxide catalysts is

positively influenced by a strong interaction between the support and the active phase, one of
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their pitfalls is that the entirety of the supported component is not involved in catalytic
conversion. This drawback is often associated with incomplete dispersion of the active phase,
which is important for strong interaction and enhanced activity [44, 47-49]. A recent
approach to improve interaction involves doping active metals into the matrix of the support,
ceria [16]. The resulting material is a uniform solid-solution catalyst with modified redox
properties and contains defects, which are significant for oxidation reactions. In some cases,

such catalysts have shown improved activity compared to metal supported catalysts [50-52].

With the intention to ensure maximum dispersion of active cobalt ions and strong interaction
of Co with Ce, a nanocrystalline Ceg90C00.1002 5 catalyst has been synthesised, where the
cobalt ions are incorporated into the ceria lattice. To improve the robustness of the catalyst in
the presence of CO, and H,0, the promotional effect of Cu was investigated by employing
new Cep.g0-xCUxC00.1002 5 (Where x = 0.01, 0.03 and 0.05) catalysts. In the present work,
structural studies of the prepared catalysts and their catalytic performance in CO oxidation
and PROX are reported for the first time.

4.2 Experimental

4.2.1 Catalyst synthesis

The nanocrystalline solid solution catalyst, Ceg.90C00.1002 5 Was prepared using a single-step
combustion method, which is the same as described previously [53]. In the preparation of the
catalyst, a redox combustion mixture was composed of (NH4),Ce(NOs)s (Sigma-Aldrich,
99.9%), Co(NO3),.6H,0 (Sigma-Aldrich, 99.9%) and NH,CONH, (Sigma-Aldrich, 99.9%) in
the ratio of 0.90: 0.1: 3.77, respectively. Typically, a mixture of 9.869 g of (NH,4),Ce(NO3)s,
0.582 g of Co(NO3),.5H,0 and 4.529 g of NH,CONH, was dissolved in 50 cm® of water in a
borosilicate dish. The resulting solution was heated at 150 °C on a hotplate for 10 minutes.
The boiling solution was then transferred into a muffle furnace, preheated to 400 °C. After
almost complete dehydration, the slurry ignited, resulting in the formation of a brown solid
product. The product was maintained at 400 °C in the furnace for an extra 1 h. A similar one-
step combustion method was used to prepare the Ceg.go-xCuxC00.1002_5 (Where x = 0.01, 0.03
and 0.05) bimetallic solid solutions, using Cu(NO3),.3H,O (Sigma-Aldrich, 99.9%) as a

precursor, in addition to the other starting materials mentioned in the preparation of
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Ce0.90C00.1002 5. Pure ceria nanopowder was also prepared by the solution combustion
method, using a cerium ammonium nitrate-urea redox mixture. The Co3O4 used for the
preparation of a physical mixture, 10%C0304/CeO,, was prepared by precipitation and
calcined at. 400 °C for 4 h [54]. The physical mixture was prepared by dry-grinding the two
pure oxides, followed by calcining at 400 °C for 4 h.

4.2.2 Catalyst characterization

The textural properties; i.e. BET surface area, total pore volume and pore size of the catalysts
were determined from the adsorption and desorption isotherms of nitrogen at -196 °C using a
micromeritics TriStar 3000 multipoint analyser. Prior to the analysis, the samples were
degassed at 200 °C overnight, under nitrogen. X-ray powder diffraction (XRD) experiments
were performed on a Bruker D8 Advance diffractometer equipped with an XRK900 in situ
cell and a Cu Ka source (A = 1.5406 A). The XRD patterns were recorded in the 26 range of
10 to 90 ° at a scan rate of 0.5°/min, with a step width of 0.02 °. The XRD patterns were
refined by the Rietveld method using the Full Prof Suite-2000 program. Transmission
electron microscopy (TEM) was performed on a Jeol JEM-1010 electron microscope and the
images obtained were further analysed using iTEM software. High resolution TEM (HR-
TEM) was carried out on a JEM-2100 electron microscope. Samples were prepared by
dispersing them in ethanol before they were deposited onto holey carbon-coated grids. The
field emission scanning electron microscope (FEG-SEM) images were captured using a
ZEISS FEG-SEM Ultra Plus instrument. Raman spectroscopy analysis was conducted using
an Advantage 532 series spectrometer, equipped with the visible laser line of 514 nm. X-ray
photoelectron measurements were performed with a Thermo Scientific Multilab 2000
apparatus using the Al Ko radiation (1486.6 eV) and the C (1s) spectra as the reference
(284.5 eV) for all binding energies. For a pre-reduced sample, the sample was pre-treated at
600 °C for 4 h under a flow of hydrogen. The sample was then cooled to room temperature
under hydrogen and immediately sample prepared for analysis in secluded chamber.
Inductively coupled plasma (ICP) was carried out using a Perkin Elmer Optical Emission
Spectrometer Optima 5,300 DV and standards (1,000 ppm Ce, Cu and Co) were obtained
from Fluka. Hydrogen temperature-programmed reduction (H»-TPR) experiments were
carried out on the Micromeritics AutoChem I1 2920 Chemisorption analyzer equipped with a
thermal conductivity detector (TCD). In these experiments, the sample (~30 mg) was pre-

treated under a flow of argon 400 °C for 30 min, followed by cooling to room temperature
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before any runs were carried out. The OSC of all the catalysts were studied by H,-TPR or
hydrogen uptake measurements. H, uptake measurements were performed repeatedly by
reducing the compound in H, up to 550 °C followed by oxidation in O, at 400 °C over several

cycles and no changes in the structure of the material during this redox process was observed.

4.2.3 Catalytic activity measurements

The catalytic behaviour of the catalysts was evaluated in the gas phase at atmospheric
pressure and a temperature range from ambient to 250 °C. All gases used were analytical
grade and were received from Afrox or Air Products. The gases were purified by a solid trap
of molecular sieves to ensure that no water passed to the mass flow controllers (MFC) and
subsequently to the reactor. The reactions were conducted in a stainless steel, fixed bed
continuous flow reactor. The catalysts were crushed and collected through 300-600 pum sieves
to obtain granules. For each experiment, a desired volume (0.70, 0.35 and 0.175 mL) of the
catalyst was diluted with carborundum granules (24-grit, ~ 600 um) to a volume of 3 mL.
The catalyst was placed in the isothermal zone, near the centre of the reactor tube. Empty
spaces on either side of the catalyst bed were filled carborundum and the ends plugged with
glass wool. Prior to each reaction, the catalyst was pre-treated in situ in air flow at 150 °C for
4 h and then cooled to room temperature in nitrogen flow. For both total CO oxidation and
PROX, the total flow rate was fixed at 140 mL/min while the mass of the catalyst was varied
between 0.3 and 1.2 g to achieve a gas hourly space velocity (GHSV) ranging from 12 000 to
48 000 h™. The catalytic behaviour of the catalysts was compared under different reaction
feed composition, as reflected in Table 4.1. For total CO oxidation, the feed composition was
composed of 1 vol% CO and varied amounts of Oy; viz. 0.5, 1 and 2 vol%, corresponding to
the A values of 1, 2 and 4 respectively. In all experiments, N, was used as a balance gas. The

factor A is defined as the amount O, in the experiment relative to CO:

)= ' 4.1)

In the case of PROX experiments, 50 vol% H, was included in the feed that was used for
total CO oxidation. In addition, PROX experiments were also conducted in the presence of 7
vol% H,0 and 15 vol% CO,. Water was introduced by passing the dry gas through a bubbler
kept at 38 °C. Gas compositions are summarized in Table 4.1. The bubbler system is
explained in details in Appendix 2, Section A2.1.
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Table 4.1 Feed compositions (in vol.%) used for catalyst evaluation.

Composition CO 0, H, N, CO, H,0 A
1 1 05 - 98.5 - - 1
2 1 1 - 98 - - 2
3 1 2 - 97 - - 4
4 1 - 99 - - 0
5 1 0.5 50 48.5 - - 1
6 1 1 50 48 - - 2
7 1 2 50 47 - - 4
8 1 - 50 49 - - 0
9 1 1 50 33 15 - 2
10 1 1 50 41 - 7 2
11 1 1 50 26 15 7 2

The stability of the catalysts was evaluated at 180 °C by performing PROX experiments as a
function of time-on-stream (24 h). The time-on-stream studies were conducted employing a
reformate of 1 vol% CO, 1 vol% O, 50 vol% H, and 48 vol% N,. A GHSV of 48 000 h™ was
used for all catalysts except for CeggoC09 10025 Where 12 000 h' was used to obtain
comparable CO conversion. The effluent gases were analysed using a three-channel online
Varian CP-4900 micro-GC, each equipped with separate thermal conductivity detectors
(TCD) and columns. The GC has Mol Sieve 5A and CP-Sil5 CB columns with a 1.0 x«L back-
flushing system, which ensures the discharge of the residual components and simultaneous
analysis of the gas mixtures. The percentage of the converted CO and the selectivity to CO,
were calculated using Equations (4.2) and (4.3), respectively. The oxygen conversion was

calculated using Equation (4.4).

( [CO]in'[CO]out) x1
[CO] in

CO conversion (X,,) = 00 (4.2)

[Co]in' [CO] out

Selectivity to CO, (Scoz) :2([02], -[05]ou0)
in out

x100 (4.3)

([02] in~ [02]out) %
[OZ]in

O, conversion (on) = 100 (4.4)

In some instances, the activities are expressed in terms of specific rates (r), determined using
Equation (4.5), where Xco stands for CO conversion, Fco is the molar flow rate of CO

(mol/s) and mcy (@) is the mass of the catalyst.

E S
. Xco*Feo
mcat

(4.5)
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4.3 Results and discussion

4.3.1 Structural and morphology studies

XRD studies were conducted to establish if the metal ions have been incorporated into the
ceria lattice in the Ceg0C001002s catalyst. The XRD diffractograms of Cep.99C00.1002-s,
together with those of the copper containing analogues, CepgoCuxC001002 5 (where x = 0.01,
0.03 and 0.05), are shown in Figure 4.1. The XRD profiles of all catalysts show diffraction
peaks that can be indexed to the fluorite structure of CeO,. No Co30, diffraction peaks are
identified in the X-ray diffractograms, except for those of Cegg;Cuo3C001002 5 and
Ce0.85CU0,05C00.1002-5, which showed a small peak at 37.5 °. This peak is characteristic of the
(311) reflection of the Co30,4 spinel structure [55]. When the pure Co304 is predominantly on
the surface of ceria, as seen from the XRD profiles of the physical mixture (10%
Co0304/Ce0,), it could unambiguously be detected (Figure 4.1). For 10% Co0304/Ce0,, the
respective (220) and (400) reflections appeared as small peaks at 31° and 45°, while the peak
corresponding to the (511) reflection overlaps with that for the (222) of CeO,. These
diffraction peaks are typical of the Co3O4 spinel structure. On the other hand, the diffraction
peaks corresponding to CuO were not observed. The absence of these diffraction peaks
suggests that copper ions have been successfully incorporated into the CeO; lattice. However,
the existence of CuO finely dispersed on the surface and not detected by XRD is possible. In
the past, it has been demonstrated that the incorporation of cobalt ions into ceria is difficult at
atomic loadings exceeding 10%, Ce1xC0xO2.5 (X > 10) [53]. The same phenomenon may
apply with Cepg7Cu003C00.10025 and CepgsCup05C00.1002 5 Which contain a total metal
loading (Cu + Co) exceeding 10%. All prepared ceria-based materials have broad diffraction
peaks, indicative of the existence of small crystallites. Upon the incorporation of foreign
metal ions into the ceria matrix, the diffraction lines slightly shifted to higher 20 values,
which correspond to a slight decrease in the lattice constants. In the inset of Figure 4.1, it is
shown that the (111) peak marginally moves when foreign metals are incorporated into the
CeO, structure. This observation is in good agreement with the lattice parameters obtained
from Rietveld analysis. A small decrease in lattice constant can also be associated with an

increase in crystal size, as a consequence of size effects [56-59].
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Figure 4.1 X-ray diffraction patterns of ( @) CeO,, (b) Cep.9C00.1002- s, (€) Cep.89CU0.01C00.1002- s,
(d) C80,37CU0,03C00,1002, S (8) CEo_85CUo,o5C00_1002,5, (f) C80,95CU0,0502,5 and (g)lO% C0304/CEOZ

Typical Rietveld-refined XRD pattern is shown for CeggoCug01C00.1002 5 in Figure 4.2 and
the rest of the patterns are given in Appendix 1. The cell parameters obtained from Rietveld
refinement are summarized in Table 4.2. Except for CeggsCuo5C001002 5, all difference
plots show a good fit, with no surface oxides. This suggests the formation of solid-solution
materials. The observed, modelled and the difference (between observed and modelled) XRD
patterns are represented in red, black and blue in the refined patterns. The lattice constant of
non-substituted ceria was found to be 5.4221 A, which is in good agreement with results
reported elsewhere [53]. Theoretically, the incorporation of dopant ions with smaller ionic
radii in the Ce*" (0.97 A) site are expected to be accompanied by a decrease in lattice
parameter. Accordingly, substituted ceria materials, doped with Co®*(0.74 A) and/or
Cu?*(0.73 A), show this value as being slightly lower than that of pure ceria, except for
Cep.89CU0.01C00.1002.5. In CepggCup01C00.10025, there is a slightly increase in the lattice
parameter. This trend has been observed in cases in which the solid-solution materials have a
high concentration of Ce®" species [60, 61]. Therefore, this change may be as a result of

counteractive contributions induced by the incorporation of foreign metal ions and the
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presence of defects of Ce>* ions. As observed with the peak shifts, simultaneous introduction
of both metal ions did not lead to significant changes in the lattice parameter. Perhaps, further
changes are limited because of the difficulty of incorporating the entirety of both dopant ions
at loadings above 10%, as seen for Ceg g7Cug.03C00.1002 5 and Cep g5Cup.0sC00.1002 5.
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Figure 4.2 Rietveld-refined XRD pattern of Ceg g7Cu.03C00.105-5

Williamson-Hall (W-H) plots and Equation 4.6 were used to determine the lattice strain (&)
and crystallite size (D) for each of the prepared samples. The W-H plots of the catalysts are
shown as supplementary information in Appendix 1. A linear fit is drawn with Brq cos 6 on
the y-axis and 4esin 0 along the x-axis. Pure ceria was found to have the least lattice strain.
The lattice strain increases upon the introduction of dopants and it is at its maximum for
samples that showed no peaks corresponding to the surface oxides. It is possible that the
strain observed for CeggsCup.05C00.1002 5 is predominantly influenced by the insertion of
Cu?*, as it is comparable with that of CeggsCugos0, 5. The strain is possibly induced by
lattice contraction, as observed from Rietveld results.

KA .
B, cosb = o +4esin@  (4.6)

The average crystallite sizes of CeO;, Cep9C0010025, Cepg9CuUp1C00.1002 3,
Ce0.87CU0.03C00.1002_5, Ce0.85CU0 05C00.1002_ 5 and Cep95CUg 05025 are 8, 9, 13, 10, 10 and 14
nm, respectively. These results are summarized in Table 4.2.
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Table 4.2 Structural parameters of investigated catalysts obtained from XRD profiles.

2

Catalyst Lattice Structure Bragg factor X Lattice strain (10°)  Crystallite size  d-spacing (nm)°
parameter  factor (Ry) (Re) (nm)?
a (A)
CeO, 5.4221 1.95 3.06 1.24 1.10 8(9) 0.307
Cep.90C00.1002 5 5.4057 0.68 1.00 1.48 3.90 9 (8) 0.308 (0.31)
Cepg9C00.10 CUg 01025 5.4225 0.98 1.60 1.77 4.60 13 (9) 0.308 (033)
Ceps7C00.10 CUp 302 5 5.4060 1.17 1.66 1.83 4.10 10 (8) 0.308 (0.33)
Cepg5C00.10 CUpsO2 5 5.4068 1.25 1.72 1.69 3.60 10 (8) 0.308 (0.34)
Cep.95CUg 0502 5 5.4185 1.12 1.76 1.87 3.80 14 (10) 0.308 (0.30)

#Values shown in parenthesis were estimated using Scherrer equation. ” Values shown in parenthesis were estimated from HR-TEM

Table 4.3 Chemical composition and surface properties of prepared catalysts.

Catalyst Ce (at%) Co (at%) Cu (at%) SBET Average pore size (nm) Pore volume (cm®/g)
(m?/g)
Ce0O, 100 - - 51 3.2 0.041
Cep00C00 10025 91.2 8.8 - 27 3.0 0.021
Cepg9C0g.10 CUp 01025 90.0 9.2 0.8 14 3.7 0.013
C60_87C00_10 CUO_0302,5 87.8 9.5 2.7 22 3.2 0.017
C60_85C00_10 CUO_0502,5 86.2 9.0 4.8 27 2.8 0.015
Cepo5CUg 05025 94.8 - 5.2 21 4.7 0.021
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The structural properties of ceria-based catalysts were also studied by Raman spectroscopy,
employing the laser wavelength of 514 nm. Figure 4.3 depicts the Raman spectra of the
metal ion substituted ceria materials together with those of pure CeO, and Co30,4. All ceria-
based materials show an intense main peak at ~ 460 cm™ which is associated with the triply
degenerate (F25) phonon mode of the cubic fluorite structure [43]. These observations are in
agreement with the XRD results, indicating that the fluorite structure is retained upon metal
substitution. For substituted ceria samples, an additional broad band is observed between 550
and 650 cm™. Generally, this peak is ascribed to the presence of oxygen vacancy defects (Oy)
which are generated to compensate for charge imbalance after the incorporation of dopants
with lower valence [16]. In the case of Cep9C0010025 CepgsClposC001002 5 and
Ceo95CUp 502 5, the O, band was relatively more intense compared to other samples,
indicating the presence of substantial oxygen vacancies. The absence of the O, band in pure
Ce0, suggests that the vacancies present in the doped materials are not mainly intrinsic ones
due to the presence of Ce®* [62]. Instead, they are mostly extrinsic vacancies as a
consequence of incorporating foreign metal ions in the fluorite lattice [63, 64]. Notably, the
F2q bands of substituted ceria materials have an increased width relative to pure ceria. This
phenomenon has been associated with the manifestation of inhomogeneous strain, as a result

of present oxygen vacancy defects due to metal insertion into the fluorite lattice [65-67].
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Figure 4.3 Raman spectra of the prepared (a) CeO; (b) Cep9C0010025 (C)
Ce.89CU0,01C00.10025, (d) Cep.87CU0.03C00.1002-4, (€) Ceo.85CU0.05C00.1002-, (f) Ceo.95CU0.0502-5
and (g) Co304

The HR-TEM and bright-field images of the catalyst are presented in Figure 4.4. The
morphology of the catalysts seems to be comparable, regardless of further doping with Cu.
The images show the presence of agglomerates of near-spherical nanoparticles. From image
analysis, the materials are composed of nanoparticles of relatively uniform size (6 — 16 nm)
which is comparable to the crystallite size deduced from XRD data. In general, the selected
area diffraction of images (as seen with Ce9C00.1002-5 in Figure 4.4 (a)) show a ring pattern
that can be indexed to the fluorite structure [16] and is in agreement with XRD data.
Moreover, the HR-TEM images of all the catalysts show lattice fringes with interplanar
distances between 0.30 to 0.34 nm, corresponding to the (111) facets of fluorite-structured
solid-solutions [16, 19]. These values are comparable with the d-spacing measurements
obtained from XRD analyses, by applying the Bragg Equation at the (111) peak (Table 4.2).
No diffraction lines associated with pure oxide and/or metallic phases were observed,

suggesting the incorporation of metal ions into the CeO, matrix.
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TEM images of (b) Cep.90C00.1002-5, (C) Ceo.89CU0.01C00.1002-5, (d) Ceg.87CU0.03C00.1002-5, (€)
Ce.85CU0,05C00.1002_5 and (f) Cep.95CUg.0502-5.
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The FEG-SEM images of the examined catalysts are presented in Figure 4.5. The
micrographs reveal that all catalysts possess microspheres which are made up of uniform
small nanocrystals. The corresponding EDS results confirmed the presence of Ce, Co and Cu
in the catalysts. As further doping does not translate to morphological changes, different
catalytic behaviour may not be linked to the differences in morphology. The precise

compositions of the catalysts were further established on the basis ICP-OES analysis. The
results are summarized in Table 4.3
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Figure 4. 5 SEM micrographs and corresponding EDS of (a) Ce.g0C00.1002-5, (b) Ce0.89CU0.01C00.1002_5, (C)
Ce0.87CU0.03C00.1002-5, (d) Ceo.85CU0.05C00.1002-5 and () Ceg.95CU0.0502-5
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4.3.2 Textural studies
The study of the textural properties of the catalysts suggests that the materials are

mesoporous with some involvement of microporosity features. The nitrogen
adsorption/desorption isotherms and relative pore size distribution curves (deduced from the
desorption curve) of all the catalysts are shown in Figure 4.6 A and B, respectively. Based on
the IUPAC classification [68], the Ce90C00.100,-5 isotherm is representative of a type IV
isotherm, while the rest are characteristic of a type Il isotherm. The corresponding hysteresis
loops of these isotherms belong to the H1 type which is indicative of mesoporous materials.
The isotherms have distinct hysteresis loops, signifying pores with different structural
features. The isotherms reveal a sharp increase in adsorption at high relative pressures, which
suggests the filling of the mesopores [69]. The pore size distribution curves show a peak in
the range of 2.5 to 5 nm, confirming the existence of mesoporous structures. As anticipated,
the surface areas and pore volumes of ceria decrease upon the insertion of foreign metals into
the matrix structure. The surface areas of the studied solid-solution materials range from 14
to 27 m?g, with CepgoC001002-5 having the largest and CeggoClo01C00100,-5 having the
smallest surface area. The textural properties and chemical composition of the catalysts are

summarized in Table 4.3.

4.3.3  Electronic and redox properties

In order to investigate the redox properties of the catalysts, H,-TPR measurements of the
catalysts were conducted. Pure ceria showed no H, consumption up to 400 °C, indicating that
it could not be reduced in this temperature window under current experimental conditions. A
comparison of the H,-TPR profiles of Cepg0C0010025, Ce€0.89CU001C00.1002-5,
Ce87CU0.03C00.1002-5, Cepg5CU0.05C001002-5 and Cepg5Clo.0502.5 is shown in Figure 4.7.
Regarding the reduction profile of Ceg.90C00.100--5, two reduction peaks can be seen at 280 °C
and 343 °C. This suggests that the reduction is a step-wise process where the former peak is
due to the reduction of Co®" to Co®" and the latter can be attributed to the reduction of Co** to
Co°. This reduction pattern is well known for pure CozO4 [42]. In comparison with the
reported reduction peaks for pure Coz0,, the reduction peaks for the Ce-Co catalysts are
lower, suggesting an improved reducibility of cobalt ions as reported elsewhere [61]. In the
case of the Cep95Cup 0502.5 sample, two overlapping reduction peaks are observed at 186 °C
and 211 °C. The mentioned two peaks profile is typical for Cu-Ce samples [70-72]. It has
been related to the reduction of two different types of copper oxide entities differing in their

degree of interaction with the support. The low temperature peak would correspond to
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smaller copper oxide particles subjected to a stronger interaction with the support which

would favour their reduction, while the high temperature peak would correspond to larger

copper oxide particles [72, 73].
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Figure 4.6 A Nitrogen adsorption/desorption isotherms and B pore size distribution curves of
(a) CeO,, (b) Cep.9C00.1002- 5, () Ce0.89CU0.01C00.1002- 5, (d) Ceo.87CU0.03C00.1002- 5, (€)

Ce.85CU0.05C00.1002- 5 and (f) Ceg.g5CUo.0502- 5.
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Figure 4.7 H,-TPR profiles of monometallic and bimetallic substituted ceria catalysts.

All the profiles of the -catalysts that contain both copper and cobalt species
(Ce0.89CU0.01C00.10025, Ceog7CU0.03C00.1002.5 and  CepgsClo.05C00.10025) show  three
coinciding peaks located at reduction temperatures relatively lower than those observed in the
profile of Cepg0C001002-5. Since the hydrogen consumption related to these peaks is higher
than the theoretical consumption, due to the reduction of cobalt oxide species to metallic
cobalt, the overlapping peaks also represent the reduction of copper ions to Cu’. The
incorporation of Cu?* ions into the Co-containing catalyst stimulates the reduction of Co ions
to a certain degree, depending on the Cu loading. By comparison, temperatures
corresponding to cobalt oxide reduction steps decrease in the order of Cey9C0¢ 10025 >
Ce0.89CU0.01C00.1002-5 = Ce.87CU0.03C00.1002-5 > Ceo.85CU0.05C00.1002-5 = Ce0.95CU0.0502-5.
Based on the amount of total hydrogen consumption, calculated up to the temperature of 400
°C, the oxygen storage capacity was estimated [74, 75] to be 78, 196, 210, 257 and 442
umol/g for Cep.9C00.1002.5, Ce0.89CU0.01C00.1002-5, Ce0.95CU0.0502-5, Ce0.87CU0.03C00.1002-5 and
Ce.85CU0.05C00.1002-5, respectively. Notably, it increases with the increase of the Cu atomic
loading in the Co-containing samples as a consequence of additional reduction of
incorporated Cu ions [23]. Among all the studied catalyst formulations, Ceg.9sCug 05025 is the
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most easily reducible, with the first reduction peak located at 186 °C. This is due to the strong
interaction between cerium and copper ions, which is even more enhanced in the absence of

cobalt ions.

XPS was used to establish the electronic properties of Co, Cu and Ce in prepared solid-
solution materials. Figure 4.8 (a) shows the Co (2p) XP spectra of Co-containing catalysts.
For all samples, the main peak at the binding energy of 779 eV is characteristic of Co (2psy),
while the shoulder peak at 795 eV can be attributed to Co (2pi2). In the case of
Ce0.90C00.1002-5, the satellite peak can be seen as a broad peak at ~5.5 eV above the main
peak. Overall, the spectra unambiguously confirm the presence of Co?* in the high spin state
[76]. However, the existence of Co®* species cannot completely be ruled out since the
Co(2psr) binding energies of Co®* appear between 780 and 782 eV, which is relatively close
to the region (779 - 782 eV) where those of Co>* emerge [77]. Thus, it is often difficult to
distinguish the two oxidation states based on their binding energies.

The Ce(3d) and Cu(2p) core level regions of the selected ceria-based catalysts are depicted in
Figure 4.8 (b) and (c), respectively. The Ce (3d) XPS spectra of all studied catalysts show
eight peaks associated with the pairs of spin-orbit doublets. The peaks are labeled according
to the conventional nomenclature established by Burrough et al. [78]. The peaks labeled U
(U-U""") and those assigned as V (V-V'7") are related to the 3ds, and 3ds, spin-orbit
components, respectively. Due to the closeness of U” and V" peaks to the main neighboring
peaks (U and V), the former peaks are not well resolved. The couple (U’, V") is characteristic
of the Ce®* species and the rest of the peaks correspond to the Ce*" state as in CeO,. The
existence of the Ce®" species was further confirmed by recording the XPS of a pre-reduced
sample. For a reduced sample, the crescents formed between (V, V") and (U, U"") are not
well-defined as a consequence of increased Ce®" components, V' and U’ (Figure 4.9 (a)).
Although all catalysts contain Ce predominantly in the +4 oxidation state, some degree of

Ce*" species is also present.
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Figure 4.9 Ce(3d) XP spectra of (a) pre-reduced and (b) as-prepared catalyst. (c) O(1s) XP
spectra of the catalysts

The Cu-containing catalysts (Ceg.g7Cuo.03C00.1002-5, C€0.85CU0.05C00.1002-5 and Cep.g5CU0 0505-
s) show weak shake-up and Cu (2ps/;) peaks at the binding energies of 940.5 eV and 932.5
eV, respectively. The weak intensity of the shake-up peak has been associated with the
presence of reduced copper species, particularly Cu®, in CuO-CeO, catalysts [6, 29]. The

formation of Cu™ entities can be explained in two ways. Taking into account the similarity of
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the Ce** (0.97 A) and Cu* (0.96 A) ionic radii, Cu* formation might be induced during
substitution [6]. On the other hand, the copper species, in CuO-CeO,, may be reduced during
XPS measurements due to the desorption of surface oxygen under vacuum [29]. Summarily,
the observations reported here suggest the presence of Cu®* and Cu* species and are in good
agreement with the TPR profiles. The O(1s) XP spectra of the catalysts with different Cu
loadings were also examined (Figure 4.9 (c)). The peaks that are associated with the lattice
oxygen of Ceg g7CuUp.03C00.1002-5 and Cep gsCU 05C00.1002-5 are centered at a binding energy of
nearly 527 eV. In the case of Cegg5CuUg 05025, the lattice oxygen peak appears at a slightly
higher binding energy (529 eV) and is accompanied by a shoulder peak at 531.5 eV. The
latter peak can be seen distinctly on a fitted spectrum shown in Figure 4.9 (c). Although the
exact origin of this peak has been disputed, it is often attributed to the surface oxygen and
linked to the outstanding oxidative catalysis demonstrated by CeO,-based formulations [12,
79-81].

4.3.4 Catalytic studies

4341 Total and preferential CO oxidation over Cey9C09 105

The catalytic activity of the catalysts was investigated in total CO oxidation in the
temperature range of 25 °C - 200 °C, employing different feed-stream compositions (1 — 5).
Bare ceria was also studied in order to emphasize the effect of incorporating cobalt ions into
the ceria lattice. As can be seen from Table 3, only the oxygen content was varied in the gas
composition. The GHSV was varied from 12 000 to 48 000 h™* by changing the weight of the
catalyst from 0.3 to 1.2 g, while keeping the total flow rate constant at 140 mL/min. Figure
4.10 (a) shows the typical light-off curves of the total CO oxidation reaction over non-
substituted CeO,, Cep90C00.1002 5 and 10 wt% Co0304/Ce0,. As seen for the Co-containing
solid-solution catalyst, CO conversion increases with temperature until complete conversion
is reached at temperatures above 150 °C (depending on the O,/CO ratio and/or GHSV used).
The temperatures for a CO conversion of 50% are marked with a dotted line on the graph. It
is observed that neat ceria shows no significant CO conversion until higher temperatures are
reached (150 - 200 °C). Since pure CeO, and Ce 90C00.1002 s Were prepared under the same
combustion conditions, the outstanding catalytic performance demonstrated by cobalt
substituted ceria suggests that the Co ions in the ceria lattice are involved in the promotion of
CO activation during the TOX reaction. Moreover, the solid solution catalyst displays
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superior activity to the physical mixture material (10 wt% Co030,/Ce0,). The promising
catalytic behaviour displayed by solid-solution catalysts has been generally associated with
strong interaction between the components involved [16]. In the present case, the improved
activity may be related to the enhanced Ce-Co interaction in Ceyg9C00.1002 5. It is envisaged
that such synergism is limited in 10 wt% Co0304/CeO,. The catalytic profile of
Ce0.90C00.1002 5 also appears to be outperforming some of the results reported for 10 wt%
C0304/Ce0, [23] and CepgoMnog100, [46] composites, which showed complete CO
conversion at 420 °C and the maximum of 90% CO conversion at 225 °C, respectively.
However, the activity is comparable with that demonstrated by 10 wt%

C0304/Ce0.99Mn0og 1002, which gave complete CO conversion at 150 °C under similar
conditions [46].
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Figure 4.10 (a) CO conversion as a function of temperature over A CeO,, o 10%C0304/CeO,
and ¢ Cepg90C00.1002 ¢ in TOX reaction (Conditions: 4 = 2, GHSV = 12 000 h'l). (b) CO
conversion at different O,/CO ratios over Ceg.99C0¢.1002_sin TOX reaction.

In the feed composition with the O, proportion (A=1) corresponding to the stoichiometric
amount needed to convert all the CO (1 vol%), it would be expected that O, gets depleted at
the point of complete CO oxidation. Notably, although the O, conversion is proportional to
CO conversion, it is always in the range of 91- 93 % at the point of complete CO conversion.
With this in mind, TOX experiments were also conducted in the absence of feed O, (A = 0) to
examine the possibility of the involvement of the lattice oxygen in CO oxidation. In the
absence of feed oxygen, CO does get converted to CO, although the CO conversions are low

(Figure 4.10 (b)). This observation suggests that CO gets oxidized through direct reaction
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with the activated lattice oxygen. Such a catalytic property is consistent with a dual site
mechanism that has been proposed for the oxidation of n-octane over the same catalyst [53].
A proposed mechanism of CO oxidation on the structure of Ceg9C00100,-5 is adopted from
the mechanism of CO oxidation over Ce;«PtiO, s [50, 82] and that of n-octane on
Ce0.90C00.1002 5 [53], which is depicted in Figure 4.11. The high activity of the cobalt
substituted ceria catalyst in CO oxidation can be explained based on a well-known
phenomenon of the development of oxide ion vacancies when transition metals are
incorporated into a ceria or titania matrix [16]. During CO oxidation over Cepg9C00.1002 5,
CO adsorbs on Co ions and O, occupies oxide ion vacant sites generated upon the formation
of a solid-solution. The mobility of activated lattice oxygen is assisted by the strong
electronic interaction between cobalt and cerium. After the formation of CO,, the feed
oxygen fills the vacant sites for the next catalytic cycle. Therefore, CO oxidation over cobalt
substituted ceria catalyst follows a Mars-van Krevelen (MvK) type mechanism, which is a
widely accepted pathway for ceria-based oxide catalysts [20]. The reaction progression relies
on a continuous supply of feed O, as inherent oxygen contributes marginally and would
eventually get depleted.

-CO

[ .
o = Oxide ion vacancy
Figure 4.11 Schematic/ mechanistic representation of CO oxidation over Cep9C001002.5. n =3
or 2.
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As shown in Figure 4.10 (b), the minimum temperature for complete CO oxidation decreases
with increasing the proportion of O, in the feed: 180 °C for A=1 or 2 and 150 °C for A= 4. At
reaction temperatures below 30 °C, the performance of the catalyst is similar regardless of the
0,/CO ratio. Under such conditions, adsorbed surface oxygen species act as the main
oxidants [83]. When the GHSV is lowered, complete CO oxidation is reached at even lower
temperatures: 150 °C for 12 000 h™*, 180 °C for 24 000 h™ and 48 000 h™, if the A factor is

kept at 4 (Figure 4.12). This trend can be attributed to the different residence times of the
reactants.
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Figure 4.12 CO conversion as a function of temperature at different gas hourly space
velocities (12 000-48 000 h™). Gas composition: 1 = 4.

Preferential CO oxidation was studied under the same conditions as those employed for total
CO oxidation, but with high hydrogen content (50 vol%). Similarly to total CO oxidation, CO
conversion increases with increasing temperature (Figure 4.13). It must be underlined that no
significant CO and O; conversions (< 10%) can be observed until 80 °C, regardless of the
GHSV and/or O,/CO ratio used. As observed for other reported PROX catalysts [84], the CO
conversion in the presence of H, decreases in comparison with the CO conversion in the
absence of H,, under the same conditions. In the temperature range studied (25-250 °C),
complete CO conversion is reached at ~200 °C, when a combination of excess oxygen

content (A = 4) and low GHSV (12 000 h™) is used. Under these experimental conditions, the
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catalyst can maintain full CO conversion for a wider temperature window. However, this

comes at an expense of compromising the selectivity (58%).

Regardless of the O,/CO ratio and/or GHSV employed, the catalyst shows a stable
selectivity, between 98 and 100 %, at reaction temperatures below 150 °C. This, however,
does not suggest that the catalyst selectively adsorbs CO in a low temperature region. Unlike
noble metal catalytic systems [11], most transition metal oxides are known to adsorb both CO
and H; non-competitively [31]. Nonetheless, H, oxidation can only happen at high
temperatures due to the higher required activation energy for this reaction [42].
Consequently, Figure 4.13 (b) confirms that the selectivity is not sensitive to the O,/CO ratio
at temperatures below 200 °C, even in the presence of excess O,. For metal oxide catalysed
PROX reactions, such a reaction profile is consistent with the operation of the Mars-van
Krevelen pathway [35]. Although supported Co3;0, catalysts [85, 86] and other analogous
catalysts [33, 34] have been reported to selectively oxidize CO to CO; in the presence of H,
the maximum selectivity is not maintained for a wide temperature window. It is worth
mentioning that well-known PROX catalysts start to experience a drop in selectivity at
temperatures as low as 30 °C (for Au) and 100 °C (for Cu) [87].
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Figure 4.13 (a) CO conversion and (b) selectivity as a function of temperature at different
0,/CO ratios over Ceg90C00.1002_s in PROX reaction. Experimental conditions: 1 = 1-4,
GHSV =12 000 h™.

In summary, at temperatures above 100 °C, the conversion increases at the given temperature
with the decrease in GHSV: 12 000 (97%) > 24 000 (85%) > 48 000 h™ (63%) at 180 °C. On

the other hand, at temperatures beyond 150 °C, selectivity at given temperatures can be
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improved by increasing GHSV: 12 000 (71%) < 24 000 (76%) < 48 000 h™ (84%) at 180 °C
(Figure 4.14). Complete CO conversion and high selectivity by the studied catalyst, in
PROX, can be achieved by manipulating GHSV and O, concentration.
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Figure 4.14 (a) CO conversion and (b) selectivity as a function of temperature at different GHSV

(12 000 — 48 000 h'l) over Cepg0C00.1002 sin PROX reaction. Experimental conditions: A = 4.

4.3.42  The promotional effect of Cu on the TOX and PROX activity of Ceg.9oC00.1002_s
The CuO/CeO;, catalyst formulations are generally associated with improved oxygen mobility
and optimized redox properties, which in turn promote oxidative catalysis [88]. In an attempt
to improve the activity of CepgpC00.1002 5 by possibly harnessing Ce-Co and Ce-Cu
synergetic effects, Cu ion additives were incorporated to form bimetallic solid-solution
catalysts, Cep.90-xCUxC00.1002 s (Where x = 0, 0.01, 0.03 and 0.05). Figure 4.15 shows the CO
conversion during the TOX reaction over Ceggo-xCuxC00100, 5 catalysts with varied Cu
content. From this profile, as the Cu atomic loading increases from 0 to 3 at%, no significant
improvement is observed. The temperatures for CO conversion of 50% are almost the same
for Ce.90C00.1002 5 and Cegg7CU003C00.1002 5. Notably, CepgsCup05C00.1002 5 displays the
best catalytic performance among the bimetallic systems, with the lowest temperatures for
50% and complete CO conversion. It is noteworthy that the activity of this catalyst has a
parallel relationship with its H,-TPR profile, which shows low temperature reduction peaks
as a result of easy reducibility. For a holistic evaluation, the catalytic activity of the catalyst
that contains no cobalt ions, CepgsCup 05025, was also studied. Interestingly, this catalyst
shows superior performance among all studied catalysts. This suggests that there is a close
contact between Ce and Cu in the absence of cobalt. Since the XRD data confirmed the

formation of a homogeneous solid-solution, it can be concluded that the interaction between
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the two ions is enhanced, as revealed by easy reducibility. Based on the temperature values
corresponding to 50 and 100% CO conversions (Tse and T1o0), the activity follows the order:
Ce0.95CU00sO2 5 > CeogsCloosC0010025 > Ce09C0010025 = Ceog7CU0.03C001002 5 >

Ce0.89CU0.01C00.1002-5.
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Figure 4.15 CO conversion as a function of temperature over ceria-based catalysts in TOX
reaction. ¢ = Cep9C09.1002.5, A = Ceggg Clg1C001002.5 m = Cegg7CUg03C00.1002.5, ® =
Cepg5CUp05C00.1002-5 and ¢ = Ceo_95CUo_0502-§.COﬂditiOﬂS: A=2,GHSV =48 000 h-l.

The catalytic performance of the bimetallic materials and their respective monometallic
catalysts was also studied under PROX reaction conditions. CO conversion and O,
selectivity, as a function of temperature, are shown in Figure 4.16. As depicted in Figure 4.16
(@), Cep.90C00.100,_ displays the lowest catalytic activity and has a Tso value that is higher
than 150 °C. Incorporating Cu ion additives results in bimetallic catalysts with improved
catalytic activity. The CO conversion increases substantially with Cu loading increments,
from 0 to 5 at%, which is indicative of the promotional effect by Cu ions. Similarly to total
CO oxidation, CeggsCug05C00.1002 5 displays superior catalytic performance relative to the
other bimetallic analogues. For this catalyst, Tso and Ty temperatures are lower than those of
other Cep.90-xCUxC00.1002 5 catalysts and very close to the values observed for Ceg g5Cup.0502-
s. As it can be seen from Figure 4.16(b), all studied catalysts are highly selective for CO

oxidation, showing no sign of H, oxidation at temperatures below 150 °C.

137
Manuscript 2



100

0]
o

CO conversion (%)

o
I

100 -

(2]
o
I

(2) (b)

80 -

50

N
o
1

N
o
I

40 -
20

0O, to CO, Selectivity (%)

T T T T O T T T

25 60 '100' '150' 200 250 25 60 100 150 200 250
Temperature (°C) Temperature (°C)

Figure 4.16 (a) CO conversion and (b) selectivity as a function of temperature over ceria-based
catalysts in PROX reaction. ¢ = Ce0.9C00.1002.5, A = Ceggg CUp.01C00.1002.5, m = Ceg g7CUo.03C00.1002.5,
® = Cep g5CUp.05C00 10025 and ¢ = Ceq 95CUg 0502-5. Experimental conditions: 1 = 2, GHSV = 48 000 ht.

Interestingly, the activity order of the catalysts in the H-rich environment (Ceg.95Cug 0502 5~
Ceo.85CU0.05C00.1002 5 > Cegg7CU0.03C00.1002-5 > Ce0.89CU0.01C00.1002 5 > Ceg.90C00.1002-5) S
not similar to the trend observed for Ho-free experiments. To gain more understanding on the
catalytic performance of the catalysts, the specific reaction rates were calculated at a reaction
temperature of 150 °C, according to a reported method [8]. This reaction temperature is high
enough to gain insight into the PROX reaction network. Since pure CeO, shows some minor
activity at this temperature and above, the specific reaction rates are expressed as moles of
CO converted per gram of the catalyst (not Co and/or Cu) and per second. Furthermore, the
plots of specific rates with temperature were drawn using data points where CO conversion is
below 30% (Figures 4.17(a) and 4.18(a)). The corresponding Arrhenius plots for CO
oxidation are shown in Figure 4.17(b) and 4.18(b) and the activation energy values are
summarized in Table 4.4.

For both TOX and PROX studies, all Cu-containing catalysts clearly do not show a decline in
CO conversion in the presence of H,, while the opposite is true for Cepg0C001002 5.
Considering the 150 °C points, it is seen in Figure 4.19 that the activity of
Cep.89CU0.01C00.1002 5 and Cegg7CuUp03C00.1002_5 is improved upon introducing H,, with CO
conversions increased from 30% to 49% and 48% to 72%, respectively. Accordingly, the
specific reaction rates of these catalysts increase from 1.04 x 10™ to 1.70 x 10 mol.g™.s™ for
the former and from 1.67 x 10™ to 2.50 x 10* mol.g™.s™* for the latter. In contrast, CO
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conversion over CepgoC0¢1002 5 decreases by half in the H,-rich stream, with respective
specific rates of 1.81 x 10 and 9.03 x 10®° mol.g s in TOX and PROX experiments. The

performance of CepgsCuposC0010025 and CepgsCupsO2 5 appears comparable and
unaffected by the absence or presence of Hs.
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Figure 4.17 (a) Rate of the reaction as a function of temperature and (b) Arrhenius plots for TOX studies.
0 = Ce9C00.1002.5, A = Cepgg Clo,01C001002.5, m = Ceg g7CU0.03C00.1002-5 ® = Ceo.5CU0.05C00.1002-5 and
¢ = Cep.95CUo,05025.
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Figure 4.18 (a) Rate of the reaction as a function of temperature and (b) Arrhenius plots for CO-PROX

studies. O = Ceg9C00 10025, A = Ceggg CUg01C001002.5, m = Ceg g7CUg 03C00.1002.5, ® = Ceg5CU.05C00.1002-5
and ¢ = Ceg 95CUp 0502.5.

It is shown in Figure 4.19 that Ce 90C00.100,_s maintains its oxygen selectivity to CO, at 100
% and the O, consumption does not increase in the presence of H,. Instead the O, conversion
decreases, which indicates that the decrease in CO conversion is not associated with O,
consumption by the undesirable H, oxidation reaction. These results suggest that, over

Cep90C00.1002_5, the H, interacts with the same active sites where CO oxidation occurs,
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leading to a decrease in CO conversion [43]. This is reflected in the increase in activation
energy for CO oxidation in the presence of Hy, from 13 to 34 kJ/mol. Similar results have
been reported for CO oxidation over bulk CozO4 [89]. The fact that the CO oxidation over
Cu-containing catalysts is not adversely affected by the presence of H; supports the
proposition that H, and CO oxidation reactions occur on independent sites on such catalysts
[9, 90]. Consequently, the calculated activation energies of these catalysts are almost the
same for both TOX and PROX (Table 4.4). In the case of CeyggCup01C001002 5 and
Ceo.57CUp.03C00.1002_5, the improved CO conversion under reducing conditions may be due to
the existence of reduced Ce and Cu species (Ce**, Cu*) which have been reported to facilitate
CO oxidation [7, 91]. The presence of Ce** species is evident from the Ce(3d) XPS of the
pre-reduced sample. The reaction profiles show that most of the O, consumption over Cu-
containing catalysts is associated with the CO oxidation reaction and a minimal portion is
consumed through the H, oxidation reaction, as revealed by high O, to CO, selectivity.
However, H,O formation becomes more pronounced at temperatures exceeding 180 °C,
leading to high O, conversion. The superior catalytic behaviour of Cu-containing samples in
PROX correlate well with the H,-TPR profiles. The reducibility of the catalysts is improved
as the Cu loading is increased, suggesting the possible strong interaction between Cu and Ce

which in turn promotes oxygen mobility in the catalysts.

Table 4.4 Comparison of specific rates and activation energies under TOX and PROX

Catalyst Specific rate at 150 °C (mol.g™*.s?) x10™ | Activation energy (kJ/mol)
TOX PROX TOX PROX
Cen.90C0p.100,_5 1.81 0.90 13 34
Ceg.89C0p.10 CUg 0104_5 1.04 1.70 59 58
Ce0,87C00_10 CUo_ogOz,B 1.67 2.50 56 60
Ce0,85C00_10 CUO_0502,5 3.26 3.23 43 42
Ceo,g5CUO_o502_5 3.30 3.30 72 71
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Figure 4.19 Comparison of catalytic activities of A: Ceg5CUp0502 s, B: Cep.85CU0.05C00.1002-
s, C: Ceog7Cuo03C00.1002-5, D: CepgaClp01C00.1002 5 and E: CeygC0g10025. Conditions:
temperature = 150 °C, 48 000 h™*, 1 = 2.

4.3.4.3  Stability of the prepared catalysts and the effect of H,O and CO,

The stability of the Co-based catalysts in a reducing environment has been cited as a concern
due to reduction of Co to a lower valence state which is not active for CO oxidation [30, 92].
Taking this into account, the stability of the catalysts was evaluated in the presence and
absence of CO, and/or H,0. Figure 4.20 shows that all catalysts are quite stable under PROX
conditions, showing no significant loss in activity and unchanged selectivity (= 50%) within
the studied time-on-stream (24 h). This suggests that the active components of the catalysts
do not get transformed to inactive species under present experimental conditions.
Interestingly, at the reaction temperature of 180 °C, where time-on-stream experiments were
conducted, selectivity values of CeggsCup o502 5 (50%), Ceps5CUp05C001002 5 (63%) and
Ce0.57CU0.03C00.1002 5 (72%) are not comparable, although their CO conversion values are
within £5%. The exact CO conversions observed over these respective catalysts are 96, 95
and 92%. This possibly signals the involvement of different active sites over Cu and Co-Cu

catalysts.
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Figure 4.20 Time-on-stream (a) CO conversion and (b) selectivity on ceria-based catalysts at 180 °C
in dry PROX reaction. ¢ = Ceo_QCO(),loOz.(;, A = Cepgg CUO_01C00,1002.5, u = Ceo,87CUo,o3C00,1002-(5, ®
= Cegg5CUg05C00 1002-5 and ¢ = Cen.95CUg 0502.5. Experimental conditions: A = 2, GHSV =12 000 h-1

for Cey.9C00.1002-s and 48 000 h for all other catalysts.

Although the PROX studies conducted with only CO, H, and O, provide valuable
understanding of the catalyst performance, it is necessary to evaluate catalytic behaviour in
the presence of H,O and CO,, since these components are contained in H-rich gas obtained
from steam reforming. Hence, the stability of the catalysts was also investigated in the
presence of 7 vol% H,0 and 15 vol% CO,, using the aforementioned conditions, with varied

N levels to compensate for the introduction of H,O and CO,.

As shown in Figures 4.21 and 4.22, the introduction of H,O and/or CO, has a negative effect
in the catalytic activity of the Co-based and bimetallic catalysts. The extent of deactivation in
the presence of CO, appears to be higher for the Cep9Co001002 5 catalyst compared to its
bimetallic analogues. In the presence of 15 vol% CO,, CO conversion over CeggoC00.1002 5
decreases from 90% to 32%, although the selectivity is slightly improved from 72% to 80%.
Under the same reaction conditions, CO conversion drops from 81 to 62%, 92 to 79% and 95
to 90% over CeogoCupo1C0010025 Ces7CU003C0010025 and CeggsClo.osC00.1002-5,
respectively. Notably, the negative effect associated with the presence of CO, is moderate for
Co-Cu catalysts and becomes less as Cu content is increased. However, the deactivation
related to the introduction of 7 vol% H,O (in the absence of CO;) is more pronounced
relative to that induced by CO, on the Co-Cu catalysts. In contrast, water is less detrimental,
compared to CO,, on the activity of Ce9C09100,s. The PROX activity and corresponding
selectivity of the investigated catalysts under the different gas compositions are summarized
in Table 4.5.
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Table 4.5 PROX activity and selectivity of investigated catalysts under different gas mixtures.

Catalyst CO conversion and selectivity at 180 °C ®

H,O/CO,-free 15 vol% CO, | 7 vol% H,0 15 vol% CO, and 7 vol% H,O

Ce090C00.1002.5 90 (72) 32 (80) 50 (85) 13 (77)
Ce0.89C00.10 Clio 0105 5 81 (82) 62 (86) 43 (95) 18 (96)
Ceo.87C00.10 Clio 03055 92 (72) 79 (80) 52 (83) 31 (92)
Ceo.85C00.10 Cllo 05055 95 (63) 90 (72) 79 (80) 36 (86)
Ceo.95CUo,0s02.5 96 (50) 93 (56) 95 (65) 86 (75)

# The values outside and inside brackets represent conversion and selectivity, respectively.
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Figure 4.21 Time-on-stream (a) CO conversion and (b) selectivity on ceria-based catalysts at 180
°C in the presence of 7 vol% H,O. ¢ = Cep9C001002.5, A = Ceggg ClUgo1C001002.5 m =
Cepg7CUp03C00 10055, ® = Cep.s5CU0.05C00.1002-5 and ¢ = Cep 95CUg 0502.5. Experimental conditions:
A =2, GHSV = 12 000 h™* for Ceg9C00.1002.5 and 48 000 h™ for all the other catalysts.
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Figure 4.22 Time-on-stream (a) CO conversion and (b) selectivity on ceria-based catalysts at 180
°C in the presence of 15 vol% CO,. ¢ = Ce9C001002.5, A = Cepgg ClUgo1C001002.5 m =
Cepg7CUp03C001002.5, ® = Cega5CUg.05C00.1007-5 and ¢ = Cen.95CU0 0502.5. Experimental
conditions: 4 = 2, GHSV = 12 000 h™ for Cey¢C0.100,-s and 48 000 h* for all the other catalysts.
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The addition of both CO, and H,O result in degeneration of the catalytic performance of
these catalysts (Figure 4.23). From Figures 4.21, 4.22 and 4.23, it is clear that the degree of
deactivation is reduced as the amount of Cu present in the catalyst is increased. Under these
reaction conditions, Cey9C0.1002 5 only reached CO conversion of 13%. As Cu content of 1,
3 and 5 at% is incorporated, the CO conversion is improved to 18, 31 and 36%. This suggests
that the Cu active sites do not greatly change in the presence of either H,O and/or CO,.
Accordingly, the activity of Cegg5Cug0502 5 Is not significantly affected by the presence of
H,O and/or CO,. In the presence of both 7 vol% H,O and 15 vol% CO,, this catalyst
achieved 86% CO conversion and 75% selectivity. It is noteworthy that all the catalysts can
fully retain their performance by switching to a H,O/CO,-free feed, which shows that the

deactivation is reversible.
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Figure 4.23 Time-on-stream (a) CO conversion and (b) selectivity on ceria-based catalysts at 180 °C
in the presence of 7 vol% H,0 and 15 vol% CO,. ¢ = Cep9C00.1002-5, A = Cepgg Clp01C00.1002-5 ®
= Cegg7CUg03C00 1002.5, ® = Cegg5CUg 05C0g 1002-5 and ¢ = Cep o5CUg 95025 Experimental conditions:
A =2, GHSV = 12 000 h™* for CegC00.1002.5 and 48 000 h™ for all other catalysts.

In the presence of CO, and/or H,O, the selectivity of O, to CO; is improved for all studied
materials, monometallic and bimetallic catalysts. This observation is accompanied by a
decrease in H, consumption. Such results confirm that a decrease in CO conversion under
these conditions is not caused by the reverse water gas shit reaction (RWG: CO, + H, — CO
+ H,0). Consistently, the reactions performed using a feed of 15 vol% CO; and 50 vol% H,
showed neither H, nor CO; conversion, ruling out the occurrence of a reverse water gas shift
or methanation reactions. The deactivation behaviour brought about the presence of H,O can
be ascribed to the adsorption of water on the catalyst surface, leading to a blockage of the
active sites. The formation of a CO-H,O complex has also been suggested as the possible
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explanation for deterred activity of such catalysts under similar conditions [93, 94]. The
negative effect of introducing CO, into the feed can be attributed to the competitive
adsorption, between CO and CO,, at the active sites. Since the only active sites for CO
oxidation appear to be Co?" ions in CegC00.1002.5, the effect of CO, and/or H,O is more
pronounced due to the disturbance of the redox circle depicted in the proposed mechanism
(Figure 4.11) [93, 94].

4.4 Conclusion

In this work, Cep.90C00.1002 s and Ceg go-xCuxC00.1002 5 (X = 0.01, 0.03 and 0.05) catalysts
were synthesized using a urea-assisted combustion method and evaluated for total and
preferential CO oxidation. Based on characterization results, the resulting catalysts are single-
phase nanocrystalline materials with a fluorite structure. Minor oxide segregation was only
detected when the metal ion content exceeded 13% atomic loading. The results showed that
the activity of Cepg90C00.1002 5 could be significantly enhanced by the addition of Cu, for
TOX and PROX. The improvement in the activity has a direct relationship with the boosted
reducibility, which could be linked to better oxygen mobility due to Ce-Cu interactions. All
catalysts are stable, highly selective and able to achieve complete CO conversion under
different reaction conditions, depending on O,/CO ratio and GHSV.

The presence of H, appears to have a negative effect on the CO conversion over
Ce0.90C00.1002 5, suggesting that CO and H, oxidation reactions may be occurring at the same
active sites. On the other hand, Cu-containing catalysts do not experience a drop in CO
conversion in the presence of Hy, signalling that H, and CO conversion may be taking place
at independent sites. For bimetallic, Co-Cu, catalysts it is assumed that CO oxidation
predominantly takes place on the Cu site, while H, oxidation mainly occurs on the Co site.
Co-containing catalysts were found to have a low tolerance for CO, and H,O due to
competitive adsorption and blockage of the active sites. However, the CO,/H,O tolerance

improves with increasing Cu loading.
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CHAPTER 5

Au supported on substituted titania catalysts for CO oxidation and
preferential CO oxidation in H,-rich stream: Effect of the support,
H,O and CO,

KeyWOI’dS: PROX, CO oxidation, gOld, AU/Tio,goCOo_looz_s and AU/Tio,gFeo_loz.g
Abstract

Cobalt- and iron-substituted titania supports were prepared by a solution combustion method.
Gold deposition onto these supports and pure TiO, was achieved by a deposition-precipitation
method. The catalysts were characterised by HR-TEM, XRD, Raman spectroscopy, XPS, TPR
and BET surface area. The formation of a single-phase solid-solution for the supports was
confirmed by HR-TEM, XRD and Raman spectroscopy. The performance of the gold catalysts
was evaluated for total and preferential CO oxidation (TOX and PROX) and compared with
those of their respective supports. The catalytic activity of the Co-substituted support was found
to be higher than that of Fe-substituted support in TOX and PROX reactions. Although effective
in TOX, neither support was found to be a promising candidate for PROX applications.
Regarding TOX, the activity of the gold catalysts followed the trend Au/Tip9C001002 5 >
Au/TiggoFeg 10,5 > Au/TiO,. The performance of the three catalysts improved in the presence of
excess Hy, all reaching complete CO removal between 60-100 °C. The effects of H,O and CO,
on the PROX activity and stability of the gold catalysts were evaluated at 100 °C. In the
presence of both H,O and CO,, CO conversions over Au/TiO, and Au/TiggC00 1002 s catalysts
decreased by nearly 20%. Au/TiggFeq10,.5, however, showed no loss in activity in the presence
of H,O and/or CO; or one of these co-reactants. The catalyst sustained its remarkable activity

and stability during the time-on-line study (24 h).
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5.1 Introduction

In the context of growing environmental concerns and interest on the development of clean
energy alternative technologies, polymer electrolyte membrane fuel cells (PEMFCs) have
become an important subject of research aimed at addressing energy-related concerns. Amongst
other types of fuel cells, PEMFCs are the most pursued by researchers and companies because of
their response to transients, low operating temperature, compactness and zero emissions [1].
Therefore, PEMFCs are considered as the most versatile and promising fuel cell systems, with a
technology suitable for power generation for transportation, residential and portable device
applications [2]. Although significant progress is being made in developing different hydrogen
production processes, almost all the hydrogen used as fuel in PEMFCs is produced via steam
reforming of hydrocarbons [3]. This process is normally followed by the water gas shift (WGS)
reaction in order to concurrently improve hydrogen yield and reduce residual carbon monoxide
(CO) in the reformate. After WGS, the concentration level of CO is usually ~ 1%, which is still
high enough to poison the Pt anode in the PEMFC [4]. This problem could be addressed by
developing a catalyst that is capable of converting residual CO, with minimal H, consumption
[5]. Alternatively, CO-tolerant anodes can be developed to replace Pt analogues [6]. Selective
reactions, such as selective methanation and preferential CO oxidation (PROX), have been
extensively studied and continue to receive tremendous interest as promising ways to achieve
reformate clean-up. Since CO methanation consumes rather higher amounts of Hj, an oxidative
removal of CO is regarded as the most effective and cost-efficient process for CO cleanup in fuel
cells [7]. The technological importance of catalytic CO oxidation goes beyond the fuel cells
applications. As one of the health-threatening pollutants from automobile exhaust, CO needs to
be completely converted to the less-harmful CO..

Metal oxide-supported Pt, Pd and Rh catalysts are conventionally used as exhaust and PROX
catalysts. Generally, these catalysts are effective at temperatures above 150 °C, which is high
enough to trigger undesirable H, oxidation. Notably, this temperature is higher than the PEMFC
operating temperature (~ 80 °C). Until Haruta and co-workers first demonstrated that supported
gold nanoparticles are catalytically highly active for CO oxidation at much lower temperatures,
gold was regarded as inert and overlooked as an important component of catalyst formulations
[8]. It has been shown that the dispersion of gold nanoparticles on reducible oxides provides
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catalyst formulations that are more active than gold on non-reducible oxides. It is a widely-held
view that the superior catalytic performance demonstrated by these systems is mainly due to the
ability of reducible oxides to provide active oxygen species needed for CO oxidation [9].
Reducible oxides such as TiO; [10-15], a-Fe,O3[10, 16-18], Co30,4 [10, 11], CeO, and MnOx
[19-21] have been found to demonstrate promising catalytic activity for CO oxidation and
PROX. The studies reported by Haruta et al. [10], Hutchings’s group [17] and Schubert et al.
[16] have revealed that Au/a-Fe,O3 catalysts, prepared by co-precipitation, are amongst the most
active and robust catalysts for CO oxidation and PROX, surpassing the intensively studied
AU/TiO; system. The superiority of these catalysts has been associated with the fact that a-Fe,O3
is a more reducible support and the presence of anion vacancies near gold nanoparticles [22].
Other authors have reported outstanding catalytic activity for Au/CozO, catalysts, comparable to
that of Au/a-Fe;0s.

Recently, it has been reported that the catalytic activity of Au/TiO; catalysts can be enhanced by
adding Co304 [23] and Fe,03 [22, 24] as additives on the TiO, support. There is a consensus
amongst researchers that supports such as TiO,-Fe;O3; and TiO,-Co304 have higher proportions
of oxygen defect sites, which act as local sites for active oxygen needed during catalytic
progression [24-26]. Moreover, supporting gold on such materials has been reported to produce
stable catalysts, with strong metal-support interaction. In the present work, we report the
incorporation of cobalt and iron ions into the TiO, matrix, via the solution combustion method.
The intention was to prepare supports with improved redox properties, wherein Co and Fe ions
are fully dispersed as ions within the Ti;«MyO,.s single-phase material. These solid-solution
materials were used as supports for Au nanoparticles and the catalytic behaviour of Au/metal-
doped TiO, catalysts was compared with that of Au/TiO,.
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5.2 Experimental

5.2.1 Catalyst synthesis

Cobalt and iron substituted titania materials were prepared by the solution combustion method,
using titanium tetra-isopropoxide ([Ti(OCH(CHs)2)4], Sigma-Aldrich), ferric nitrate
([Fe(NOg3)3.9H,0], Sigma-Aldrich) and cobalt nitrate ([Co(NO3),.5H,0], Sigma-Aldrich) as the
starting precursors. Prior to synthesis, titanium tetra-isopropoxide was converted to titanyl nitrate
([TIO(NOs)2]) by dissolving the precipitated titanyl hydroxide in nitric acid. A typical redox
combustion mixture was made by dissolving stoichiometric amounts of TiO(NOj3),,
Co(NO3)2.5H,0 or Fe(NO3)3.9H,0 and urea fuel in the ratio of 0.90: 0.1: 1.67 respectively. For
example, for the preparation of Tig9C0010,-5, 8.8 mL of titanyl nitrate, 0.0.970 g of cobalt nitrate
and 3.337 g of urea were dissolved in 50 mL of water in a borosilicate dish. The solution was
mixed and reduced to a volume 20 ml at 150 °C on a hotplate. A boiling solution was then
transferred into a muffle furnace which was preheated to 400 °C. After a nearly complete
dehydration, the solution boiled with foaming and dried up before burning in flame. The
resulting material was kept in the furnace overnight at 400 °C. Pure TiO; and TipgFeo 102
analogues were prepared by a similar combustion method.

Gold (~0.5 wt%) catalysts were prepared by a deposition-precipitation method [13-15]. The pH
of the required amount of dilute HAuCI, (0.01 mol.dm™) was adjusted to 8 by adding 0.1
mol.dm™ of NaOH. The support was suspended and the resulting suspension was heated to 70
°C, while continuously stirring. After aging for 1 h, the reaction mixture was cooled, filtered and
washed with warm deionized water repeatedly. The samples were dried overnight at 100 °C and
calcined at 300 °C in air for 4 h. The respective samples were named as Au/TiO,,
Au/TipgFe 10,5 and Au/Tip9C00102-5.

5.2.2 Catalyst characterization

Metal contents in the catalysts were determined by an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Perkin EImer Optima 5,300 DV) and the standards (1,000 ppm
Fe, Co and Au) were obtained from Fluka. Specific surface areas (BET), total pore volume and
pore size of the catalysts were determined from the adsorption and desorption isotherms of
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nitrogen at -196 °C using a micromeritics TriStar 3000 multipoint analyser. Prior to the analysis,
the samples were degassed overnight at 200 °C under nitrogen flow. The linear part of the
adsorption curve was used to determine the specific surface area (Sget) and the pore size
distribution was determined from the desorption curve applying the Barret-Joyner-Halenda
(BJH) theory. X-ray powder diffraction (XRD) experiments were conducted on a Bruker D8
Advance diffractometer equipped with an Anton Paar XRK900 in situ cell and a Cu Ka source (A
= 1.5406 A). The XRD patterns were recorded in the 26 range of 10-90 ° at a scan rate of
0.5°/min, with a step width of 0.02 °. The average crystallite size (D) values of metal-substituted
titania materials were estimated by applying the Scherrer equation (5.1) at the [101] peak.
Structural properties of the catalysts were further studied by Raman spectroscopy, using an
Advantage 532 series spectrometer and employing the visible laser line of 514 nm in the spectral
range of 200 cm™ to 3400 cm™.

K
D= (5.1)

B By, cosb

Transmission electron microscopy (TEM) and high resolution TEM (HR-TEM) analyses were
performed on Jeol JEM-1010 and JEM-2100 electron microscopes, respectively. The images
were further analyzed using ImageJ software. Samples were prepared by dispersing them in
ethanol before they were deposited onto the holey carbon-coated grids. The field emission
scanning electron microscope (FEG-SEM) images were obtained from a ZEISS FEG-SEM Ultra
Plus instrument. X-ray photoelectron spectra (XPS) were collected with a Thermo Scientific
Multilab 2000 apparatus, using the Al Ka radiation (1486.6 ¢V) and the C (1s) spectra as the
reference (284.5 eV) for all binding energies. Hydrogen temperature-programmed reduction (H,-
TPR) measurements were carried on a Micromeritics AutoChem Il 2920 Chemisorption analyzer
equipped with a thermal conductivity detector (TCD) to measure H, consumption. Prior to data
collection, the sample (~30 mg) was pretreated under an argon flow at 400 °C for 30 minutes and

then cooled to room temperature.
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5.2.3 Catalytic activity measurements

Both TOX and PROX activity measurements were performed in the gas phase at atmospheric
pressure and different temperatures (ambient temperature to 250 °C) under steady-state
conditions. Experiments were conducted in a continuous flow fixed-bed reactor whose
temperature was controlled by an insulated unitemp thermocouple wire. Feed and effluent gases
were analysed online with a three-channel Agilent CP-4900 micro gas chromatograph, each
channel equipped with a TCD and column. The GC is fitted with Molsieve 5A and CP-Sil5 CB
columns, with 1.0 uL back-flushing to discharge residual components after analysis. All gases
used were analytical grade and were received from Afrox or Air Products. The powder catalysts
were pelletized and sieved into a 300-600 um mesh. The catalyst granules were diluted with inert
carborundum beads (24-grit, ~ 600 um) to a volume of 3 mL and loaded at the centre of a tubular
reactor with an inner diameter of 18 mm and length of 500 mm. The catalyst bed was held by
glass wool and carborundum on either side of the reactor tube. Prior to each experiment, the
catalyst was pre-treated in situ for 4 h at 150 °C with air and then cooled down to room

temperature under nitrogen flow.

All experiments were performed at a gas hourly space velocity (GHSV) of 48000 h™. The
aforementioned GHSV figure was calculated based on the catalyst bed volume of 0.1 mL for a
corresponding catalyst weight of 0.095 g and the total reactant flow rate of 80 mL/min. For total
CO oxidation, the reactant gas composition contained 1 vol% CO, 1 vol% O, and the balance
was nitrogen. In PROX experiments, the following feed composition was used: 1 vol% CO, 2
vol% O, 50 vol% H, and 47 vol% N,. The catalytic behaviour of the catalysts was evaluated in
the presence of water and 15 vol% CO, and 7 vol% H,O. Water was introduced by passing the
dry gas composition through a bubbler maintained at 38 °C. CO conversions and O, selectivity
values were calculated based on Equations 5.2 and 5.3, respectively. Data points were collected
within 30 minutes in triplicates at steady state and all carbon and oxygen balances were within £
5%.

([CO] in~ [CO] out) %
[Co]in
( [CO] in~ [CO] out)

Selectivity to CO, (Sco, )= (0,1 [0,] )><100 (5.3)
n~ out

CO conversion (X,,)= 100 (5.2)
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5.3 Results and discussion

5.3.1 Composition, structural and morphology studies

The XRD patterns of all the catalysts, as shown in Figure 5.1, can be indexed to the tetragonal
anatase structure of TiO2 with a D4h space group (I141/amd, JCPDS no.21-1272). The diffraction
peaks observed at 25.68°, 36.24°, 48.45°, 54.75°, 63.18° correspond to the [101], [004], [200],
[105] and [204] planes, respectively. Notably, the XRD profiles of TiggFep102.5 and TiggC0g10,-
s did not show any measurable diffraction peaks corresponding to pure oxides, Co3zO4 and Fe,Os.
The absence of pure oxide peaks indicates that the foreign metal ions (Fe** and Co*") were
successfully incorporated into the lattice of the anatase structure. In the present study, 10%
Co304/commercial-TiO, was also prepared by an impregnation method and its XRD was studied
in order to examine the expected Co30,4 peak intensity and structural distortion. As anticipated,
the XRD pattern of this sample showed small peaks at 20 = 31° and 37.5° which are associated
with Co304 [220] and [311] respectively. This observation further confirms that 10% of Co304
species can be detected by XRD.

The diffraction lines of the samples that were prepared by solution combustion had broader full
width half maximum (FWHM) values compared to those of the reference, commercial TiO..
Such broad peaks suggest that these materials are comprised of nano-crystallites. Accordingly,
the average crystallite sizes, estimated by the Scherrer equation, were found to be 17, 8.5, 6 and
6.4 nm for commercial TiO,, prepared TiO,, TipgFeo 1025 and Tip9C0010,-5, respectively. The
enlarged XRD peaks for the [101] plane of all catalysts are shown as an insert in Figure 5.1. The
diffraction peaks of prepared TiO, and metal ion substituted TiO; are slightly shifted to higher
260 values, which is indicative of lattice distortion. Such structural changes may arise as a result
of intrinsic defects induced during the preparation or extrinsic defects due to substituting Ti*
(0.605 A), in the TiO, framework, with foreign metal ions that have different ionic radii and
valence (Fe** = 0.55 A and Co®* = 0.74 A). Gold deposition on the titania-based supports did not
result in further changes in the XRD patterns. The reflections for metallic gold (26 = 38.2° [111],
44.5° [200] and 64.5° [220]) were not observed, suggesting the presence of small and highly

dispersed gold particles.
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Figure 5.1 XRD profiles of (a) Au/TiO, (b) Au/Ti, Fe, O, ; (c) AulTi, Co, O, ; and (d)
10%Co0304/TiO,

Rietveld analysis of the substituted titania materials was performed, substituting Ti** with Fe** or
Co?" ions. The Rietveld-refined XRD patterns of TiggFep10,.5 and TiggC0010.5 are shown in
Figure 5.2 and the lattice parameters obtained from the analysis are given in Table 5.1. The
observed, modelled and the difference (between observed and modelled) XRD patterns are
represented in red, black and blue in Figure 5.2, respectively. The difference plots from the
refined patterns show a good fit, with no oxide or metallic peaks relate to CozO4 and Fe,O3 or Co
and Fe. This further suggests that Fe** and Co?* ions are incorporated into the lattice structure
of anatase TiO,. The goodness-of-fit and R factor for the profile fitting of TiggFe10,.5 are 1.30
and 1.94, respectively. For Tig9C0010,-, the respective values are 1.18 and 2.63. According to
Rietveld analysis reliability standards, these results confirm a good agreement between the
observed and modelled data [27]. The lattice parameters of TiO,, a = b and c, decrease slightly
upon incorporating cobalt and iron ions into the lattice. This is indicative of the possible
formation of a solid-solution wherein some of the Ti** host ions are substituted by foreign metal
ions with different valence and ionic radii. The overall effect of these two factors is the

contraction of the lattice.
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Intensily (arb. units)

Table 5.1 Structural parameters of titania-based materials.

Catalyst Lattice Lattice Structure  Bragg 1 Crystallite  d-spacing
parameter parameter factor factor size (nm) (nm)?
a=b (A) c (A) (Ry) (Re)
TiO, 3.7794 9.4908 4.77 5.88 1.65 8.5 0.347
(0.350)
TiooFe0 1025 3.7784 9.4747 1.94 1.54 1.30 6 0.346
(0.358)
Ti090C0010025 3.7761 9.4380 2.63 3.09 1.18 6 0.346
(0.355)

#Values show in parentheses were estimated from HR-TEM
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Figure 5.2 Rietveld-refined XRD profiles of (a) TiggFe10,.s and (b) Tig9C00102 s

Raman spectroscopy was used to further study structural properties and phases of titania-based
materials and the spectra of the prepared samples are depicted in Figure 5.3. The Raman spectra
of all samples show characteristic bands at 400, 520 and 635 cm™, which are associated with Byg,
Ay & Big and E; Raman-active modes of the anatase-structured TiO, material [26]. The
presence or absence of pure CoszO, species may not be conclusively ascertained by Raman
spectroscopy since Raman-active modes of Co30, are in close proximity with those of anatase
TiO,. In the case of Fe,O3 species, the strongest band at 1300 cm™, which is a prominent
signature of even low loadings of crystalline Fe,O3, can be used as a detector of the presence or
absence of surface species. This band is attributed to the second harmonic vibrations of hematite

160
Manuscript 3

90



[25]. Its absence from the spectrum of TigoFeq10,.5 suggests that Fe>* jons are substitutionally
incorporated in the anatase matrix, replacing some of the Ti** ions. The incorporation of foreign
metal ions into the TiO, framework is accompanied by the broadening of the peaks. In addition,
the peaks are marginally shifted to lower wavenumbers. The broadening and blue shift of the
Raman bands (Figure 5.3) can be interpreted as a reflection of distortion induced by defects
created upon the incorporation of foreign metal ions with different ionic radii and valences.
Wang et al. have associated such phenomena with the existence of possible oxygen vacancies in
TiO, nanostructures [28]. Since the average crystallite sizes of the prepared materials are below
10 nm, line broadening was expected. Summarily, Raman results are in agreement with the XRD

data and suggest successful formation of the single-phase solid-solution materials.
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Figure 5.3 Raman spectra of (a) 10% C0304/TiO,, (b) Au/TiO,, (c) Au/TiggoFeo10,.sand (d) Au/

TiO. 9 COO. 1 024

HR-TEM images of Au/TiO,, Au/TipgFep10,.5 and Au/TigeC0010, 5 are shown in Figure 5.4.
High-resolution images of the samples show that the lattice fringes of individual small
crystallites are 0.350, 0.358 and 0.355 nm for Au/TiO, Au/TipgFer 1025 and Au/TigeC00102 5,
respectively. These interplanar distances correspond to the anatase [101] lattice spacing and are
in good agreement with the d spacings obtained from XRD profiles. The lattice fringes
corresponding to CosO4 or Fe O3 were not observed, again suggesting the incorporation of the

metal ions into the anatase matrix. The average particle sizes of the combustion synthesized
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titania materials are comparable and around 10 nm, which is slightly higher than the values

calculated from the Scherrer equation.

Figure 5.4 HR-TEM images of (a) Au/TiO, (b) Au/ Ti, ,Co

and (C) AU/Tio.g Feo105.5

0.1 0275

ICP-OES results presented in Table 5.2 show the precise atomic percent of Fe and Co on the
support and the Au weight loading. The results reveal that metal ion substituted TiO, supports
have Ti:Fe and Ti:Co atomic ratios of 90.5:9.5 and 92:8. Therefore the chemical formulations of
these supports are based on the ICP results. The exact content of gold deposited on the supports
differs only by 0.13 wt%, which allows assessing the effect of modifying the TiO, support.

The nitrogen adsorption/desorption isotherms and the corresponding pore size distribution plots
of all the catalysts are shown in Figure 5.5 (a) and (b), respectively. The isotherms of all the
samples are of type IV and their corresponding hysteresis loops belong to the H2 type, which is
characteristic of mesoporous materials with good structural homogeneity [29, 30]. Accordingly,
the pore diameters are within the narrow range of 20 to 70 A, confirming the presence of uniform
mesopores. The BET surface area increased from 120 to 129 and 137 m2.g™ upon the
incorporation of cobalt and iron ions, respectively. An increase in surface area may be linked to
reduced crystallite size due to the presence of foreign metal ions [31]. The BET results collate
well with crystallite sizes estimated from the XRD profiles. Textural properties of the catalysts

are surmised in Table 5.2.
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Table 5.2 Chemical composition and surface properties of prepared catalysts

Catalyst Ti M Au Au particle SgeT Average pore  Pore volume
(at%) (at%)  (wt%) size (nm)° (m?g) size (A) (cm*/g)
AU/TIO, 100 - 0.48 4 120 51 0.22
AulTigoFey 10,5 90.5 9.5% 0.50 4.7 137 45 0.23
Au/Tig90C00.10025 92 g° 0.49 3.2 129 50 0.23

Quantity Adsorbed (cm?/g STP)

M = Fe, M = Co, “the particle size is based on few Au particles that could be accurately measured.
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Figure 5.5 A Nitrogen adsorption/desorption isotherms and B: pore size distribution curves of
((a) AU/TiOz, (b) AU/Tio,gFeo,102_5 and (C) AU/Tio,goCOo,loOZ,(;

5.3.2 Electronic and redox studies

Ti 2p core level X-ray photoelectron spectra (XPS) of the supported gold catalysts are shown in
Figure 5.4. The binding energies of Ti(2ps/2) and Ti(2py1/,) are located at around 460 and 466 eV,
respectively, for all the catalysts. This confirms that Ti is present in the +4 oxidation state in all
metal ion substituted titania materials. In addition, the Ti 2p peaks are marginally shifted to
lower energies for Fe and Co-containing samples. Such changes can be attributed to the
formation of oxygen vacancies upon the incorporation of foreign metal ions into the TiO, matrix
[32]. The Au 4f core level spectra of all supported gold catalysts are characterized by the
doublet of two spin orbits, located at 83.5 and 89 eV. The two peaks are due to the respective Au
4(f7;,) and 4(fs,) components of the metallic gold. The presence of a small percentage of

positively charged gold, Au**, cannot be ruled out completely, as its reported binding energy of
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89.6 eV may overlap with that of the metallic state [22]. The core level Fe(2p) spectrum of
Au/TiggoFen 10,5 is depicted in Figure 5.4 B. The binding energy of Fe(2ps/) is located at 711.0

eV and that of the Fe(2pi2) component appears at 725.9 eV. In addition, a weak satellite

positioned at 8 eV from the main peak confirms that Fe exists as Fe®" in Au/TiggFeo10,.5 [22].

Figure 5.4 C shows the core level Co(2p) XP spectrum of Au/Tigg0C001002 5. The peaks

positioned at the binding energy of 794 and 779 eV are attributed to Co (2p12) and Co (2pzs2)

orbit components, respectively. The peaks are characteristic of the Co?* state [33].
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Figure 5.6 A: Au(4f) and Ti(2p), B: Co(2p) and C: Fe(2p) XP spectra of (a) Au/TiO,, (b)

AU/Tio,gFeolloz_(s and (C) AU/Tio,goCOo,looz_g catalysts
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5.3.3 Catalytic studies

5.3.3.1 Total CO oxidation

The catalytic activity profiles of pure TiO, and metal ion substituted titania for total CO
oxidation are presented in Figure 5.7. Based on the respective temperatures of CO conversion of
50 and 100%, Tso and Tigo, the activities are in the order of Tip99C001002-5 > TiggFe0 1025 >
TiO,. Complete CO oxidation was achieved at 220 °C over Tig.goC00.1002 s, While a maximum of
68% CO conversion was reached at 300 °C for TipgFeo10,5. As anticipated and reported
elsewhere [34], no substantial conversion was observed over pure TiO, even at reaction
temperatures above 200 °C. Since all the three oxide materials were prepared under the same
combustion conditions, the observed catalytic performance demonstrated by Co- and Fe-
substituted TiO, suggests that the incorporated foreign metal ions are involved in the promotion

of CO activation during the TOX reaction.

As shown in Figure 5.7, depositing minimal content of gold onto these oxides considerably
improves the activity. The order of the activities for TOX increases in the following trend:
Au/Tip90C001002 5 > AulTiggFer10,.5 > Au/TIO,, with respective Tigo values of 100, 120 and
180 °C. Since TiO, on its own is inactive, CO oxidation over a Au/TiO, catalyst is envisaged to
proceed via the adsorption of CO on Au, followed by oxidation by an oxygen atom released from
the support, as widely reported in literature [9, 35, 36]. Therefore, the superior performance
showed by Au/Tip90C00.10025 and Au/TiggFer10,.5 can be associated with the presence of
oxygen vacancies in these active supports, as verified by Raman and XPS analysis. Thus, the
incorporation of Fe and Co into the TiO, structure yields support materials that can readily

uptake and release oxygen required for CO oxidation, compared to pure TiO..
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Figure 5.7 CO conversion as a function of temperature over (a) titania-based materials(o TiO,
ATigoFe0 1025 and O Tipg0C0010025) and (b) supported gold catalysts (e Au/TiO,,
A Au/TigoFey 10,5 and ‘AU/TZ.O.90C00_1002,()‘) in TOX reaction

5.3.3.2 Preferential CO oxidation

Figure 5.8(a) shows the CO conversions as a function of temperature during preferential CO
oxidation experiments. In comparison with TOX, CO conversions over TiggFey10.5 and
Tip90C0010025 decreased under PROX conditions. In a Hp-rich stream, no substantial CO
conversions were observed at reaction temperatures below 150 °C over these materials. The
decrease in conversion was more pronounced for the Co-containing support, from 98 to 42% at
200 °C. This can be associated with the reduction of cobalt species to a lower valence, which is
known to be inactive for CO oxidation [37, 38]. In the case of TiggFey 1025, the CO conversions
under TOX and PROX are almost the same at reaction temperatures below 220 °C. This possibly
suggests that the active species remain mostly unchanged, especially at lower temperatures, in
the presence of H,. Above 250 °C, CO conversion decreased due to competing H, oxidation,
which leads to O, starvation. The difference in the activity of the two supports cannot be justified
based on surface area differences since the less active support had a higher surface area. These
results indicate that the more readily reducible cobalt species, compared to their iron

counterparts, may facilitate CO oxidation reaction.
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Figure 5.8 (a) CO conversion and (b) selectivity as a function of temperature over ATiggFep102.s,
0 Tio,goCOo,loog,(;, ® AU/TiOz, AAuﬁio_gFeo,102-5 and ®Au/Tig90C0g 10025

In Figure 5.8(a), the catalytic performance of gold catalysts for the PROX reaction is compared
with those of their respective supports. Contrary to the catalytic behaviour of the supports, CO
conversions over gold catalysts are evidently improved in the presence of H,, compared to values
obtained under TOX conditions. Considering a reaction temperature of 25 °C, CO conversion is
improved from 6 to 66, 24 to 29 and 9 to 76% for Au/TiO,, Au/Tipg9C00100, s and
Au/TiggoFeq 10,5, respectively. Below 60 °C, PROX activities are in the order of Au/TiggFeg102-5
~ Au/TiO,> Au/Tip90C00.1002 5. The performance of all gold catalysts is comparable from 60 °C
onwards, reaching complete CO oxidation between 60 — 80 °C. A further increase in temperature
leads to a decrease in CO conversion due to H, oxidation, which uses O, required for CO
transformation. Since the active components in TiggFeg 10,5 appear to be mostly unchanged, as
evident from the light-off cures of this support for TOX and PROX, the release and uptake of
oxygen atoms by this material is believed to be uninterrupted [26]. Thus, this redox phenomenon
allows the support to act as the local site for active oxygen, which leads to a superior PROX
performance by Au/TiggFep 10,5 (Figure 5.9). In the case of Au/Tipg90C001002 5, this cobalt
species are readily transformed under a reducing environment, depriving the support from

playing a measure role during oxygen activation for CO oxidation [23, 25].
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Figure 5.9 Schematic representation of CO oxidation over Au/TipgFe102-s

Figure 5.8(b) shows the O, selectivity to CO, during PROX experiments. For modified titania
supports, meaningful selectivity values can be restricted to temperatures above 150 °C, where
substantial CO conversion starts. As the reaction temperature is increased beyond 150 °C, the
selectivity decreases until it reaches 37 and 45% for TipgFep 1025 and TiggoC00.1002 5,
respectively. All gold catalysts show a decrease in selectivity as the temperature is increased.
The decrease in the selectivity is accompanied with a significant H, conversion at higher
temperatures, which is a similar trend found in other reports [17, 22, 23]. The O, to CO,
selectivity values of Au/TiggFe1025 and Au/TiO, are comparable at all reaction temperatures,
whereas those of Au/Tipg0C001002 5 are slightly higher. At 80 °C, the fuel cell operation
temperature and the temperature where all the gold catalysts show complete CO conversion, the
0, to CO; selectivity is 35, 29 and 27% for Au/Ti.90C00.1002 5, Au/TiO, and Au/TiggFep102-,

respectively.

5.3.3.3 Catalyst stability and the effect of CO, and H,0O

Although metal oxide supported gold catalysts are known for their high activity for CO oxidation
at low temperatures, deactivation is a general drawback of Au catalysts [39, 40]. Typical streams
for PROX are in the temperature range of 80 — 120 °C. Therefore, the stability studies of the gold
catalysts were performed at a representative reaction temperature of 100 °C. The time-on-line
activity and selectivity results are reported in Figure 5.10. It can be seen that all catalysts show

stable activities for PROX, with Au/TiO, showing only a 3% decline in CO conversion. These
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catalyst performances were consistently observed during the 24 h of catalyst testing. In addition,
the selectivity didn’t change for all catalysts, maintained at 30, 22 and 22% for
AU/Tip90C0010025, AU/TIO, and Au/TiggFep10,.5, respectively. The results suggest that the
active sites remain mostly unmodified during the reaction. It has been suggested that the
presence of Co304 in Au/Co304-TiO, can suppress H, oxidation, which was linked to the
presence of stabilized Au® species [23]. In the present study, Au/TiggoC0010025 also shows

better O, to CO, selectivity, compared to other two catalysts.
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Figure 5.10 (a) CO conversion and (b) selectivity as a function of time-on-stream on gold
catalysts in dry PROX reaction at 100 °C. e Au/TiO,, A Au/TipgFeo10,.5 and ¢Au/Tio90C001002-
0

Taking into account that the realistic PROX feed is generated from steam reforming and, hence,
contains CO, and H,0, it is necessary to ascertain if the high activity and selectivity obtained
under idealized PROX conditions can be maintained in the presence of CO, and H,O . In the
present work, the effects of 15% CO,, 7% H,0 and 15% CO, + 7% H,0 on the stability of gold
catalysts were evaluated. Figures 5.11(a) and 5.11(b) show respective CO conversions and
selectivity plots in CO,-containing reformate. For Au/TipgFeo 10,5, both CO conversion and
selectivity are maintained at 95 and 22%, respectively, in the presence of CO,. In the case of
Au/Tip90C001002 5, the CO conversion decreases from 97% under CO,-free conditions to 93% in
the presence of CO,. Addition of CO, leads to a decline in CO conversion over Au/TiO,, from
93 to 89%. For all catalysts, the O, to CO, selectivity is hardly affected by the presence of CO,,
comparable to the values obtained under CO,-free conditions. The presence of H,O, in the
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absence of CO,, clearly has no negative or beneficial effect on the performance and stability of

AU/TiO; and Au/TiggFeo 102, except that the selectivity of the former catalyst is improved by
12% (Figures 5.11 (c) and (d)). Under the same conditions, CO conversion over gold on Co-
substituted TiO, decreases from 97 to 89%, which is probably due to the accumulation of water

on the surface as Co-containing catalysts are known to have low tolerance for H,O [41, 42]. This

in turn affects the oxygen release and uptake by the support.
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Figure 5.11 (a) & (c) CO conversion and (b) & (d) selectivity as a function of time-on-stream on
gold catalysts (e Au/TiO,, A Au/TiggFep10,.5 and ®Au/Tip90C001002 5) i PROX in the presence of
15 vol% CO, and 7 vol% H,O(reaction temperature 100 °C)

Different authors have reported that the presence of CO, and H,O leads to the deactivation of

AU/TiO; and Au/Fe,O3 catalysts, due to carbonate formation, surface hydration and/or the
modification of the catalytic properties, particularly the Au”Au** balance [39, 43]. In contrast, in

the present work, it is observed that supporting gold on Fe-substituted titania produces a stable
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catalyst. The Au/TiggFep10,.5 catalyst maintained its activity and selectivity even in the presence

of both H,O and CO,. The beneficial effect of iron on the stability and activity of this catalyst

can be linked to the formation of oxygen vacancies, which can act as local sites for oxygen
chemisorption and activation [24, 25]. Under similar conditions, Au/TiO, and Au/Tigg0C0¢.1002-

s lose their activities by almost 20%.

The activities of these catalysts could be restored by

calcining them in air at 200 °C. Therefore, it is highly unlikely that the sintering of gold

particles plays a major role in the deactivation mechanism. Based on this, it can be inferred that

the deactivation is most likely due to the distortion of the proposed balance between metallic and

ionic gold species. The PROX activity and corresponding selectivity of the investigated catalysts

under different gas compositions are summarized in Table 5.3.
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Figure 5.12 (a) CO conversion and (b) selectivity as a function of time-on-stream on gold
catalysts(e Au/TiO,, A Au/TigoFey102.5 and ¢Au/Tiog0C001002 ) in PROX in the presence of 15

vol% CO, +7 vol% H,0 (reaction temperature 100 °C)
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Table 5.3 PROX activity and selectivity of investigated catalysts under different gas mixtures.

Catalyst CO conversion and selectivity

HZO/COZ-free 15 % CO, 7 % H,O 15 % CO, and 7 % H,O
AU/TIO; 93 (22) 89 (22) 90 (34) 75 (40)
AU/Tio,goCOo_loOZ_a 97 (30) 89 (33) 93 (35) 78 (36)
Au/TiggFep102-5 95 (22) 96 (22) 95 (22) 96 (22)

% The values outside and inside brackets represent conversion and selectivity, respectively.

5.4 Conclusions

The results reported here suggest that the introduction of Co and Fe into the TiO, matrix results
in the formation of single-phase solid-solutions, viz. Tipg0C00.1002 s and TipgFep10,.5. Three
different catalysts were prepared by depositing gold on these materials and TiO,. Under TOX
conditions, Au/Tipg0C00.1002 5 IS the most active catalyst, followed by Au/TiggFey 10,5 and then
AU/TiO,. The presence of excess H,, in the PROX reaction, improved the activity of all studied
gold catalysts, with Au/TiggFeo 10,5 displaying superior performance. The catalytic behaviour of
gold on Fe-doped TiO, could be ascribed to the redox properties of the support, viz. oxygen
release and uptake on the oxygen vacancies. The effects of CO, and H,O on the activity and the
stability of the catalysts were investigated. It was found that the presence of CO, or H,O, in the
absence of the other, led to slight decrease (less than 9%) on the activity of Au/Tip.90C001002 5
and Au/TiO,. The presence of both co-reactants, CO, and HO, resulted in a significant decrease
(19%) in the activity of the two catalysts. In contrast, the high activity displayed by
Au/TiggoFen 10,5 remained unchanged in the presence of both CO, and H,O. No loss of activity
or selectivity was observed over a period on 24 h. The above results suggest that gold on Fe-
substituted TiO; is a promising catalyst formulation for the removal of CO from steam reformate

for PEMFCs. Full optimization of the formulation may lead to their practical application.
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CHAPTER 6

Summary and conclusion

In view of its relevance in pollution control and fuel cell applications, catalytic CO oxidation
continues to receive research interest. Hence, the purpose of the current study was to develop
active catalysts for total and preferential CO oxidation. Solid-solution ceria-based and
supported gold catalysts were synthesized, characterized and tested for total and preferential

CO oxidation. A continuous flow fixed-bed reactor was used for catalytic measurements.

The combined effect of Cu** and Pd®* ions within the ceria lattice was investigated. This was
assessed by synthesizing and comparing the catalytic properties and behaviour of mono-
metallic (Ceg.9sPdo.0202-5 and Cep g5CUp 0502-5) and bimetallic catalysts (Ceg g3Pdo.02CU0.0502-5).
Total CO oxidation was used as a model reaction. Based on XRD, Raman spectroscopy and
HRTEM, it was concluded that these catalysts, synthesized by a single-step solution
combustion method, were fluorite structured single-phase solid-solution oxides. The CO
oxidation activity of Cegg3Pd.02CuUo 05025 was found to be higher than that of the
corresponding mono-metallic analogues. It was established that the synergetic effect between
palladium, copper and cerium ions in the Ceg93Pdo.0,Cu0 50, s catalyst resulted in improved
reducibility and superior catalytic performance. The activation energy for CO oxidation over
Cep.03Pdp 02ClUg 0502.5 was 26.4 kJ/mol less than that over Cego5Cug50,.5. This bimetallic
catalyst formulation may be a promising candidate for future applications in auto-emission
control, although further investigation and optimization of this catalyst formulation is still
required.

Another series of metal ion substituted ceria catalysts, CepgpC001002 5 and Ceggo-
xCUxC001002.5 (x = 0.01, 0.03 and 0.05) were synthesized, with the view to improve the
catalytic performance of the developed Ceyg0C001002 5 catalyst. In this study, it has been
shown that the activity of Cepg9C0010025 for TOX and PROX could be significantly
enhanced by the addition of Cu. The improvement in the activity could be linked to improved

reducibility, which was associated with better oxygen mobility due to Ce-Cu interactions.
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Amongst the studied bimetallic Cu-Co catalysts, the CeggsCuo.05C00.1002 5 catalyst showed
superior catalytic performance compared to the other bimetallic catalysts. This catalyst could
achieve complete CO conversion below 200 °C under both TOX and PROX conditions, even
at a higher GHSV of 48000 h™.

In the presence of excess H,, the Cep90C00.1002 5 and Ceggo-xCuxC00 100, 5 catalysts proved
to be highly selective for CO oxidation. Regardless of the O,/CO ratio and/or GHSV
employed, the O, to CO, selectivity was maintained between 98 and 100 %, for reaction
temperatures not exceeding 150 °C. Such PROX reaction profiles are consistent with the
operation of the Mars-van Krevelen pathway. The rate of CO oxidation over Ceg0C00.1002 5
decreased in a H,-rich stream. However, for CeggoxCuyC00.100,5 and CeggsCUg 05025
catalysts, the CO oxidation rate was not adversely affected by the presence of excess H,.
Based on these results, it has been suggested that H, and CO oxidation over Ceyg0C00.1002 5
may be occurring on the same active sites while the two reactions seem to be taking place on

independent sites over Cu-containing catalysts.

The effects of H,O and CO, on the PROX activity and stability of the Ceyg0C00.1002 5 and
Ceo.00-xCuxC09 100, 5 catalysts were evaluated at 180 °C. In the absence of H,O and CO,, the
catalysts were highly active, selective and stable under PROX conditions. It was shown that
both H,O and CO; have detrimental effects on the PROX performance of the Ce90C00.1002 5
and Cepg0-xCuxC00100, 5 catalysts. The extent of deactivation was more pronounced for
Ce0.90C00.1002 5. However, the CO,/H,0 tolerance improved with increasing Cu loading in
the Cep90-xCuxC00100, 5 catalysts. The activities of these catalysts could be restored by
calcining them in air at 200 °C, which is indicative of a reversible deactivation. The
Ceo.95CUp 0502 5 catalyst proved to be the most robust catalyst, achieving CO conversion and
selectivity of 86 and 75%, respectively, in the presence of 7% H,O + 15% CO,. This
remarkable activity was consistently maintained during the time-on-line study (24 h). The

results showed no evidence of the reverse water gas shift reaction.

TOX activity of gold catalysts prepared with TiO,, cobalt- and iron-substituted titania
supports followed the trend: Au/Tipg0C00.1002 5 > Au/TiggFep 10,5 > Au/TiO,. Under PROX
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conditions, the catalytic performance of the three catalysts improved, with all achieving
complete CO removal between 60-100 ° C. In a simulated reformate, containing 7 vol% H,0
and 15 vol% CO,, Au/TiggFer10,.5 maintained its activity and stability during the time-on-
line test (24 h). On the other hand, CO conversion over Au/TiO, and Au/Tip90C00.1002 5
catalysts decreased by nearly 20% in the presence of 7 vol% H,O and 15 vol% CO,.
However, these catalysts regained their activity after calcining them in air at 200 °C. The
deactivation could not be traced to the sintering of gold particles, but perhaps due to the
distortion of the proposed balance between metallic and ionic gold species. The results
suggest that gold supported on Fe-substituted TiO; is a promising catalyst formulation for the
removal of CO from steam reformate for PEMFCs. Full optimization of the formulation may

lead to their practical application.
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Additional characterization data
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Figure A-1 Classical Williamson-Hall plots used to determine the lattice strain and crystallite sizes
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Figure A-2 Rietveld refined XRD pattern of substituted ceria materials
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FIgU re A-3TEM images of (a) Cep.95CUg.0507_s, (b) Ce0Oy, (C)Ceo_ggpdo_ozoz,g and (d) Ceo_93CUO_o5Pdo_0202,5
catalysts
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Figure A-4 Rietveld refined XRD pattern of TiO2. SEM images of Au/TiO2, Au/Tiy9C0¢ 10,5 and
AU/Tio_gFEo,loz_g. HR-TEM images of AU/Tio,gFeo_loz.g.
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Table A-1 Details of the Varian Micro GC-4900 used in this study.

Channel 1% 2" 3"

Column type Molsieve 5A Molsieve 5A CP-Sil5 CB
Column length (m) 10 10 10

Column temperature (°C) 50 50 50

Column Pressure (kPa) 150 150 70

Carrier gas Ar H, H,

Sample line and injector temperature (°C) 50 50 50

Product analysis H, 0,, COand N, COzand H,0O
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Additional experimental details

A2.1 Calculations and thermodynamic considerations during the synthesis of solid-
solution
The amounts of the starting materials contained in the redox mixture were determined

according to the method reported by Jain et al. [1]. Generally, the redox mixture is a saturated
aqueous solution of urea fuel, as the reducing agent, and the required metal precursor as the
oxidizing agent. Upon heating the redox mixture ignites, all the organic material decomposes
and large amounts of gases are evolved. The reaction is exothermic and the heat required for
the synthesis comes from the resulting redox after ignition. The main gaseous products

produced during combustion synthesis are CO,, H,O and N..

According to Jain’s method, the molar ratio of the precursors is determined by calculating the
oxidising/reducing or oxidizer/fuel valencies (4) of the redox mixture. In solution combustion
calculations, reducing elements are considered as positive, the oxidizing elements as negative
and neutral nitrogen is considered to be zero. Hydration water is not included in the overall
valence. Using these rules, the respective reducing valence of urea fuel and the oxidizing
valence of (NH,),Ce(NO3)¢s are +6 and -24. Therefore, an optimal cerium ammonium nitrate/
urea molar ratio for the combustion synthesis of CeO, becomes 24/6 = 4. Detailed
calculations are shown below, with CeO, and Cep9C010,.5 as examples. The concept
described above and detailed in Table A-3 was followed to calculate the stoichiometric
proportion of metal salts and urea fuel for the preparation of other ceria and titania-based

materials.
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Table A- 2 Detailed calculations for the preparation of solid solution materials

CeO,

Valence

Fuel

CO(NH,), (60.06)
C= +4

2N =0

4H = (+1x 4) = +4
0=-2

Ce precursor
(NH,),Ce(NOs)s (548.26)
Ce=+4

8N =0
8H=(+1x8)=+8

180 = (-2 x 18) = -36

Overall valence  +6 -24
D 4
Mass used (g) 4.8048 10.9652
Moles (mol) 0.08 0.02
Ce0.90C00.1002-5
Fuel Ce precursor Foreign metal precursor
CO(NHy), (60.06) (NH,).Ce(NO3)s (548.26) Co(NOs3),.6H,0 (291.03)
Valence C=+4 Ce= +4 Co= +2

Overall valence
D

Mass used (g)
Moles (mol)

2N=0

4H = (+1x 4) = +4
0=-2

+6

4.529
0.0754

8N=0
8H = (+1x 8) = +8
180 = (-2 x 18) = -36

2N =0
60 = (-2 X 6) = -12

(0.9 x -24) + (0.1 x -10) = -22.6

3.77
9.869
0.018

0.582
0.002

% Values in brackets represent molecular weights in g/mol

A2.2 Bubbler system
Water delivery was carried out by the use of a traditional bubbler system. A bubbler unit was

introduced in the reactor system, as seen in Figure 2.15,

by attaching a water reservoir

between the reactor mass flow controller and the reactor tube. A schematic representation of

the bubbler system is shown in Figure A-5. The temperature of the water reservoir was kept

constant at 38 °C, while a dry gas composition was passed through the bubbler.

The interaction between the liquid and the gas mixture depends on the relative size of

bubbles, the residence time of the carrier gas in the liquid, the temperature of water, and the
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CcO

CO

stability of the gas flow into the reservoir. The relationship between these factors is expressed

in equation A-1[2].
. op
m=F. (;5) £,(F.. T. L) (A-1)

In the above equation, m stands for the water vapour carry-over, F is the flow rate of the dry gas, Py,
is the pressure at the headspace of the water, p represents water vapour pressure, o is a constant
of the liquid and f, stands for an imperial correction factor. The correction factor is a function
of water temperature (T), the water level in the bubbler (L), and F.. The dependence between
F. and m is known to follow a linear trend for experiments conducted under isothermal
conditions, provided the gas flow rate is below 300 mL/min [3, 4]. Therefore, an imperial
correction factor, f,, in equation A-1 can be ignored as it caters for non-linear behaviour due
to temperature changes. It is then assumed that there is enough residence time and the water

level is kept high. Summarily, equation A-1 is reduced to equation A-2.

MFC
- Blending
Pot
)
MFC

—1 H,O Bubbler at controlled

CO

—A

temperature

MEFC

Figure A- 6 Schematic representation of the bubbler system used for vapour delivery
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 =F, (ﬁpp) (A-2)

Because the bubbler was operated at atmospheric pressure, with the temperature of the
reservoir kept constant, the vapour delivery was controlled by varying the flow rate of the gas
(but not exceeding 300 mL/min). Water vapour (p) was calculated using the Antoine

equation.

B
T+C

log p=A- (A-3)

In equation A-3, A (8.07131), B (1730.63) and C (233.426) are component specific

thermodynamic constants of water.

A2.3 Temperature profiles

Using temperature controls and thermocouples installed in the reactor unit, the catalyst bed
was placed in the isothermal zone of the reactor tube (200-250 mm) as shown in Figure A-6.
For all catalyst testing experiments, typical temperature profiles showed constant

temperature, within £5 °C to the desired reaction temperature (Figure A-6).

m80°C A40°C X60°C X100°C ®140°C +160°C #120°C
180

160 - AT

Temperature (°C)

0 50 100 150 200 250 300 350 400 450 500
Reactor length (mm)

Catalyst bed

A Figure A- 7 Temperature profiles, from 40 to 160 °C 191
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