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PREFACE

Have you ever wondered why the catalyst was invented at all?

Well, every innovation in the world starts from ‘wanting more’. The greedy passion of
mankind that is probably related to the hedonic adaptation hypothesis.

When it comes to chemical productions, often the producers would ask themselves —
how can | produce more while using less amount of resource under the shorter period
of time?

And here we are, where the catalysis science starts to get involved in almost every
chemical processes.

A history of chemistry, in many ways, is a history of civilization. Through the rise and fall
of all empires, chemistry can be found in almost everything; let it be agriculture,
pesticides, writing, death, food preservations or medicines. When the simple agriculture
was established since 8,000 years ago, the catalysis was only invented in 1794 by
Elizabeth Fulhame, a female and forgotten Scottish chemist, and this is where the whole
story begins...
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CHAPTER 1
INTRODUCTION

1.1 CATALYSIS

Catalysis is a process where small amount of a non-reactant substance is used to
accelerate the reaction rate (how fast the reaction can go forward). This substance is
called catalyst. In general, the catalyst is not overall consumed within the reaction,
instead, it is recycled by being regenerated back to its original form by the
environmental substances. This is why the catalytic reaction is basically a cyclic process.
However, this cycle is not going on forever as the catalyst has a particular life span,
depending on its type and nature, and can be deactivated by unfriendly impurities or
even the operating temperature. Therefore, most catalysts require a standard handling
protocol called ‘regeneration process’ where the deactivated catalyst is activated to be
again functional.

Catalyst in fact can alter the chemical pathway, to the easier direction. By saying ‘easier’,
this mean having lower activation energy — in another word, the reaction energy’s
barrier. A good catalyst can encourage a higher yield of desired products, narrower the
range of the product distribution, lower operating temperature and fewer unwanted
associated reactions.

Again, why do we use a catalyst? Here is the summary of the major reasons [1];

It allows the desired reaction to occur faster.

It suppresses the competitive reactions.

From 1 and 2, it results in higher selectivity and narrower product distribution.

The reaction is able to occur at lower temperature (safer and cheaper) for

kinetically limited exothermic near-equilibrium reactions.

5. A catalyst helps us to understand if the reaction is more thermodynamically
favored.

6. For endothermic near-equilibrium reaction which needs to be operated at high
temperature to overcome its kinetic limitation, the catalyst would allow the
reaction to occur at medium high temperature. As a result, the reaction can be
rather considered ‘quite thermodynamically favorable’, leading to less energy
waste.

7. Lower operating temperature obtained from using the optimized catalyst allows

cheaper materials for reactor’s fabrication.

P wnNPR
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2| INTRODUCTION

8. Using an appropriate catalyst is like optimizing the chemical reaction i.e. smaller
reactor can be used while still keeping the same level of performance, lower
number of recycle cycles and shorter residence time.

1.2 HISTORY

One of the oldest catalytic reaction is production of alcoholic beverage (of course!) via
fermentation process. However, a more sophisticated reactions; i.e. soap production by
fat hydrolysis, diethyl ether production from ethanol dehydration; were started in
16™ centuries when the phenomenon of catalysis was officially recognized by Berzelius
[2,3]. Around the same time, Mitscherlich [3] also defined the term ‘contact catalysis’
where the catalyst is solid. This initiates later the term ‘heterogeneous catalysis’ which
is widely used in the last 100 years. In 1895, Ostwald, a Nobel laureate for Chemistry in
1909, proposed a concept defining that a catalyst is not consumed in the process,
besides, is only temporarily spent to accelerate the rate of reaction. From 1830 to 1900,
more practical industrial-wise processes are developed. Platinum (Pt) wire was used as
a catalyst in flameless CO combustion for the first time. Pt was also applied in SO,
oxidation and NHs3 conversion to NO. Another Nobel laureate in 1912, Sabatier found
the use of Ni and Co for catalyzing hydrogenation of ethylene and CO [3]. The first
groundbreaking innovation in catalysis is the famous ammonia synthesis, discovered by
Haber [3] in 1908. The first high pressure and temperature reactor was made by Bosch [4]
using osmium as a catalyst for this ammonia production. The process was later
commercialized by BASF in 1913 as Haber-Bosch process [4] which is well utilized for
fertilizer production. Iron catalyst was invented by Mittasch [5] for Haber-Bosch process
later. From 1928 to 1932, the most distinctive chemical reactions include methanol
synthesis from syngas using ZnO-Cr,0s, petroleum cracking to fuels using acid clay,
olefins production and aviator gasoline in the presence of AICl3 which led to a
commercial process of UOP later. In 1938 during the World War Il, Bergius [5] found a
method to produce liquid fuels from coal via high pressure hydrogenation in the
presence of Fe catalyst. During the same period, Fischer-Tropsch process was invented
in Germany, the country which has no access to natural petroleum resources [6].
The process is for a production of synthetic fuels (liquid hydrocarbons and oxygenated
compounds) from syngas. The process was still beneficial even after the World War 11.
In 1955, Sasol Co. continued to operate 2 large plants (~3 million ton per annual) in South
Africa. Catalytic homogeneous oxo synthesis was found by Ruhr-Chemie in 1942 [7].
This process allows aliphatic aldehydes synthesis from reaction of syngas and olefins
over Co carbonyls catalyst. Table 1.1 presents important catalytic processes during and
after World War Il.
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Table 1.1: Commercialized catalytic processes during and after World War Il until 1970

(8,9].
Year

1939 - 1945

1946 - 1960

1961 - 1970

Catalyst
Pt-Al,03
Crzog-A|203

AlCl3

V205

Ni-alumino silicate

TiCla-Al(C2Hs)s

Fe203-Cr203— KOH
PdC|z-CUC|2
Ni-OL-A|203

Bi-
phosphomolybdate

H Zeolite -
aluminosilicates

Bimetallic catalysts
(Pt, Sn, Re, Ir)

Cu-Zn O-A|203

Enzymes
immobilized on
SiO,

ZSM-5, mordenites

Hydrorefining

Process
Dehydrogenation
Dehydrogenation

Alkane
isomerization

Oxidation of
aromatic

Hydrocracking

Polymerization
(Ziegler-Natta)
Dehydrogenation
Oxidation

Steam reforming

Ammoxidation

Fluid catalytic
cracking

Reforming

Low-pressure
methanol
synthesis

Isomerization

Distillate dewaxing

Ni-, Co-MoSy

Products
Toluene from methyl cyclohexane
Butadiene from n-butane

i-C7-Cg from n-alkanes
Phthalic anhydride from naphthalene

and o-xylene

Fuels from high petroleum fractions

Polyethylene from ethylene

Styrene from ethyl benzene
Acetaldehyde from ethylene
Syngas from methane

Acrylonitrile from propene

Fuels

Gasoline

Methanol from CO, H, and CO;

Fructose from glucose (soft drink
production)

Removal of n-alkanes from gasoline

Hydro-desulfurization, hydro-
denitrification
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1.3 WHY SOLID CATALYSTS?

Heterogeneous catalytic process was referred as ‘contact process’ in the past as
mentioned previously. Since around 180 years ago when sulfuric production was
invented in 1831, the heterogeneous catalysis becomes crucial in industrial chemistry.
The production of the catalysts is then unavoidably becoming a big business for chemical
industry. How big? Something like 13 billion dollars per year [1,10]. Table 1.2
summarizes some important industrial catalysts.

85% of chemical processes are catalyzed and most of them, by solid catalysts. Why is
solid preferred with respect to liquid? Here are some good reasons; (1) Easier separation
from fluid reactants, (2) Likely to be more environmentally friendly, (3) Handling
procedure is considered safer, (4) Regeneration process could be much simpler and (5)
Safer disposal.

Question 1.1
Can you think of any catalysts that might have been already utilized in Thai industries?

Table 1.2: Catalyst families utilized in chemical industries [1].

Catalyst Sub-family Reaction/function Process

Oxide catalysts

v-Al,0;3 Bulk single oxide Lewis acidic catalyst ~ Alcohol dehydration to
olefins

MgO-Al,03 Bulk mixed oxide Basic catalyst Adol condensation
calcined
V/MoNb/Sb Ammoxidation Propane to acrylonitrile
oxides
V,05-TiO, Oxide supported Selective oxidation o-xylene to phthalic

on oxide anhydride
K20-Cr,03/Al,05 Dehydrogenation Iso-butane to iso-butene
K>2504-V,05/SiO, Impregnated melt  Oxidation SO, to SO3

or liquid
HsPO3/SiO; Protonic acid catalyst Olefin oligomerization

(Continued)
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Table 1.2: (Continued)

Catalyst Sub-family Reaction/function Process

H-BEA Protonic zeolite Protonic acid catalyst Benzene + ethylene to
ethyl benzene

Fe-MFI Metal exchanged Redox catalyst \PY0)
zeolite decomposition/reduction

Fe (CaO, K,0, Bulk metal Hydrogenation Ammonia synthesis

Al>03, SiO;

promoters)

Pt (Rh stabilizer) Metal gauze Selective oxidation Ammonia oxidation to
NO

Pd/Al,Os (Ag Supported metal Preferential Acetylene hydrogenation

promoter) hydrogenation in ethylene

Pt-Rh/Al,03-CeO,- Combustion, NO Car catalytic mufflers

Zr0; reduction

Pt/carbon Liquid phase Alcohols to aldehydes

oxidation

Pt/K-L zeolite Dehydrogenation Aromatization of

paraffins

MoS; Bulk sulfide Hydrocracking Bituminous sands to oil
fractions
NiS-MoS,/y-Al,03 Supported sulfide Hydro- Gasoline treatment

desulfurization
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For the developing catalysts, knowledge and know-how in the area of research and
development can be reached through many international journals and book series.
The more developed but not fully commercialized catalysts can be found in patents, as
well as some websites of catalyst producers such as Haldor Topsoe, UOP, Axens, Johnson
Matthey, Criterion, Clariant, Albemarie, Grace Davision, BASF and ExxonMobil [1].

Question 1.2
What does a catalyst actually do? As an entrepreneur, why would you want to buy it?

1.4 SUMMARY AND PERSPECTIVES

Not only the catalysis has a long history, but also still a long future and plenty of room
to develop. This chapter is intended to explain basic ideas, concepts and important
milestone in development of the catalysis. History of catalyst use and its process after
WWII had been gathered and tabulated. Some of the processes are still going on recently
and some are not, but adapted to the better version of its own. The solid catalyst part
in this chapter will be explained in more details in later chapters. In detail, basic theories
of catalysis has been describe in chapter 2, including rate laws, Arrhenius equation,
activation energy, collision theory and parameters between kinetics and
thermodynamics. The deeper knowledge has been explained in this chapter too i.e. the
basic component of a catalyst system, volcano plot, spillover phenomenon. Besides,
some of the calculation-based models of catalysis such as Monte Carlo and DFT were
also described. In chapter 3, type of the catalysts were categorized by their natures and
functions. The preparation methods and the post-treatment methodologies; i.e.
reduction or calcination; of various metal oxides were also summarized. The
characterization techniques were gathered and described in chapter 4 whereas modern
applications of most metal oxide catalysts were illustrated in chapter 5. For the following
chapters, the students/readers are suggested to follow up the interest subjects/topics
from the literatures cited.
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ABBRIVIATIONS AND ACRONYM

Syngas a gaseous mixture of hydrogen (H;) and carbon monoxide (CO)
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CHAPTER 2
THEORIES

2.1 BASIC CONCEPTS

2.1.1 COLLISION THEORY

A chemical reaction occurs when molecules of reactants collide each other at a correct
orientation with enough energy. If the energy of the collision is less than the activation
energy of the reaction (energy required to break the pre-existing bonds and form new
bonds), the reaction will not occur. On the other hand, if the collision’s energy is
overcome the activation energy of the reaction, the reaction will occur and products
could be formed. These collision is called ‘successful collisions’. There are many ways to
increase the rate of reaction by adjusting the collision’s features; such as number of
collisions, energy of collisions and angle of collisions. The methods can include;

1. Toincrease pressure —the molecules are pressured to be closer to each other and
collide more. The more they collide, the more accumulative energy they possess.

2. Toincrease concentration of the reactants — number of particles is increased that
it becomes crowded in the reactor and collide more.

3. To increase temperature — the particles are more excited by heat, resulting in
them travelling faster and carrying more energy.

4. To increase the contact surface — the particles can meet each other more at the
right orientation.

5. To use a catalyst — this will reduce E, and mechanistic pathways of reaction.

2.1.2 CHEMICAL REACTIONS, RATES AND ACTIVATION ENERGY
Consider a simple bimolecular homogeneous reaction [1]:
A+B2C+D (2.1)

This equation presents a reversible reaction where an equilibrium stage can be
achieved. Figure 2.1 illustrates relation between reaction’s progress and energy.
When A and B are considered reactants (forward reaction), this Figure 2.1 represents
an exothermic reaction where the total energy of the products is less than the total
energy of the reactants (where the heat of reaction or the change of enthalpy is always
negative). On the other hand, this reaction could well be expressed as being an
endothermic reaction when we look at the reverse reaction of C and D converting back
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to A and B (reverse reaction). For the forward reaction, energy of each molecule of 4
and B needs to be higher than the activation energy (E,;) to form a transition state
complex A — B which later becomes C and D. Once the Cand D are formed, and if their
molecular energies happen to overcome the activation energy of the reverse reaction
(E42), they can be converted back to re-produce A and B. When the rate of the forward
and reverse reactions become equal, the overall reaction process then reaches a
‘dynamic equilibrium’. If both forward and reverse reactions are elementary reactions,
their rates of reaction can be described, respectively, as;

. = k.[C][D] (2.3)
Thus, overall equation can be derived as;

_ 1 _ klcln]
Req B r B kr[A][B] (24)

Whereas Keq = % (2.5)
T

Where 7 = rate of forward reaction, 7;. = rate of reverse reaction, kf = rate constant of
the forward reaction, k, = rate constant of the reverse reaction, [i] = concentration of
substance i, R, = overall rate reaction at equilibrium condition and, K., = equilibrium
rate constant of the overall reaction.

While kinetics is about how quickly or slowly species react, the thermodynamics is not
exactly dynamic, because it’s not about anything moving and changing but instead about
“how stable they are in one state versus another”. What do they tell us then?
Thermodynamics which has nothing to do with time can tell us “if the products has lower
free energy (more stable than the reactants) or not”, whereas, the kinetics is used to
explain “how fast things go, but does not tell us anything about the final state of things
once it gets there”.
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Transition state

(Activated complex)

Potential I
energy

al

A+B

Reactants

CcC+D

Products

Reaction coordinate ———

Figure 2.1: Chemical reaction’s process and its energies [1].

Question 2.1
Amongst Ey, E;, AH, K., kf, k.,
Which variable is referred to kinetics parameter and which to thermodynamics parameter?

Question 2.2

Any ideas if these theories/equations are related to thermodynamics or kinetics aspect or
both?

2.2.1 Collision theory

2.2.2 Arrhenius equation

2.2.3 Gibbs free energy equation

Both terms describe rate of reaction. Although rate law demonstrates how
concentration and rate constant (k) affect the rate of reaction, Arrhenius equation
explains how the rate of reaction is influenced by temperature (T) and activation energy
(E;). Rate law and Arrhenius equation can be written as equations (2.6) and (2.7),
respectively;

r = k[A]*[B]? (2.6)

k= ke (&) (2.7)
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Thus, together these equations become;
~(=8) b
r = kye \rRT/[A]?[B] (2.8)
Where a and b are stoichiometric values of the reaction and orders, k, = frequency
factor or pre-exponential factor, and R = gas constant.

Considering the Arrhenius equation, k is a factor of frequency and the orientation of
Eq

the collisions while the term e_(RT) demonstrates a fraction between successful
collisions and all collisions (f). To increase f, T can be increased while E, can be
decreased. An increase f will increase k (equation (2.7)) resulting in an increase inr
(equation (2.7)).

Question 2.3

What does f mean from solving the below questions?
2.3.1E,=40kl/mol at T =100 °C
2.3.2E,=10kl/mol at T = 100 °C
2.3.3E,=10kJ/mol at T =200 °C

Question 2.4

Having learnt about Arrhenius equation where the rate of reaction depends on temperature
and activation energy, we know that T can be changed by adding/withdrawing heat but how
can E, be changed?

Arrhenius equation can be linear plotted by taking natural logarithm of equation (2.7),
the equation will then be;

Ink =Ink, — = (2.9)

The readily usable forms of Arrhenius is the (1) Arrhenius for T change, and another
version for (2) Arrhenius for E, change. The 2 version of equations are derived as shown
below;

For T; and T5;

Ink, = Ink, — ;7 (2.10)
1

Ink, =Inko — = (2.11)
2
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The difference between equations (2.10) and (2.11) is;

Eq

Ink, —Ink, = ?(le - Til) (2.12)

ki _ Ea(1 _ 1
Init == (TZ Tl) (2.13)

ki _ Eq(T1-T;
In = 2 (T1Tz ) (2.14)

For E,; and E5;

Ink; = Inko — =2 (2.15)
Ink, = Inko — -2 (2.16)

The difference between equations (2.15) and (2.16) is;

Ink, — Ink, = (F2fe2) (2.17)
ky _ (Eq1—Eqgz
lnk_1 - ( RT ) (2.18)

Question 2.5
Explain equations (2.14) and (2.18) using graphical method

2.1.3 MAXWELL-BOLTZMANN DISTRIBUTION

Maxwell-Boltzmann distribution is referred to as a trend of small bar graphs in series
defining amount of molecules categorized by their kinetics energy or thermal level [2],
in other word, is a bell-curve graph explaining relation between number of molecules
and their energies. Only the molecules that have energy higher than the reaction’s
activation energy are able to become the products. The distribution is not only eligible
for fluid, but also solid too. This includes the internal energy of the molecules in solid
phase and the potential energy of their position. This graphical distribution illustrates
that the higher yield of products can be achieved by either (1) increase the process’s
temperature so that the particles are excited and have higher energy to overcome E,
(2) reduce the E,, by using a catalyst. Figure 2.2 shows the Maxwell-Boltzmann
distribution comparing what the reaction rate/yield is altered when the temperature is
increased (a) and when the E, is decreased (b).
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Figure 2.2: Maxwell-Boltzmann distribution when an increase in temperature (a) and a
decrease in E, (b).

Question 2.6

E
Show that E; — E, = AH.Remember that k; = Ae"RT

Question 2.7

A reaction has E,= 50,000 j/mol, please describe how the rate is altered if;

2.7.1 Increase the reaction’s temperature from 25 to 35 °C

2.7.2 With the help from a catalyst, the E, is reduced to 25,000 J/mol while T is constant at
25°C
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2.2 HETEROGENEOUS CATALYSIS

Heterogeneous catalysis is a process where the catalyst and the reactants are in
different phase. Normally the heterogeneous catalyst is solid, while the reactants can
be either gas and/or liquid. It is well-known that the heterogeneous reaction pathway
occurs via 7 steps as shown in Figure 2.3.

Figure 2.3: 7 steps of heterogeneous reactions.

These steps illustrate how the reactant’s molecules are moving from its fluidic bulk
stream to reach the catalyst’s surface inside its pore. The 7 steps are;

1. Transport of reactant, 4, from the main stream to the surface of the catalyst

particle.

Transport of A in the catalyst’s pore.

Adsorption of A on the catalyst’s active site (the reactive spot of the catalyst).

Surface chemical reaction occurs amongst adsorbed species.

Desorption of product, C.

Transport of C inside the catalyst’s pore back to the surface of the catalyst’s

particle.

7. Transport C from the surface of the catalyst’s particle back to the main fluid
stream.

o U e wnN

Only step 3, 4 and 5 are considered crucial as they occur at the catalyst’s surface.
The rest of the steps are referred to as diffusion steps. Rate of step 1 and 7 depend on
the reactant’s flow rate. A too slow flow rate will create a static film-like between the
catalyst’s surface and the bulk stream whereas a fast flow rate will make this smaller
and become easier for reactant’s molecules to travel through. Thus, step 1 and 7 can be
eliminated totally, by flowing the reactant at a sufficient flow rate that is fast enough to
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overcome this. On the other hand, step 2 and 6 depend on shape and size of both
(1) reactant’s molecule and (2) catalyst’s pore. The catalyst’s pore depends on the
catalyst’s particle size. Larger particle size will create smaller pore size, thus, small
particle size is commonly required. However, the smaller particle size generates greater
pressure drop across the catalyst’s bed due to its low void fraction. One solution to
reduce the pressure drop is to pelletize the catalyst. This will keep the pore size of the
catalyst small, while installing an inter-particle diffusion within the pelletized catalyst.
The rate of step 3, 4 and 5 together is considered an intrinsic kinetics reaction rate which
can be measured by experiment [3]. The process is generally optimized and set to
eliminate mass transfer limitation which are step 1, 2, 6 and 7. Often the flow rate was
varied to predict whether or not the measuring rate or conversion is overcome the mass
transfer limitation or so-called diffusion-control regime [3].

Rate

{M/g_s)

Floaw rate

Mass transfer or Surface reaction (mi/min)
diffusion regime regime

Figure 2.4: Relation between rate of reaction and reactant flow rate.

2.2.1 VOLCANO PLOT

This concept is for heterogeneous catalysis, proposed by Paul Sabatier [4]. The theory
states that the interaction between the ‘adsorbed species’ and the ‘catalyst’s active site’
needs to be just right. If the interaction is too weak, the surface adsorption (step 3 from
Figure 2.3) will be hindered. On the other hand, if the interaction is too strong, the
surface desorption (step 5 from Figure 2.3) will be suppressed, leading to a failure in the
surface dissociation to form a product. The volcano plot expresses relation between (1)
a rate of reaction and (2) a measure of intermediate’s stability. The stability of the
intermediate (adsorbed species) can be practically measured as ‘heat adsorption of one
of the reactant’ or ‘heat formation of a bulk compound relative to the surface
compound’ or even ‘heat of formation of any bulk compound that can be correlated
with the heat of adsorption’ [4]. Figure. 2.5 represents volcano plot for the
decomposition of formic acid on various transition metals.
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Figure 2.5: Volcano plot for formic acid decomposition using different type of transition
metals.

This decomposition of formic acid process was studied by Balandin [5]. The study found
that the reaction intermediate is the surface formate, thus, the heat of formation (AHy)
of the metal formate salt (x-axis) was plotted against the reaction temperature (T),
where a specific reaction rate was reached, (y-axis). From Figure 2.5, when AHg is lower
than 300 kJ/mol, bonding’s strength between the reactant and the surface is week, thus,
a certain rate of reaction is achieved at high temperature (the adsorption rate is too
slow, requiring high heat to push the kinetics forward). When AH; is higher than
320 kJ/mol, the bonding’s strength becomes too strong for the molecules to
decompose/desorb/release product. The higher reaction temperature is also required
in this case, to encourage the rate of desorption. Therefore, the best metal catalyst for
this reaction is observed at moderate AH; where the rate of adsorption and the rate of
desorption are appropriate (too not poor and not too high).

2.2.2 ACTIVE SITES

According to the Sabatier’s principle, the transition state (surface intermediate) are
formed from the gaseous reactants and catalyst’s surface. This is commonly the
formation between the reactant’s functional group and the catalyst’s ‘active site’.
Langmuir proposed a model of chemisorption on metal surfaces [6]. The model
suggested all the surface sites have equal activity with similar energy. These sites are
ideally assumed to not reacting to each other, but will adsorb a molecule of the gaseous
reactant and become an adsorbed active species. These sites are called ‘active sites’.
This concept is leading to the well-known ‘Langmuir adsorption isotherm’ afterwards.
Taylor [7] later realistically states that it is possible that all the different atoms on the
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surface are active, yet as well possible that all the atoms are rarely active. In other
words, the surface properties can be very diverse and the shape of surface could be very
various i.e. flat, corner or edge. For example, nanocatalyst has a large number of edges
and corners (per total surface area) due to its nanostructure. These edges and corners
show different coordination numbers, leading to different reactivities and activities.
Often, the surface’s composition is different from the bulk’s composition and, in fact, is
gradiently different by each planar crystal of the multi-component materials. This can
be looked at as ‘surface-segregation’ where some elements in the solid catalyst can
travel within the crystallographic plan due to the solid concentration gradient. This is
called ‘solid diffusion’. According to the Taylor’s work, the terms ‘structure-sensitive’
and ‘structure-insensitive’ reactions were defined by Boudart [8]. The structure sensitive
catalyst is a catalyst that its structure plays the main key in its catalytic performance
whereas the structure insensitive catalyst is the opposite, where different plans or
different crystal offer the same catalytic activity. Most of the solid catalysts are
surprisingly considered structure insensitive. Taylor also expressed that, in some
particular reactions, the catalyst’s surface can adapt itself to suit the reaction’s condition
such as the surrounding reactants, temperature or pressure. This is called ‘surface-
reconstruction” [9]. The urge of this phenomenon is explained by the theory of
‘minimization of the surface free energy’. Thus, the most precise method for the surface
property’s characterization is an in situ method where the active sites are observed
under the operating condition. The active sites can be anything from metals, metal
cations, metal anions, Lewis acids, Brgnsted acids, chemisorption of acid-basic pairs,
organometallic compounds or immobilized enzymes. Active sites can also be a group of
atoms or species and can be embedded in the surface of a metrix in which the
neighboring atoms act as ligands. This is defined as ‘coordinatively unsaturated sites’ by
Burwell [10] or ‘coordinatively unsaturated metal sites’” (CUMSs). The surface
coordination chemistry or surface organometallic chemistry may be the key to study
solid catalyst’s surface phenomenon. In addition, ‘band theory’ was proposed by Hauffe
[11], to correlate catalytic performance with bulk electronic properties. The theory, for
mainly oxide catalyst, was later made more completed by Stone [12].

2.2.3 PROMOTERS AND MODIFIERS

Modifiers are the catalyst’s additives which are used to adjust performance of the
catalyst in real industries. If the modifier encourage the catalytic performance of the
catalyst, the modifier in this case is called ‘a promoter’. The modifier that suppress the
catalytic performance, on the other hand, is called ‘a catalyst poison’, which could be
useful to hinder the unwanted associated reactions in order to reduce yield of the
unwanted products, leading to an increase in selectivity [4]. For example, in an
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exothermic reaction (such as selective catalytic oxidation) where a hot spot sometimes
occurs from poor heat transfer management (heat released from the reaction is
accumulated at a particular spot of the catalyst due to bad heat transfer). This hotspot
sometimes generates undesirable products (such as CO and CO;) and can lead to
thermal deactivation of the catalyst. If the hotspot is occurred from too high exothermic-
reaction rate, a modifier is required to decrease the rate. Thus, in this case, the modifier
is considered a poison because it slows down the rate, but also a promoter as it still
enhances selectivity and stability. Modifiers work by altering the binding energy of
active sites or their structures e.g. alloying active and inactive metals together. For
example, iron (Fe) based catalysts, for ammonia synthesis is promoted, by adding
alumina (Al,03) and potassium oxide (K20) into the catalyst system. Alumina acts as a
‘textural promoter’ because it increases the overall melting point of the catalyst’s
system, thus preventing the iron coagulation on the surface. Also iron on the surface
could well be stabilized by alumina. In this case, it works as a ‘structural promoter’.
Meanwhile, potassium oxide has influences on (1) adsorption kinetics of dinitrogen (N;)
(2) dissociation of dinitrogen and (3) binding energy of nitrogen on the iron sites. Thus,
the potassium oxide is considered as ‘electronic promoter’. Another example is a
bi-functional catalyst, Pt-supported alumina. The alumina is made super acidic by adding
chloride. This catalyst appears to lose chloride during the catalytic process due to the
high operating temperature, therefore, CCls is fed into the system to maintain the
chloride level.

2.2.4 SUPPORTS AND THEIR INTERACTION TO THE ACTIVE SPECIES

Because the heterogeneous catalytic reaction can only occur at contacting area (i.e.
between the solid catalyst and the fluid reactants). Thus, the more surface area of the
catalyst, the more rate of reaction is achieved. The catalyst’s support is generally a high
surface area solid material that is added into the catalyst’s system, aiming to increase
the surface area of the overall system. In supported catalyst system, the active phase
(metal, oxide, sulfide) is unavoidably interacting with the support. This is largely
measured by the ‘surface free energy of the support phase and active phase’ and by the
‘interfacial free energy between the support phase and active phase’ [4]. Normally the
solid state mobility occurs when the temperature is half of the bulk solid’s melting point,
called ‘Tammann temperature’. The solid state mobility leads to the active site wetting
the support surface, resulting in a monolayer-type catalysts. The active species normally
have high surface free energy which made them very active. Thus, the active species
tend to agglomerate to reduce their energy. The support is then added to the catalyst
system to stabilize the active species by interacting with the active species. This
phenomenon is defined as ‘metal-support interaction (MSI)’. In additions, smaller size
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of particles are more influenced by the active-support interactions in terms of its
physical properties and morphology. The nature of support material therefore affects
the catalytic properties of the active species. The active species can be encapsulated by
the support material if it's treated under some particular conditions; i.e. reducing
atmosphere, high temperature; causing the ‘strong metal-support interactions’ (SMSI).
While the electronic properties of the active species are influenced by SMSI, the
decrease in adsorption capacity (between active site and reactant) is largely affected by
its geometry. For better understanding, Figure 2.6 illustrates active site-support
interactions in various conditions. When the active metal isimpregnated on the support,
the metal particles are equally spread uniformly over the support (Figure 2.6 (a)). After
low temperature calcination (in air), the metal oxide compound is generally formed on
top of the support (Figure 2.6 (b)). If it is afterwards treated under reducing atmosphere,
e.g. 10%H2/N,, the oxygen in the metal oxide compound will be released causing a well-
dispersed metal particles over the support (Figure 2.6 (c)). This metal particles can be
reversed back to metal oxide compound too by treating it again under oxidizing
atmosphere, e.g. air or O; (Figure 2.6 (b)).

Reduction at high T
Mobile component

(a) (c)
e Cohesive Adhesive
WTm o
Impregnated Reduction (e) (f)
e L i Metal
b\}é'\o o Sintered Pill-box mobile
&
o® _\bq‘,\- P metal
0°+ ’
(b) <@ /e (h)
- 2 lm M Support
l Sintered Encapsulation mobile
Calcined, Surface support
low T compound,

high T

Figure 2.6: Active site-support interactions under various conditions [4].

The calcination temperature that is too high, will enable solid diffusion of elements
contained in the support to the surface, causing the formation of other surface
compounds (d). Also high temperature under reducing condition could result in metal
agglomeration. When the cohesive force is dominant, the agglomeration is classified as
‘sintered metal’ morphology (Figure 2.6 (e)). On the other hand, if the adhesive force
plays larger role, the agglomeration is seen as ‘pill-box’ morphology (Figure 2.6 (f)).
These cases happen when the metal gets mobile. Contradictorily, when the support
phase is travelling, the ‘sintering’ of support could occur while the small metal particles
can be still stabilized (by cohesive force) on the smaller surface area of the support
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(Figure 2.6 (g)). However, if the adhesion force is dominant, the ‘encapsulation’ of the
support over the active metal particles is obtained via the SMSI effect (Figure 2.6 (h)).

2.2.5PHENOMENON BETWEEN ACTIVE SITES, SUPPORTS AND MODIFIERS

2.2.5.1 SPILLOVER PHENOMENON

Spillover is a phenomenon where the adsorbed active species can transfer from its
origin site to others such as another functional active species or even a support. Figure
2.7 represents H; spillover from platinum site (active) to iron site (relatively in-active).
The spillover is normally used to explain ‘synergistic effects’ of the combination of each
composition in the catalyst system.

. Iron oxide -
. o * -*
{_ Platinum H, @&

H,
® Hatom J Reaction of H er o
H,

e o atadistance
4 ®

" splll:vzr."g. sene ..\.-- ) ‘lr

Support

Figure 2.7: H, spillover from active metal (Pt) to an in-active metal oxide (FeO) and
surface of the support [13].

2.2.5.2 SITE-ISOLATION AND PHASE-COOPERATION CONCEPTS

These 2 theories were proposed for the first time by Grasselli [14,15] for partial
oxidation, ammoxidation and selective oxidation. The theories are useful for discovering
new catalysts. The ‘site-isolation’ theory suggested that the active sites, in this case is
active oxygen lattice, must be spread and away from each other for all over the surface
of the catalyst, in order to eliminate the chance of over-oxidation to occur. This means
that, the number of active sites should be tailor-made to match the number of
hydrocarbon activating elements, stoichiometrically. For example, around 2 to 5
adjacent surface oxygen atoms are required for the selective oxidation of propene to
the desired product ‘acrolein’. Thus, if there is more than 5 surface oxygen atoms in one
lattice, it will lead to total oxidation, giving unwanted products such as CO and COx. In
contrast, if there is only 1 surface oxygen in the lattice, the catalyst will become either
inactive for the desired reaction or active for the undesired reaction (i.e. producing allyl
radicals instead). Figure 2.8 shows principle of site isolation. There are several methods
for site-isolation which could be found further in other literature [5], i.e. partial surface
reduction and doping.
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Whereas ‘phase cooperation’ concept suggested that 2 functionally diverse but
complimentary phases are working together to create the effect of ‘synergistic’. Thus,
the higher yields of desired selective oxidation products can be obtained more than two
of the phases when work separately. This cooperation of phases is important especially
when all of the key catalytic functionalities cannot be incorporated into one single
phase. In order to establish the phase cooperation, the 2 phases must be brought
intimately in close contact, in fact, on a nanoscale [15]. One of the good example is
multicomponent molybdate (MCM) systems where the catalyst’s structure is
demonstrated as shown in Figure 2.9.

# of oxygens @
in surface
domails

Figure 2.8: lllustration of lattice oxygen arrangements on catalyst’s surface for selective
oxidation of propylene [15].

Bi-Mo-O, |M-FeMo[] <O

T

Product (0]

Figure 2.9: Schematic showing cooperation of 2 phases that are different and
supporting each other in MCM.

Site isolation and phase cooperation are 2 of 7 principles governing selective oxidation.
These principles describe general concepts of lattice oxygen or solid oxygen in the
reducible metal oxides.
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The 7 principles of selective oxidation catalysis, AKA 7 pillars of oxidation catalyst,
include;

1. Lattice oxygen: the lattice oxygen or surface oxygen, contained in reducible metal
oxides, is a nucleophile and can work as a ‘more flexible agent’ and as a more
‘selective oxidizing agent’ than gaseous oxygen.

2. M-O bonds: the M-O bond must possess intermediate strength (Sabatier’s
principle) in order to deliver a successful oxidation process. Over-oxidation is
expected if the bonding is too weak, whereas, no reaction is occurred if the
bonding is too strong.

3. Host structure: host the desirable M-O bonds and anion vacancies (being
reduced) without the catalyst’s structural collapse (from losing oxygen), yet can
provide rapid electron transfer, oxygen vacancy and 0% diffusion.

4. Cyclic redox agent: the lattice oxygen can be removed and refilled by the gaseous
reactants, making it a good redox material.

5. Multi-functionality: the effective catalytic metal oxides are generally multi-
metallic (at least bi-metallic) and multi-functional (at least bi-functional).

6. Site isolation: the active lattice oxygen must be distributed appropriately on the
surface of the catalyst. The arrangement needs to provide a limitation of the
number of active lattice oxygen in spatially isolated groupings (domains).

7. Phase cooperation: at least 2 functional phases are closely combined to create
synergistic effect in its overall function.

2.2.6 KINETICS OF HETEROGENEOUS CATALYSIS AND MODELS

The kinetics of the heterogeneous catalysis starts from considering a mechanism of the
reaction, where a series of elementary steps; including adsorption, surface diffusion,
surface reaction which is chemical transformation of the adsorbed species and
desorption; is described. For all the steps mentioned above, the ‘transition state’ or
‘active intermediate’ is assumed valid. All the kinetic estimation will be accurate only if
the mass transfer is not the limitation of the overall reaction, in other word, the rate of
step 1, 2, 6 and 7 from Figure 2.3 should be higher than the rate of step 3, 4 and 5. The
rate of catalytic reaction is observed by dynamics of individual steps and can be
categorized as a hierarchy of continuum model [16], shown as Figure 2.10, which was
first proposed by Ertl [16]. The rate of the reaction in the ‘macroscopic regime’ is
achieved by a set of experiments, meaning that the rate of the catalytic reaction is
modelled by fitting empirical equations i.e. power laws to experimental data. This
regime is therefore related to measurable experimental values, giving a kinetic insight
regarding a relation between the rate of reaction VS concentration/partial pressure
dependency degree (by rate law) and temperature (by Arrhenius). This gives useful
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correlation between the surface parameters (unmeasurable but predictable from bulk
phenomenon) and the bulk parameters (actual and measurable parameter). The
correlated surface parameters in atomic level, called ‘microkinetics’, are characterized
and identified by available modern techniques (such as XRD, XPS or Raman
spectroscopy). The process of the correlation can be called ‘continuum model’ in which
the well-known Langmuir theory (assuming that all the adsorbed species are identical
and not reacting to each other) is applied in the approximation.

Microscapic Mesoscopke Macroscopic
125} Macroscopic
kinetics
Continuum
10°s - description
Nonlinear
106s| dynamics
Atomic
level
12g)
10=s Quantum
level
10-155 1 1 1 1
0.1 nm 10 nm 10 pm lcm

Figure 2.10: Conceptual hierarchy continuum correlation of surface reaction dynamics
[16].

The ‘non-linear dynamics’ is derived as a function of time (applicable and useful for
continuous process), to gain the more realistic behavior of the process where the mass
and heat transfer in the process are likely to be unavoidably involved. This can be seen
as ‘a mesoscopic’ region where the mass diffusion and heat transfer are implement to
the rate of reaction as a function of time. This results in the formation of spatiotemporal
concentration profiles which is often a rapid transient, and incredibly fluctuate.
The atomic scale is created to compromise the unrealistic Langmuir theory, because, in
reality, the adsorbed species have different energy and nature, plus they are reacting to
each other. In this level, the surface science investigation is applied to justify the
complexity of the catalyst’s behavior. The transition-state theory is valid for the
qguantum level where the temperature is only the essential measurable parameter.
The theory is based on the only assumption stating that — the thermal equilibrium is
established throughout the reaction — meaning that the heat bath, the energy exchange
between all degrees of freedom of the particles reacting with the solid, is faster than the
elementary step which induces nuclear motion [16].
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2.2.6.1 MODELS

All catalytic reactions start from chemisorption of reactant on the catalyst’s surface. This
is why the rate of reaction is often approximated in a unit of ‘per surface area’ or even
‘per number of active site’. As mentioned before, the Langmuir model has some flaws
as the adsorbed species are not identical, yet possibly reacting with each other. Thus,
the other models are developed for the bimolecular reactions (e.g. A and B as
reactants, converting to C and D) to maximize the accuracy. Some of the main models
are tabulated in Table 2.1.

Table 2.1: Heterogeneous kinetic models for bimolecular reactions [17].

Mechanistic Model General kinetic equation

mpn ,~(7%)
Power law model r = koPs'Pye

_ kKP,Pg
Langmuir-Hinshelwood model (LH) =17 KP,
_ kK, P KgPg
Eley-Rideal model (ER) r= (1 + K Py + KgPg + K.P)?
r= koxkredPOQPP

Mars van Krevelen model (MvK) - koxPOY + kyoqPp

Before looking at the details of the equations and how they can be derived for a specific
reaction, the attention should be brought to each model’s assumptions.

1. Power law model
Power law model is actually the previously derived equation (2.8), in which it
combines the rate law together with the Arrhenius equation. The power law
model is often used as the first approximation for kinetic study of the catalytic
reactions.

2. Langmuir-Hinshelwood model (LH)
Langmuir-Hinshelwood model in bimolecular reaction assumes that; (1) both A
and B, gaseous reactants, need to be adsorbed on the surface before being able
to react to each other (2) based on the Langmuir original theory, all the adsorbed
species at the surface is uniform and not reacting to each other (3) all the stages
are at their thermodynamic equilibrium. The LH model could be quite difficult to
derive as rate determining step is not required to be initially assumed. The
example of reaction
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A, +2B < 2AB (2.19)
is demonstrated in Table 2.2.

Table 2.2: Langmiur-Hinshelwood mechanistic model for bimolecular reaction.

Step of reaction Mechanism Equation number
Adsorption (of A) on the active site (*) Ay +x o A5 (2.20)
Dissociation Ay + o 24" (2.21)
Adsorption (of B) on the active site (*) B+ B* (2.22)
Surface reaction A"+ B* & AB* + = (2.23)
Desorption AB* & AB + * (2.24)

3. Eley-Rideal model (ER)
The difference between the LH and ER is that while LH requires all the gaseous
reactants to be adsorbed on the surface of the catalyst, ER only requires one
species to be adsorbed before being able to react further with other gaseous (or
weakly adsorbed) reactants. Based on the bimolecular reaction prescribed
earlier as equation (2.19), its ER model can be derived as follows;

Table 2.3: ER mechanistic model for bimolecular reaction.

Step of reaction Mechanism Equation number
Adsorption (of A) on the active site (*) Ay +x o A5 (2.25)
Dissociation Ay +x o 24" (2.26)

Surface reaction between the adsorbed A A"+ B < AB + * (2.27)
and the gaseous B

For the ER, the rate of reaction will increase with increasing coverage until the
surface is fully covered by A*, whereas for LH, the rate will probably reach a
maximum and then steeply dropping to near-zero because the surface is fully
covered by A*. This occurs because the gaseous B also requires an active site to
be adsorbed on. Relations between rate (r) and the surface coverage (8,) of LH
model and ER model are compared as shown in Figure 2.11.
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ER

LH

0 1 6,

Figure 2.11: Relationship of rate of reaction (r) and surface coverage (64), comparing
between LH and ER mechanistic model.

The surface coverage (6,) is a fraction between a number of adsorbed species
(C*) and a number of active sites (C;) which can be described as in equation
(2.28)

0, = — (2.28)

4. Mars van Krevelen model (MvK)

This redox model was first developed for naphthalene oxidation. This model
suggested that during a solid-state redox reaction, the oxygen comes from the
lattice of the catalyst, called ‘lattice oxygen’ or ‘surface oxygen’. After losing the
oxygen, the catalyst is then re-oxidized by the gaseous ‘oxygen containing
reactant’. The ‘stationary state’ is expected when the rate of oxidation rate is
equal to the reduction rate. This can be determined by a ratio of rate constants
of both reactions.

In addition, a sub-category of this MvK is called ‘steady-state adsorption model’
or SSAM. This model is used to explain kinetics of the gas phase oxidation of
o-xylene in the presence of vanadium oxide. In this model, a steady-state is
assumed between the rate of oxygen uptake (the rate of oxygen adsorption on
the catalyst surface) and the rate of oxygen release (the rate of oxygen removal
by the surrounding gaseous reactant).

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



28 |

,HC CH, H -—

THEORIES

Langmuir Hinshelwood mechanism

‘HCJCHF
= | | N

Eley Rideal mechanism

e~
| |
-

——

s —T

Mars van Krevelen mechanism

CH,—CH=CH, <—— O=CH-CH=CH,

~-M-0-M-0-M-0-M-0-M-0- -0-M-0-M- -M-0-M-0-M-

Figure 2.12: Schematic illustration of 3 important mechanistic models in heterogeneous

catalysis [17].

The three mechanistic models were illustrated as shown in Figure 2.12. The MvK
is often encountered for metal oxides involved in oxidation reactions and oxygen
storage capacity (OSC). For instance, a use of CeO,« in a catalytic converter.
If the reduction is too difficult, the catalyst will not be active. On the other hand,
if the reduction is too easy, the catalyst will be very active (giving very high
conversion), but poor in selectivity (wide product distribution). Therefore, the
rate of oxygen release should be compatible with the rate of the oxygen uptake,
as well as with the rate of electron and ions transfer within the catalyst. The
relative rate value of the reduction and oxidation step is important for the
selectivity of the product.

2.2.6.2 HETEROGENEOUS KINETICS

2.2.6.2.1 HETEROGENEOUS KINETICS OF BIMOLECULAR PROCESS

Considering again equation (2.1) where reactants A and B are converting to products C
and D with E,; (Figure 2.1). Because this reaction is reversible, C and D can be also
converted back to A and B at the cost of E,,. If the solid catalyst is applied for this
process, thus, it becomes a heterogeneous reaction where its surface reactions play an
important role. Using LH model, the equation (2.1) becomes;

1 2 3 4
A+B-> A"+B*"->(AB)*> C*+D*->C+D (2.29)
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The equation (2.29) can be schematically explained by Figure 2.13.

(AB)'

Potential I
energy

(A+8)

{C+ D)
Reaction coordinate ——

Figure 2.13: Schematic illustration of the bimolecular adsorption via LH model where
A+B &« C+D.

Note: this schematic is not realistically presented because the heat of adsorption for A, B, C and D will be
different. Yet, the activation energies of adsorption steps of the 2 reactants will be different. So as
desorption steps of the 2 products are not the same. This diagram should be used to express how the
catalyzed reaction occurs only.

From Figure 2.13, a simplified single value energy (4 + B)*is shown as A" and B, as well
as a simplified (C + D)"is shown for C* and D*. Pattern (i) represents a situation in
which A and B both are adsorbed with no cost of E,; although pattern (ii) demonstrates
an opposite situation where there is E, for adsorption of A and B. Once A and B are
adsorbed, they can convert the adsorbed products C and D, via (AB)* which is the
‘transition state’ of the reaction. The adsorbed C and D will then be desorbed to release
gaseous C and D at the latest process. This schematic diagram should give a very
conceptual perspective of how a catalyst surface can provide many alternative routes
and how one particular route could be much more energetically preferred.

From equation (2.29), the first pathway ‘step 1’ explains competitive adsorption of the
bimolecular A and B, with no dissociation. The surface coverage (6,) can be derived by
the following method;
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A+ro A (2.30)
B+xo B (2.31)

Find A* and B*, in terms of C;, C, and Cy (because these are measurable values — from
macroscopic parameters (see Figure 2.10), unlike the adsorbed species, A* and B*, that
are unmeasurable;

C.= C*+Cl+C; (2.32)

If all steps are assumed to reach its equilibrium, meaning that, ‘the rate of A adsorption
is equal to rate of A desorption’, similarly, ‘the rate of B adsorption is also equal to rate

of B desorption’, thus;
Ry= Tg4—Tan (2.33)
At its equilibrium, 1, 4 = 14 4, thus Ry = 0;
From equation (2.30),
The rate of A adsorption is obtained as;
Taa = kg aCyC” (2.34)
Whereas the rate of A desorption is;
Taa = kg aCh (2.35)
Replace equations (2.34) and (2.35) into equation (2.33);
Ry = kgaCyC* — kg 4C4 (2.36)
The same goes for B adsorption and desorption, thus;
Rp = kqpCpC* — kg pCy (2.37)

Considering A adsorption overall process, R, in equation (2.36) is then equal to zero,
therefore,

ka,ACAC* = kd,ACZ (238)
Kap _ Ca_ (2.39)
Kaa CyC* '
Because, K, = Z“—A (2.40)
d,A
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So that equation (2.39) becomes;

Ca

K, = . (2.41)

Giving; Cy, = K CuC" (2.42)
Similar derivation goes for B species, equation (2.42) is then imitated;

Cy = KzgCpC™ (2.43)

Substitute equations (2.42) and (2.43) into the cite balance equation, equation (2.32),
the below equation is obtained;

Ct = C* + KACAC* + KBCBC* (244)
* Ct

- (1+ K4C4+KgCpg) (246)

Put equation (2.46) to both equations (2.42) and (2.43) where A and B is re-referred as
[ component;

* _ CtKiCi
L (1+ K4C4+KgCpg) (247)
From equation (2.28), where 8, = % ;
t
KiC;
L™ (14 K4Ca+KgCp) (2.48)
Question 2.8
Find the surface coverage (6,4) of a unimolecular reaction with dissociation;
Ay + 2+ 24"
Question 2.9
Find the surface coverage (8,4) of a unimolecular reaction with no dissociation;
A++xo A"
2.2.6.2.2 HETEROGENEOUS KINETICS OF UNIMOLECULAR PROCESS
Energy level of a unimolecular process;
Ao R (2.49)

is plotted against the reaction coordinate as shown in Figure 2.14. The reaction is a
decomposition of molecule A to give R. The forward reaction is exothermic while the
reverse reaction is endothermic. The top curve represents the homogeneous reaction
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(uncatalyzed reaction) which has its activation energy at E; for the forward reaction
(A = R) and at E, for the reverse reaction (R = A). Therefore, the enthalpy of the
homogeneous reaction (AH) equal to E;—E,. Unsurprisingly, the enthalpy is negative
value as E, is larger than E;, making the reaction exothermic. The bottom curve
represents the heterogeneous reaction (catalyzed reaction) through surface
phenomenon which are;

1. Adsorption; where the gaseous reactant A is adsorbed on the catalyst’s surface,
forming an adsorbed species, A*. The heat of adsorption (AHA(adS)) depends on
the nature of the reaction/process. It may or may not be considered an activation
energy (E,q4s) in this step.

2. Surface reaction; the surface reaction is taken place when the reactant adsorbed
species, A* is converted to the adsorbed product species, R*. The activation
energy of this step is equal to Egp.

3. Desorption; where the adsorbed product, R*, is released to gaseous product, R,
and leaving an active site (*) available again for the gaseous reactant. The
product, R, is desorbed with an activation energy of E;.; while the product
species, when looking at the desorption of P (reverse reaction) is being adsorbed
with an adsorption energy of AHy . .

It can be seen that energy of the initial state and final state between the ‘catalyzed
process’ and ‘uncatalyzed process’ remains the same. This illustration shows that the
catalyst changes the mechanistic pathway by reducing the activation energy, but not to
change the overall reaction’s thermodynamic equilibrium.

Potential I
energy

Reaction coordinate ——

Figure 2.14: Energy profile of a unimolecular reaction with and without a catalyst.
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Question 2.10
Nitrous oxide (N,O) decomposition was studied over Lag 3Sro.7C00.7Fe0.303.5 perovskite catalyst
[18] as shown in an exothermic reaction;

2N,0 © 2N, + 0,.

Where AH =-82 kJ/mol, and the E, is 43 kl/mol (from the abstract). Please remake Figure 2.14
for this reaction from your understanding.

For the reversible single reaction of a unimolecular with no dissociation;

For the reversible reaction of a unimolecular with no dissociation (equation (2.49)), its
adsorption step can be written as;

A+ A" (2.50)

. . k
Where k, = rate constant of A adsorption, k,, = rate constant of A desorption, and K, = k—“

al

which is the equilibrium constant of the overall adsorption process

R,=1,— 1y = k,CiC" =k, Ch (2.51)
* ka *

Ra = kaCiC' =G (2.52)
* 1 *

Ra = kq(CsC —K—ACA) (2.53)

The surface reaction step is afterwards taken over;

A* & R* (2.54)

Where kg, = rate constant of surface reaction of A* to R*, k,, = rate constant of surface

kST

reaction of R* to A%, and K, = which is the equilibrium constant of the overall

sr!

surface reaction process

Ry = Ty —Tgpr = ksrC; - kerCl; (2.55)
* 1 *
Ry = ko (Ci == Ci) (2.56)

The desorption takes place at last;

R* & R+ * (2.57)

The rate constant of the forward reaction of this step is represented by k; and k,,
whereas the rate constant of the reverse reaction is k4, and k,. (subscript d stands for
desorption of R, R stands for adsorption of R)
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Ro=rg—ry =r10—1=k Cq —k,CpC* (2.58)
Where;
_ A _ ke _kn
Kp = Kr  kar Ky (2.59)
Thus;
. ke
Ra = Ky (Ci — i CRC ) (2.60)
L1
Ry = ki, (CR — o CaC ) (2.61)
Ky (1 - .
Ry = k“k_r,(K_R Ci — CxC ) (2.62)
1 * *
Ry=k, (K—R Ci — CxC") (2.63)

Since the overall reaction is the sum of each steps, the ordinary thermodynamic
equilibrium constant for the overall reaction is;

K = KKK, (2.64)
K = Kol (2.65)
K

This relation can be used to eliminate one of the equilibrium constants, often, the
unknown K, is selected.

From the total cite balance;
C:=C"+ C, + Cy (2.66)

Using the steady state approximation;

T, =Tg =74 =R, (2.67)

Eliminating the unobservable variables such as C*,C,, Cr in terms of the fluid phase
composition Cy, Cg;

o cle(2)

1,1, 1 1 .1+Ksr) 1 1+Kgy ]
_(Kaksr kg KkR>+(Kaksr " Kkr KaCat Kaksr+KsrkA KrCr.

(2.68)

Equation (2.68) gives the reaction rate in terms of fluid phase compositions and the
parameters of the various steps. However, because the Langmuir-Hinshelwood model
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assumption is based on the overall reaction is at its thermodynamic equilibrium,
meaning that all the rates of each steps are more or less equal to each other. This makes
the derivation very complicated (you can look at equation (2.68) again if you want!) or
even impossible to solve by hand. Thus, quite often, one of the steps is usually assumed
to be much slower than another. This is called ‘rate limiting step’ or ‘determining step’
or even ‘rate controlling step’. This useful assumption allows us to eliminate some of the
unknown variables and big terms. Less headache!

For example, if the surface reaction is assumed to be the slowest step;

kg ky > ke, (2.69)

The equation (2.68) is then eased to;

_ Kaksrct[CA_(C_R)]
Ry = 1+KaCA+KRCI; (2.70)

If the adsorption of 4 is assumed to be the limiting step, thus;

kor Ky > kg (2.71)
_ kacfca-(F)]

Ta= 1+(1+KLST)KRCR (2.72)
_ katfca~()]

Ty = m (2.73)

From the complexity of equation (2.68), this is why the limiting step should be assumed
prior. If the surface reaction is the determining step, equation (2.70) is the derived, and
if the adsorption of A is the determining step, equation (2.73) is achieved.

Question 2.11

From question 2.10, the authors found the reaction could follow the Eley-Rideal mechanism.

2.11.1 From the paper, what are the evidence that the N,O decomposition occurred via
Eley-Rideal mechanism?

2.11.2 From page 25, the author proposed 2 possible models of the mechanistic pathways.
What the mechanism would be if the reaction occurred via Langmuir-Hinshelwood
model?

Question 2.12
From equation (2.68), derive equations (2.70) and (2.73).
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2.2.6.3 MOLECULAR MODELING IN HETEROGENEOUS CATALYSIS

Modeling of catalytic reactions is applied at many levels of complication including
several orders of length and time scales. It starts from a reaction of ‘adsorbate -
adsorbate interactions to the ‘simple mean-field approximations’ and ‘macrokinetic
models’ discussed previously. Table 2.4 shows several levels of models that used for
heterogeneous catalysis reactions.

Table 2.4: Hierarchy of methods of modeling catalytic reactions [4,17].

Method of modeling Simplification Application
Ab initio calculation Most fundamental Not yet significant in
approach heterogeneous catalysis
Density Functional Replacement of the N- Dynamics of reactions, activation
Theory (DFT) electron wave function by barriers, adsorbed structures,
the electron density frequencies
Kinetic Monte Carlo Details of dynamics Adsorbate-adsorbate interactions
(kMC) neglected on catalytic surfaces and
(quantum chemistry) nanoparticles
Langmuir-Hinshelwood Detailed configuration of Microkinetics modeling of catalytic
(mean-field the adsorbate structure reactions in technical systems
approximation, MF) neglected
Power law kinetics All mechanistic aspects Scale-up and reactor design for
neglected ‘black-box’ system

2.2.6.3.1 DENSITY FUNCTIONAL THEORY (DFT)

Recently, the most beneficial method for heterogeneous catalysis is the density
functional theory (DFT). It can explain (1) adsorption, (2) surface properties and (3)
reactions at surfaces of metals, semi-conductors and insulators [17]. DFT theory is
applied to predict reaction enthalpies, reaction entropies, structure of the transition
state, identify the mechanism of the reaction, and properties of the surface. For oxide
catalysts, to be able to determine their thermodynamics and kinetics aspects, the
required parameters for DFT estimation include theoretical details of electronic
structure, description of energy of the its defects, localized states, position of valence
and conduction bands. Implementations of DFT are generally based on Kohn-Sham (KS)
equations using local density or generalized gradient approximation for the exchange
correlation functional. In catalysis, the main challenge is to determine the band gap of
an oxide as the position of the top of the valence band (VB) and bottom of the
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conduction band (CB). The KS band gap is the difference between eigenvalues of CB
minimum and VB maximum. There are 2 major methods for DFT simulations in catalysis;

1. ‘The cluster algorithm’; this method assumes that all the metal molecules are in
clusters including ones that adsorbed on surfaces.

a. The advantages of this method include (1) the special shape of catalytic
cluster can be taken into account, (2) methods developed for gas-phase
chemistry can be applied, (3) computational cost is relatively low.

b. Whereas, the disadvantages are (1) the number of atom in the cluster is
limited, (2) metal clusters have different properties to 3-dimensional
metals.

c. Some software tools for this method are GAUSSIAN and TURBOMOLE [4].

2. ‘Planar waves’ or ‘Periodic boundaries’; this method is more widely applied
compared to the cluster algorithm. While the cluster algorithm is interested in a
super-cell approach i.e. structures to be calculated must be periodic in 3-dimension.

a. This method is beneficial when considering surface structures because
the real solid surface is built on expansion from a small metal cluster or
metal slab into 3-dimension. Thus, the metallic properties are generally
better described.

b. The 3™ dimension is a disadvantage, as the solid cell must be periodic in
this direction.

c. The software tools for this method are CASTEP, DACAPO and VASP [4].

Stabilities and frequencies of all reactants, products and intermediates can be calculated
using DFT, as well as the activation energies of all the elementary reactions. Recently,
solely applied DFT can estimate a complete series of reaction mechanism and the
properties of intermediates.

For example, decomposition of N2O on Fe-ZSM-5 was studied using DFT [19]. The results
show that the DFT allow better understanding from fine details of catalytic reaction; i.e.
the effect of surface steps on stability of intermediates, impact of coverage on activation
energies; to the broader picture of reactions; such as a relationship between activation
energy and chemisorption energy.

2.2.6.3.2 KINETIC MONTE CARLO SIMULATION (kMC)

This method, can be also called ‘dynamic Monte Carlo method’ or ‘Gillespie algorithm’,
is used to simulate the reaction evolution by time [20]. It considers time scales and
diffusion. The kMC algorithm requires ‘known transition rates amongst states’ as data
input. These can be obtained by other methods such as diffusion experiments, molecular
dynamics or DFT simulation. The basic features of kMC is beneficial for calculation of the
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surface diffusion, dislocation mobility, surface growth, vacancy diffusion in alloys,
coarsening of domain evolution, defect mobility and clustering in ion or neutron
irradiated solids such as damage accumulation and amorphization/recrystallization
models. For example, there is system containing individual atoms which are deposited
on a surface one at a time, however, many of these atoms are migrating on the surface
with some ‘known jump rate’ (defined here as 7j,p) (Which is the required input data

for this kMC). The atoms in this case are considered ‘objects’ of the kMC algorithm. If
the 2 atoms are getting closer to each other, so close that they become immobile.
Therefore, the flux of incoming atoms (defined as 74¢p0si¢) can be predicted with this
kMC method, considering that all the deposited mobile atoms have not yet met a pair
to become immobilized. The following phenomenon are then considered as the possible
‘events’ at each kMC step; (1) a new atom is coming in at the rate of 7.y (2) the
deposited atoms is jumping one single step at the rate of 7j,,,,,,,. Once a particular event
is selected and performed following the kMC algorithm, the facts of whether any of the
new atoms just jumps in and become sudden adjacent to one another or not. If so, the
newly jumped-in atoms need to be removed from the list of mobile atoms, thus, their
jump events should be correspondingly removed from the list of possible events.
However, realistic chemical processes are not fully compatible with kMC’s assumptions
as the real chemical rates are not generally well-defined.

2.2.6.3.3 MEAN-FIELD APPROXIMATION

This method works for a ‘continuous explanation’ of local states of catalytic surface in
the scale of macroscopic or mesoscopic rather than the ‘detailed configuration’
mentioned previously in the modelling section. In this method, the local states of the
surface on large scale can be represented by mean values when the adsorption of the
adsorbates on the surface is assumed to be randomly and uniformly distributed. The
state of surface is described by temperature and the surface coverage. The surface
temperature and surface coverage depend on time and spatial position in the macro
scale (this can be viewed as a scale of reactor), although averaged over the local
fluctuations in microscopic level, According to these assumptions, a chemical reaction
can be demonstrated as [21];

Ng+Ng+N Ng+Ng+N
g s b_.r g s b_
it1 Vig Ay > X5, Vi A (2.74)

Where A; represents species in either gas-phase, surface, or bulk; Ny stands for gaseous
species, Ngrefers to surface species that are adsorbed on the top of monoatomic layer;
N,, is bulk species that found in the inner or bulk catalyst. Steric effect or configurations
of the adsorbed species can be taken into account by following these concepts; (1)
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surface structure is related to surface site density (I') in which it describes the maximum
number of species that can be adsorbed on unit surface area (2) each surface species is
associated with a coordination number (o;) describing the number of surface sites which
are covered by this species. According to the assumptions set-up, a multi-steps
mechanistic reaction pathways can be predicted. The net production rate in molar is
then defined as;

!
. Kg Ng+NS+Nb Ujk
Sl - Zk:l vikkfk l_[j=1 Cj

(2.75)
Where K = number of surface reactions, c¢; = concentrations of the species (the unit of
N5 is mol. m?, of N; and N, both are in mol. m*). To define ©; = ¢;0;T ™%, the variations
of surface coverage then become;

99i _ 59

9t or (2.76)
Since the local position in the reaction has a strong influence on temperature and
concentration of gaseous species, the position also affects the set of surface coverage.
The binding states of adsorptionof all the species depend on the surface coverage. The
rate coefficient can be modified by adding this coverage dependence. The upgraded rate
constant can be referred as [21];

£ikG’i)

B —(E—a) Ns oMk (
kfk :AkT ke \RT Hi=1 @i e\ RT (277)

2.2.6.3.4 DEVELOPMENT OF MECHANISTIC SURFACE REACTION

The development is a complicated process. The ‘predicted’ mechanism can be proposed
based on (1) experimental surface studies, (2) analogy to gas-phase kinetics and
organometallic compounds, and (3) theoretical studies such as DFT, kMC or semi-
empirical calculations. These mechanism should be presented as ‘elementary-like’ and
applicable for wide range of conditions.

2.3 SUMMARY AND PERSPECTIVES

This chapter is detailed in principle and theory of the heterogeneous catalysis. Basic
understanding starts from simple collision theory, heterogeneous kinetics i.e. chemical
reactions, elementary reactions, rates and activation energy. Relationship between
number of particles and their different kinetic energy were explained using Maxwell-
Boltzmann distribution. Heterogeneous reaction steps were illustrated as 7 minor steps
including both transport phenomena and surface reaction steps. The component of the
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catalyst system was also explained. This includes reaction phenomenon and their effects
on the overall efficiency of the catalyst system. Important mechanistic models of the
heterogeneous catalysis such as Langmuir-Hinshelwood model and Eley-Rideal model
were demonstrated with some decent examples. DFT could be highly beneficial for
future research.
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ABBRIVIATIONS AND ACRONYM

TF rate of forward reaction

T rate of reverse reaction

ks rate constant of the forward reaction

k, rate constantof the reverse reaction

[i] concentration of substance i

Req overall rate reaction at equilibrium condition
Keq equilibriumrate constant of the overall reaction
k rate constant

T absolute temperature

E, activation energy

a,b stoichiometric values and orders
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AH;
CUMSs
MS
SMS

MCMm

XRD
XPS
LH
ER

MvK

SSAM
0SsC
DFT
kmc
MF
KS

VB

CB

gas constant

fraction between successful collisions and all collisions
heat of formation

coordinatively unsaturated metal sites
metal-support interaction

strong metal-support interactions
multicomponent molybdate
metal-oxygen

X-Ray Powder Diffraction

X-Ray Photoelectron Spectroscopy
Langmuir-Hinshelwood model
Eley-Rideal model

Mars van Krevelen model

surface coverage

steady-state adsorption model
oxygen storage capacity

density functional theory

kinetic Monte Carlo

mean-field approximation
Kohn-Sham equations

valence band

conduction band

surface site density
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CHAPTER 3
TYPE OF SOLID CATALYSTS

3.1 DEVELOPMENT OF SOLID CATALYSTS AND HIGH-THROUGHPUT
EXPERIMENTATION

Solid catalysts have a long story since the concept was created. Appropriate catalysts
have been always researched and studied in a sequence of steps at different levels and
aspects. Lab-scale reactor is well-known to be an initial equipment used to screen the
most promising catalysts. Figure 3.1 presents schematic evolution of catalyst
development and design [1].

Because the overall process of catalyst development can be tedious and expensive,
several commercial catalyst companies; e.g. Symyx Technologies, Johnson Matthey,
Santa Clara; are offering a method called ‘high-throughput experimentation’ or HTE. The
HTE technique enables parallel testing of small amount of catalyst in an automated
system [2]. The first step of HTE process usually is scanning through a large catalyst’s
library (a few hundred catalysts) in order to select the best catalyst, by using a quick and
simple analysis method such as infrared thermography or IRT. The chosen catalysts from
the first step (possible around 50 catalysts) will be tested further in the second step
where they are applied at the more realistic conditions. More detailed characterization
techniques are usually applied in this step too. Afterwards, parallel reactor systems are
developed for prompt and precise quantitative analysis. The popular analyzer for the
method is a gas chromatography (GC) which when it is coupled with the HTE, the overall
process is then called ‘high-throughput multiplexing gas chromatography’ [3]. This
technique allows injections of samples into the separation by means of a special
multiplexing injector. A convolution of overlapping time-shifted chromatogram is the
obtained instead of a series of an individual single chromatograms, although the
convolution needs to be de-convoluted before the results can be interpreted.

3.2 CATEGORIZATION OF SOLID CATALYSTS

The solid catalysts can be classified in many aspects, although in this book the catalysts
are classified based on their compositions and functions. These catalyst families are
(1) unsupported catalysts or bulk catalysts, (2) supported catalysts, (3) confined catalysts
or ship-in-a-bottle catalyst, (4) hybrid catalysts, and (5) polymerization catalysts.
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Research

Conduct literature search

Prepare or buy catalyst candidates

Screen catalyst: activity and selectivity

Characterize catalyst and reaction: activity vs. structure, reaction kinetics mechanism

Y

Process Development

Conduct life tests at bench scale: effects of process variables on catalyst life, e.g.,
composition, temperature and pressure

Design pilot plant reactor

Design catalyst form for low , high effectiveness, stability and mechanical strength

Y

Process Modelling and Economic Analysis

Conduct pilot plant tests

Redesign catalyst

Develop process model

Compare with other processes — capital and operating costs

including catalyst cost

Plant Demonstration/Design

Design and build demo plant
Demonstrate process — safeguard the catalyst life

Construction

Purchase and install catalyst
Choose compatible materials — protect the catalyst

Operation

Control process variable — maximize catalyst life
and prevent shutdowns

Figure 3.1: lllustration of catalyst development and design [1].

Question 3.1

Apart from catagoring the catalysts by their compositions and functions, how else they can
be classified or grouped?
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3.2.1 UNSUPPORTED CATALYSTS

3.2.1.1 METAL OXIDES

The compound of metals and oxides are commonly solid. The oxygen (O) atom in the
oxides is strongly electronegative component. The bonding character between metal
(M) and oxygen (O) has an effect on the bulk properties of the compound. The electronic
properties of the metal oxides compounds can be anything i.e. insulators (such as Al,0s3,
Si03), semi-conductors (TiO2, NiO, ZnO), metallic conductors (reduced transition metal
oxides, for instance, TiO, NbO, tungsten bronzes), super-conductors (BaPbi., BixO3), and
high temperature super-conductor (YBa;CusO7) [4]. Metal oxides are well-known for
their ability to develop acid-base characteristic and redox property. Metal oxides can be
simply composed of 1 or 2 type of metals, although many distinguished metal oxides are
complex multi-component materials, like perovskites.

3.2.1.1.1 SIMPLE BINARY OXIDES

Simple binary oxides could be acidic, basic or even amphoteric [4]. These properties are
related to their dissolution behavior in contact with aqueous solutions. Amphoteric
oxides; e.g. Al;03 or ZnO; will form cations in acid environment while form anions in
basic environment. Acidic oxides; e.g. SiO,; will dissolve with formation of acids or
anions. Basic oxides; e.g. MgO or lanthanide oxides; will form hydroxides or dissolves by
forming bases or cations. Transition metal oxides in their highest oxidation state; e.g.
V,0s, CrOs, behave similarly within the same family. The dissolution properties directly
influence surface properties of the oxides, in which it is in contact with the reactants,
and the degree of hydration/hydroxylation of the surface become crucial. This
dissolution properties should be taken into account when it comes to a design whether
the metal oxides will be used as active phase or support phase.

1. Alumina;
As mentioned before, are amphoteric oxides. Alumina can be formed in various
phases; i.e. bayerite, nordstrandite, boehmite and gibbsite; depending on (1) the
nature of their precursors (hydroxide or oxide hydroxide) and (2) their thermal
decomposition. The thermal stability, which depends on degree of crystallinity,
of alumina is defined as low stability (n-,0-, y-, x- and k- Al,03) and as high
stability (o-Al203). The a-Al,03 or so-called corundum is considered the final
crystalline and thermodynamically stable, or in the other word, the most
thermally stable. The alumina phase evolution is generated and shown in Figure 3.2.
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A 427°C 897 °C 1197 °C
gibbsite >%- K- > a-Al, 04
177°C
, 447°C 927°C 1027 °C 1197 °C
boehmire > Y- > 0- >0- > a-Al, 04

/‘77 °C

bayerite 227°C 847 °C 1197 °C
. n- >0- > a-Al,04

nordstrandite

Figure 3.2: Phases of alumina by calcination temperature.

The alumina’s structure consists of close-packed layers of oxo anions (in this
case, metal oxides or alumina) with AI** cations. The cations are distributed
between tetrahedral and octahedral vacancy positions. Different crystallographic
form of alumina is resulted from different stacking of the oxo anions. In catalysis,
n-and a-Al;O3 are the most utilized as they possess a defect spinel structure in
which it incorporates AI** cations in both tetrahedral and octahedral. The Al sub-
lattice is very disordered, thus, the irregular occupation of the tetrahedral
interstices results in a tetrahedral distortion of the spinel structure. Relatively,
v-Al,Os shows higher occupancy of tetrahedral cation positions, whereas
n-AlbOs in contrast has the higher density of stacking faults in its oxygen
sub-lattice. The crystallites are covered by anion layers as the lattice terminates.
These layers are occupied by hydroxyl groups to adjust energy of the surface.
Alumina surface has specific catalytic properties. Its acidic and basic sites can be
tested by many techniques; e.g. transient iso-proponol probe reaction or
temperature-program desorption (TPD) of NHs. Thermal treatment of
hydroxylated oxides lead to partial dehydrozylation with formation of
coordinatively unsaturated O% ions (basic sites) and an adjacent anion vacancy
which exposes 3- or 5-coordinate AI** cations (Lewis acid sites). The remaining
hydroxyl groups can be terminal or doubly or triply bridging with the
participation of Al** in tetrahedral and/or octahedral positions. The properties of
the resulting OH™ species range from weak Brgnsted acid to strong basic and
nucleophilic [4]. Alumina can be used solely as a catalyst in many processes; e.g.
elimination reactions, alkene isomerization; as well as a support for other
catalyst system. Alumina is widely used as a support due to (1) its controllable
surface area and particle size, which can be adjusted by the preparation
conditions, (2) its redox properties, (3) its thermal stability ensuring a long life
time of use.
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2. Silica;
Silica is considered a weak Brgnsted acidic oxides and can be formed in many
structures, for example, quartz, tridymite and cristobalite [5]. However, the most
popular phase of silica that has been heavily used in catalysis is amorphous silica.
A block of SiO; tetrahedra is linked to each O atom, bonding 2 Si atoms together
with covelent bond throughout the bulk solid. The bulk structure will be covered
by hydroxyl group (silanol) or SiOH, if the surface is fully hydrated. Silica in
general is not used as an active catalyst on its own because the surface hydroxyl
groups are weak Brgnsted acid and hardly react with anything. In addition, the
siloxane bridges are also unreactive especially after being treated at high
temperature. However, SiO; is feasible as a good support as its surface area,
particle size, morphology, porosity and mechanical stability can be tailor-made
by controlling the preparation conditions. Amorphous SiO, can be used as parent
siliceous extreme of Zeolite ZSM-5 due to its MFI structure, by using
hydrothermal method for the synthesis. This method creates the crystalline
microporous silica silicalite | [6]. Porosils, large pore mesoporous SiO, can be
synthesized having their linear and parallel pores sized varied from 2 to 10 nm.
The porosils is well-known for accommodating large molecules or functional
groups. Activity of SiO, towards acid catalysis can be created by substituting
some foreign elements such as AlI3* for Si**, to induce its Brgnsted acidity [6].

3. Magnesium oxide;
Magnesium oxide (MgO) is a basic catalyst where Mg ion is bonded with O with
octahedral coordination. Its electronic structure was found to be strongly ionic [7].
The lattice is generally envisaged to terminate in (1 O 0) planes incorporating
5 coordinate (5¢) Mg?* and 0% ions [8]. Although the (1 0 0) planes are
electronically neutral, hydroxyl group are presented on the surface of
polycrystalline MgO. These groups and O? anions are the cause for MgQ’s basic
properties, while the unsaturated Mg?* ions represent weak Lewis acid. In terms
of reaction, Brgnsted acids have been shown to be chemically adsorbed on the
MgO surface, to form surface-bound carbanions and surface hydroxyl groups [9].
MgO is widely used as a host metrix for transition metal ions as a whole concept
of solid solutions. The MgO is good for isolating the transition metals, installing
the metal’s good dispersion.

4. Transition metal oxide;
Transition metal oxides consist of dense packs of anions bonding with cations
interstices, by mixed ionic-covalent bonds [10]. Some of the transition metal
oxides sometimes can develop metallic-like character i.e. bronzes. Surface of the
transition metal oxides are often classified acidic as they are likely to be partially
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covered by hydroxyl groups. However, their distinguish catalytic redox properties
are due to their (1) non-stoichiometric characteristic (2) ability to form a mixed
valence compound (3) various oxidation states. The transition metal oxides are
widely utilized in many redox reactions, particularly selective oxidation and
dehydrogenation reactions. Titania (TiOz) is a transition metal oxide that has 2
major crystallographic forms; anatase and rutile. Anatase is generally more used
in catalysis applications as it has higher surface area. One of its disadvantages is
its stability because it can transform to rutile phase at temperature higher than
627 °C, approximately. Addition of Vanadium (V) into titania was found to reduce
thermodynamic stability of the catalyst system, from ~627 °C to 547 °C. In
contrast, adding surface sulfate or phosphate can stabilize anatase phase.
VOL/TiO; is recognized as a catalyst for selective oxidation and NOy reduction
[10]. Titania is also well-known in photo-catalysis field, due to its wide band gap
as a semi-conductor. Another example of transition metal oxides is Zirconia
(2ZrO;) which is commonly used as a support because it is thermally and
mechanically stable. The most beneficial crystallographic phases of ZrO, are
tetragonal and monoclinic [11]. As the monoclinic is the more thermodynamically
stable, therefore, the tetragonal phase is usually easier to be modified for higher
surface area, where the metastable tetragonal ZrO; is stabilized at relatively low
temperature by sulfate or tungstate impurities. ZrO; based catalyst system is
recognized as high oxygen storage capacity material, acting as a lattice oxygen
source. Zr0O; is utilized in many catalytic applications such as solid state
electrolyte sensor for measuring oxygen partial pressure, fuel cells, and selective
oxidations [12]. Ceria (CeO.) or cerium oxides has a fluorite structure as its most
stable crystallographic phase, for all range of treatment’s temperatures [13,14].
Ceria, used on its own, is a high electronic conductor where the ionic
transference number of a sintered CeOy is less than 0.002 under operating
temperature ranging from 600 to 1,300 °C. The electronic conductivity of ceria is
generally higher than its ionic conductivity. Thus, ceria is not feasible for solid
oxide fuel cells (SOFCs) application due to its high electronic conductivity.
However, the ionic conductivity of ceria can be developed by adding some
foreign trivalent cations of rare earth metals such as Gd**, Sm3*, and Nd3* or
divalent cations of alkaline earth elements i.e. Ca?*, Sr?*, and Ba?* into the ceria
based catalyst system. This improvement is due to an increase in the number of
oxygen vacancies by charge compensation. Ceria is mostly used on selective
oxidation, redox reaction or combustion reaction [15-17]. Other transition
metal oxides are also mainly used as supports or as constituents of complex
multicomponent catalysts. A few of these act as unsupported binary oxide catalysts
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i.e. Fe;03 and Cr,0s3 are used to catalyze oxidative hydrogenation of butene to
butadiene. Fe;03 based catalysts can be used for clean combustion, high
temperature water gas shift reaction (WGS) and dehydrogenation of
ethylbenzene [18]. Modybdenum trioxide (MoOs) can be used for formaldehyde
production via oxidative hydrogenation of methanol [19]. Zinc oxide (ZnO) is the
first generation solid material that is used for chemical looping process [20]
although it is a cause of the process’s complication due to its phase change. ZnO
is also utilized in oxidation of cyclohexanol to cyclohexanone.

3.2.1.1.2 COMPLEX MULTICOMPONENT OXIDES

Complex multicomponent oxides are oxides of mixed metals that establish unique
catalytic characteristics. These oxides play major role in catalysis and here are some
examples;

1. Aluminum silicates;
Aluminum silicates consists of 4 valent Si-atoms, that are isomorphously
substituted by trivalent Al atoms, and are one of the most crucial ternary oxides.
The substitution installs a negative charge framework of the interconnected
tetrahydra. Cations exchange are mandatory for the charge compensation when
protons are incorporated as charge-compensating cations, hydroxyl groups
bridging between Si- and Al- atoms are created, which serve as Brgnsted acidic
sites in the catalyst system [21].
2. Zeolites;

Zeolite is a large family of crystalline aluminosilicates, and can be prepared by
hydrothermal synthesis. Zeolite is considered a microporous material with pore
size ranging from 3 to 7 A [21]. ZSM-5 has a well-defined structure called
molecular sieve, according to its ability to let particular molecules pass through
its pore. In addition, ZSM-5 is also well-known for its ion exchange ability and its
high surface area. Zeolites are formed between corner-linked SiO3~ and AlO3~
tetrahedral and 2-coordinate oxygen atoms bridging 2 tetrahedral centers
(T atoms). Zeolite frameworks contain of (1) straight/sinusoidal channels or
(2) spherical/other-shaped cages. H forms of the zeolites are strongly acidic and
thus play an important role in large-scale industrial processes such as catalytic
cracking, methanol to gasoline or ethanol to olefins. Apart from Al and Si atoms,
P atoms can be incorporated in zeolites structure, as well as, Ti, V, Cr atoms can
be substituted for Si, leading to an outstanding oxidation catalyst of which
titanium-silicate-1 (TS1) is used for oxidation, hydroxylation and ammoxidation
with agueous H,0; [22]. Zeolites can be adapted to possess basic properties by
ion-exchanging with large alkali metal ions such as Cs*. Zeolites are commonly
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used in hydrocarbon cracking processes and other shape-selective molecular
reactions.

Aluminum phosphates;

Aluminum phosphates or AIPO share some similar features with ZSM-5. They can
be considered as a subspecies of Zeolites where the T atoms are Al and P. AIPOs
normally have atomic ratio of Al to P equal to 1, thus, the framework composition
is neutral as AIPO4 [6]. This material itself has limited applications in catalysis,
however, substitution of AI* by divalent atoms can vyield ‘metal alumino
phosphates (MAPOs)’ or yield ‘silico alumino phosphates (SAPO)’, which
encourage the material’s acidity. This catalyst family contains members with
various topologies which span a wider range of pore diameter than alumino
silicate zeolites. In additions, Si atom can be replaced by Al atoms in the
MCM-type oxides to achieve a mesoporous acidic catalyst.

Clays;

Aluminosilicate minerals are, in other word, considered clays. These include
montmorillonite, phyllosilicates (smectites), bentonites etc. Most of clays used
in catalysis are montmorillonite based where they consist of alumino hydroxyl
silicate compounds. Besides, Montmorillonite is considered a 2 to 1 clay, this
means one octahedral AlOg layer is sandwiched between 2 tetrahedral SiO4
layers. Normally the montmorillonite is used as a catalyst’s support. It is
reversibly swellable, due to containing of swelling agent, and possesses
ion-exchange ability. When the swelling agent is evaporated by high
temperature, the clay’s structure can be prevented from collapsing by using
inorganic pillars to link structural layers together [6]. Pillaring is a process where
a layered compound is transformed into a more thermally stable micro- and/or
mesoporous material with retention of the layer structure. The pillaring agent
can be any compounds that maintain spacing between the adjacent layers upon
removal of the solvent and which induces an experimentally observable pore
structure between the layers called ‘interlayer region’ accessible to molecules at
least as large as Na. Thus, pillaring agent can be anything from inorganic pillars
to organic surfactants [23].

Mixed metal oxides

Mixed metal oxides are multimetal oxide compounds, generally containing of
several transition metals. The mixed metal oxides have large variety in properties,
therefore, they are very difficult to characterize in details. Bulk mixed metal oxide
catalysts are commonly applied in selective oxidation, oxydehydrogenation,
ammoxidation, chemical looping reactions, thermochemical cycles, and other
redox reactions. Perovskites are considered a type of mixed metal oxides too.
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Table 3.1 gives examples of mixed metal oxide catalysts for various applications.
The examples of mixed metal oxides and their applications were tabulated in
Table 3.1.

Table 3.1: Examples of mixed metal oxide catalysts and their applications [15-17,20,24-29].
Catalyst Active phase Process

Copper chromite CuCr;0q4, CuO Low temperature Co conversion,
oxidations, hydrogenation [24]

Zinc chromite ZnCr;04, ZnO Methanol synthesis (high pressure),
chemical looping [20]

Copper/zinc chromite CuxZn1xCr,0Q4, CuO Methanol synthesis (low pressure) [24]
Iron molybdate Fe(MoOQ4)s;, MoO3 Methanol to formaldehyde [24]

Zinc ferrite ZnFe;04 Oxidative dehydrogenation [24]
Chromia-alumina CryAl,xO3 Dehydrogenation of high alkanes [24]
Ceria-zirconia CeO2x/ZrOs DMC production, 2 steps

thermochemical cycles, steam
reforming, chemical looping [15, 16]

Ceria-chromite Ce,Cri40, Methanation, 2 steps thermochemical
cycles [17]
Ceria-zirconia-alumina CexZrix02/Al,05 2 steps thermochemical cycles in

microchannel reactors [15, 16]

Perovskites BaFeOss, H, production and syngas production
Lao.sSro7Coo7Fe030s5,  Vvia thermochemical cycles, applications
Lao.6Sr0.4C00.2Fe0 5035 in reactive ceramic membrane reactor,

nitrous oxide decomposition [25-29]

6. Vanadium phosphates;
Vanadium phosphates i.e. VOHPO4:0.5H,0 are precursor for the VPO catalysts
which are commonly utilized in ammoxidation, selective oxidation of n-butane
to maleic anhydride. Besides, vanadyl pyrophosphate (VO),P,0y7 is believed to
play an important role in VPO catalyst system. Appropriate catalysts for
oxidation or ammoxidation are required to be multifunctional and have 2 or
more vicinal oxide species of optimal bond strength of metal-oxygen. Both
species must have high redoxibility. The individual active sites of the catalysts
should follow the site-isolation concept by being spatially separating from one
another. The active site should be able to dissociate oxygen and incorporate the
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oxygen. The material is considered non-stoichiometric thus it should tolerate a
certain density of anion vacancies without structural collapse. Grasselli [30] has
set up a criteria of catalyst functionalities for oxidation/ammoxidation catalysts;
(1) the catalysts should possess an a-H-abstracting component. This could be
Bi3*, Sb3, Te* or Se*, (2) the catalysts should allow alkene/ammonia
chemisorbed species to occur. They also should have a component that inserts
oxygen/nitrogen (Mo®, Sb>*), and (3) the catalysts should have a redox couple
such as Fe?*/Fe3*, Ce3*/Ce* or U°*/U® to accommodate the lattice oxygen
transfer between bulk-surface.

Bismuth molybdates;

Bismuth molybdates or BMO are visible light driven photo-catalysis materials.
This group of catalyst is classified as a ternary oxide catalysts and has attracted
a lot of attention in recent years due to its non-toxicity, efficiency, visible light
response. The general formula of this catalyst is Bi;03-nMoOs; wheren =3, 2, 1,
correspondingly to 3 crucial phases of this catalyst system which are

a-BizMo03012, B-Bi2M0,0s, and y-BinMoOs, respectively. BMO structure can be
adjusted by changing solvent, pH, surfactant or even temperature [31]. BMO is
widely utilized in photo-catalysis applications such as water treatment, organic
pollution removal and semi-conductor industry.

Antimonites;

Antimonites are salt of antimony (Sb) such as NaSb(OH)s and NaSbO; and can be
prepared by reaction of alkali and antimony trioxide (Sb,03). The antimonites are
useful for ammoxidation/oxidation reactions. Some foreign elements such as
U, Fe, Sn, Mn or Ce can be added into the catalyst system to establish its multiple
oxidation states. Some complicated compositions e.g. Naos(Cu,Mg,Zn,Ni)o.4
(V,W)0.05-1M00.1-2.5Teo.2-5Fe10Sb13-200x has been commercialized [32].

Scheelites;

Scheelites are made of calcium (Ca) and tungsten (W) in which its simplest
chemical formula could be CaWOas. Scheelites can be synthesized using a method
called ‘Czochralski process’ [33]. The crystallographic of the scheelites are
tetragonal. Its application in catalysis include selective oxidation and
ammoxidation of alkenes, propylene oxidation to acrolein, propylene
ammoxidation to acrylonitrile and butene oxidative dehydrogenation to
butadiene. Scheelies in its general form ABOs tolerate cation replacements
irrespective of valency provided that cation A is larger than B, so that there is a
balance in charge. One of the distinguish properties of scheelites is that they are
often mechanically stable even when they lose 30% of their anion cation
sub-lattice (30% vacancy) [34].
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Perovskites;

Perovskites are a type of mixed metal oxides, represented by ABOs. The common
features are quite similar to scheelites where the B cations are small and highly
charged and A cations are relatively larger and lower charge while having 12 fold
coordination with oxygen atoms. Perovskites find their applications in many
modern and green chemical productions and energies [24-29,35]. Calcium
titanate (CaTiOs3) was the first mineral discovered as a type of perovskites,
defined following the name of the discoverer, Lev Perovskite, a Russian
mineralogist. Perovskites offer diverse physical and chemical properties in bulk
and surface, of the solid materials, including (1) ferroelectricity in PbTiOs3,
(2) colossal magneto resistance in LaxCa1.xMnOs3, (3) ion conductivity for protons
(Ba,Sr)Ce0s, (4) lithium mobility in (Li,La)TiOs, (5) anion-intercalation pseudo-
capacitors LaMnOs.5, and (6) oxygen diffusion in LaGaOs for solid-state devices
such as solid oxide fuel cells (SOFCs) [35]. Perovskites have various applications
in heterogeneous catalysis i.e. oxidation of small molecules such as CO,
electrochemical/thermochemical decomposition of hydrocarbons or nitrous
oxides or H,0 or carbon oxides [24-29], reduction of CO, and/or N, and/or O..
The flexibility of the electronic and crystal structure and chemical versatility of
the perovskites can be used to establish design principles for highly active,
selective and stable catalysts. Via a sophisticated design, the perovskites can be
tailored-made to thermodynamically overcome reaction’s electrochemical and
chemical barriers [35].

Hydrotalcites;

Hydrotalcites are a type of clay minerals and is another family of solid materials
that have flexible compositions [36]. Chemical formula of the first compound of
hydrotalcite was proposed by Manasse in Sweden around 1842 and was called
magnesium aluminium hydroxycarbonate or MgeAl2(OH)16C0O3-4H,0 [37] while
its layered structure is elucidated independently. The name of hydrotalcites are
derived from its resemblance with talc and its high water content. The materials
in this family are called ‘hydrotalcite-like compounds” or HTlc or layered double
hydroxides (LDH) and are generally represented by an empirical formula
[M(11)1x M(IINx(OH) 21 [A™x/n]*.mH20 where M(Il) and M(lll) are bi- and trivalent
metal cations with suitable ionic radius, A is the interlayer exchangeable anion
with charge -n, x is the molar ratio M(II1)/[M(II1)+M(I1)] which ranges between 0.2
and 0.4, and m is the mol of co-intercalated water [37]. In catalysis, the
hydrotalcites find their uses in fine-chemical synthesis, polymerization of alkene
oxides, aldol condensation, or precursors for metal oxide catalyst’s preparation.
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12. Heteropolyanions;

Heteropolyanions are polymeric oxo anions (polyoxometalates) formed by
condensation of more than two kinds of oxo anions. The amphoteric metals of
group 5 (such as V, Nb and Ta) and group 6 (such as Cr, Mo and W) in the +5 and
+6 oxidation states, respectively, form weak acids which readily condense to
form anions containing several molecules of the acid anhydride, which has only
one containing in isopolyacids and their salts. Other acids can also form
heteropolyacids and salts via condensation. The central heteroatoms in
heteropolyanions can be approximately 70 elements [38]. The structures of
heteropolyanions are classified into various families, according to their
composition and structure, such as Keggin type XMi2040™, Dawson type
X2M15062™, and Anderson type XMs024™, where x stands for the heteroatom. The
Keggin anion type, where the M atoms could be Mo or W, is most commonly
utilized in catalysis. Keggin anion type can be used as a heterogeneous catalyst
in hydration, dehydration, condensation, reduction, oxydehydrogenation of
ethane, carbonylation and oxidation of methacrolein.

3.2.1.2 METALS AND METAL ALLOYS

Metals and metal alloys are used mainly in the form of gauzes or grids, acting as a bulk
catalysts in highly exothermic reactions which require small height of the catalyst’s bed.
For instance, platinum-rhodium grids are utilized in ammonia oxidation in the nitric acid
process. Another example is dehydrogenation of methane to formaldehyde over silver
grids. The first commonly used form of this type of catalysts is skeletal (Raney-type)
catalysts. The remarkable one is made of nickel (Ni) which has its use in liquid-phase
hydrogenation reactions, fine chemical productions and pharmaceuticals. Skeletal
catalysts can be synthesized by selective removal of aluminum from Ni-Al alloy particles,
performed by leaching with aqueous sodium hydroxide [39]. Skeletal Co, Cu, Pt, Ru, Pd
catalysts have been prepared with surface area ranging from 30 to 100 m?/g. One of the
skeletal catalysts is that they can be active straight away without any pre-insitu
reduction process because the active metals are somehow stored within. Another type
is called fused catalysts which are normally used as alloy catalysts. This kind of catalysts
can be prepared by homogeneous melt using rapid cooling, which yields metastable
compositional materials [40]. Amorphous alloy such as metallic glasses have been also
prepared successfully. The fused catalysts can be made of oxide materials. These oxides
exhibit a complex and reactive internal interface structure which could be useful for
either oxidation reactions or in the process of predetermining of their micromorphology.
The prototype of this kind of catalyst is the multiply promoted iron oxide precursor of
catalysts used for ammonia synthesis.
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3.2.1.3 CARBIDES AND NITRIDES

According to the Sabatier’s principle, the interactions between reacting species and a
catalyst surface must be somehow ‘at the right’ value. Therefore, in this type of
materials, C was firstly added to W to produce W,C which is useful for isomerization of
2,2-dimethylpropane to 2-methylbutane. A number of elements such as C, N, P and B
was incorporated into some transition metal lattices. Monometallic carbides and
nitrides of transition metals normally have simple crystal structures where the metal
atoms can be arranged in cubic close-packed (ccp), hexagonal close-packed (hcp) or
simple hexagonal (hex) arrays, as tabulated and shown in Table 3.2. Their interstitial
positions between metal atoms (aka interstitial alloys) can be occupied by C and N
atoms. These kind of compounds have very high melting point (more than 3,027 °C),
high hardness (more than 2,000 kg:-mm=2) and high mechanical strength (more than
3x10° MPa). Despite the fact that their physical properties resemble those of general
ceramic materials, however, their electronic and magnetic properties are similar to
typical metals [41].

Table 3.2: Common crystallographic of various carbides and nitrides of transition metals.

Crystal structure Compound

ccp TiC, ZrC, HfC, VC, NbC, TaC, TiN, VN, NbN, y-Mo:N, B-W;N, Re;N
th B-MOzN, W,C, Re,C
hex WC, MoC, 5-WN

These materials provide rich chemistry, thus offer great opportunity to new catalyst’s
development with a large ability for their applications, especially with the synthesis of
these materials as well dispersed nanoparticles. The unique catalytic behaviors of this
group of materials could be attributed to the changes in the electronic properties of the
metal surface induced by the ligands and/or the geometry by which the metal and the
ligands are arranged at the catalyst’s surface. Hence, the metal surface reactivity is
passivated by these ligands. This circumstances can be identified using some molecular
simulations [42]. Bulk carbides and nitrides of either tungsten or molybdenum can be
synthesized using advanced preparation methods. Their common surface area are found
to range between 100 and 400 m?/g. The materials can catalyze hydrogenation processes,
hydrazine decomposition, methane reforming, liquid hydrocarbons synthesis via Fischer-
Tropsch reaction, hydro-desulfurization, ammonia synthesis and hydrodenitrogenation.
The catalytic properties of the materials can be tailored-made by oxygen treatment,
leading to the formation of oxy carbides. In conclusion, carbides and nitrides of tungsten
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and molybdenum can be considered as substitutes for expensive Pt and other metals
from group 8 to 10 [43].

3.2.1.4 CARBONS

Carbons in the history of catalysis have diverse roles as a support, a poison and an active
phase. Many function of the carbons can be explained by wide variability of structures
from combinations of strong homoatomic bonds between sp, sp?, and sp® hybridized
atoms [44]. In general, the catalytic properties of the carbons are due to the trigonal sp?
and the tetrahedral sp3, whereas the linear sp hybrid can be considered uninvolved.
Because of these trigonal planar and the tetrahedral bonding, many carbon materials
are structured as ‘inorganic carbon’. Inorganic carbon chemistry is different from
organic carbon chemistry by its low hydrogen contents, with an arbitrary of fewer than
0.5 H atoms per C atom. Carbons exist in a variety of thermodynamic meta-stable
phases, called ‘allotropes of carbon’ [45]. For example, graphite and diamond are
2 different inorganic carbon allotropes; where graphite is exclusively made of trigonal
planar connectivity of the carbon, and diamond are having carbons atoms exclusively
connected to one another by tetrahedral bond. The carbon materials have been
extended to ‘SSAM’ or SCA (but beware, it's not made of a single type of atoms so it can’t
really be called allotropes) in the past decade. In these more modern compounds of
carbon, atoms of carbon are hetero-bonding with other elements. Less useful carbons
are also known such as soot or carbon black which are the carbons with large proportion
of sp3 centers in sp? matrices. These inert and very hard carbons can be prepared on
metallic or oxidic substrates in the form of thin films with thicknesses ranging from
nanometers to micrometers. The ‘glassy carbon’ is the only one type, derived from this
kind of carbons, which find its use in electrolysis applications. Because the carbons are
so various according to its nanostructures, Table 3.3 is used to classify some forms of
carbons.

Carbon surfaces can contain a variety of functional groups, particularly those containing
oxygen, depending on the provenience and pretreatment of the carbon. 2 functions of
the carbon surface act simultaneously during the reaction; first, the reactants are
chemisorbed selectively on the carbon surface by ion exchange via oxygen functional
groups or directly by dispersion forces involving the graphite valence-electron system,
the second function, the production of atomic oxygen occurs on the graphene basal
faces of all sp? carbon materials. Catalytic applications of carbons include oxidation of
sulfurous to sulfuric acid, selective oxidation of hydrogen sulfide to sulfur with oxygen
in the gas phase at 127 °C, reaction of phosgene and formaldehyde, selective oxidation
of creatinine by air in physiological environments and removal of NO.

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



TYPE OF SOLID CATALYSTS | 57

SCA

carbon
sp2 — sp3
Hetero
/ atoms \
Planer Curved
Isolated Nano
structure
Ordered Tubostratic Nano
structure Diamond
Graphene Carbon Ultra
black disperse
Carbonaceous diamond
Nano deposits
Pyro fibers Fullerenes
carbon Carbon r Diamond
gels like
Glassy Nano carbon
carbon tubes
CxNyBz Ordered
Carbi
hetero Mesoporous arbon Coke Soot
composites
structure carbon

Figure 3.3: Linking of selected properties of carbon structures (rectangular) with
families of carbon structures (ovals).

However, one of its limitation is when reacted in a gas phase under oxidizing condition,
the reaction is close to irreversible oxidation. For more recent applications of carbons in
catalysis, carbon nanotubes (CNT) and carbon nanofibers (CNF) are utilized as a catalyst
and a catalyst’s support. Both types of the materials, especially the CNT, has attractive
properties in terms of electronic, mechanical and thermal characteristics. CNT-base
catalysts are also privileged in liquid phase reactions due to their high mechanical
strength and high resistance to abrasion while still offering high accessibility of the active
sites. In additions, the CNT-based catalysts can be applied in as a carrier materials for
proton exchange membrane fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs)
because of their high electrical conductivity and high oxidation stability.

3.2.1.5 ION-EXCHANGE RESINS AND IONOMERS

lon-exchange resins or ion-exchanger are insoluble acidic organic polymers which have
a backbone of cross-linked polystyrene and side chains of ion-active groups and can be
synthesized by suspension copolymerization of styrene with divinylbenzene and
subsequent sulfonation of the cross-linked polymer matrix [46,47]. By the mentioned
preparation method, spherical beads obtained will have their diameters ranging from
0.3 to 1.25 mm. The size distribution, estimated by GAUSSIAN, is adjustable by the
polymerization parameters. By the copolymerization, networks of micropores are
produced proportioning to the amount of cross-linking agent. An open sponge-like
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structure of the beads and accessible inner surface within are obtained by using an inert
solvents such as isoalkanes during the polymerization in which they dissolve the reactive
monomers and precipitate the resulting monomers. Such metrix is a conglomerate of
microsphere, interconnecting with cavities or macropores. The degree of cross-linking
influences the size of micropores and macropores with the former’s ranging from 0.5 to
2 nm, and the latter’s from 20 to 60 nm. One of their disadvantageous is they become
unstable at temperature higher than 127 °C, due to the split of sulfonic acid leading to a
decrease in catalytic activity. Acidic resins are industrially used in the production of
methyl tert-butyl ether. The ionomer Nafion is a perfluorinated polymer consisting of
pendant groups of sulfonic acid which is believed to develop its super acidic properties.
Nafion is well-known for its usefulness in alkylation, isomerization and acylation.

3.2.1.6 MOLECULARLY IMPRINTED CATALYSTS

Molecular imprinted catalysts are the catalysts that was firstly developed to imitate
bio-catalysts or enzymes. They allow heterogeneous supramolecular catalysis occurring
on surfaces of organic and inorganic materials with substrates. This kind of catalysis
requires a materials that have shape and/or size selection capability on the surface or in
the bulk. The transition states are stabilized by imprinting their features into cavities or
adsorption sites, using stable transition-state analogues as templates is of particular
interest. This type of materials can be prepared by doping AIP* on silica gel and
cross-linking polymers [48]. In addition, chiral molecular footprint can be also designed
and imprinted on the surface of Al**-doped silica gel by using chiral template molecules.
Specific adsorption sites are created when the transition-state are used as templates for
molecular imprinting. Such molecular footprints on silica gel consist of a Lewis site and
structures complementary to the template molecules which are able to stabilize a
reacting species in the transition state and lower the activation energy of the reaction,
so that, the active sites of bio-catalysts such as natural enzyme and catalytic antibody
can be imitated.

3.2.1.7 METAL-ORGANIC FRAMEWORKS

Metal-organic frameworks (MOFs) are highly porous and consisted of metal
ions/clusters (3 dimensional) which coordinate to multidentate organic ligands to form
1 or 2 or 3-dimensional structured materials. MOFs are one kind of coordination
polymers, but porous. These organic ligands are sometimes referred to as ‘struts’ or
‘linkers’. Similarly to Zeolites, the spatial organization of the structural unites gives rise
to a system of channels and cavities on the nanoscale. One of the first MOFs which was
early synthesized in 1999 was MOF-5 in which it consists of tetrahedral ZnsO®* clusters
linked to terephthalate groups and has a specific surface area of 2,900 m?/g. Another
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MOFs that has an outstanding value of surface area is MOF-177 which has approximately
4,500 m?/g. Pore size of MOFs can be tailored by using different length of linker. MOFs
are considered attractive for various applications due to their ultra-high surface areas
and their adjustable pore structures, relating to their size, shape and function. MOFS
are widely used in the adsorption of the gases, natural gas’s impurity removal and
pressure-swing separation of noble gases e.g. krypton or xenon. Despite having more
metal content, compared to the zeolites, however, the use of MOFs in catalysis is limited
due to their relatively low stability at high temperature and in the presence of water
vapor. The existence of the organic linker molecules can block the metal ions in MOFs,
resulting poor accessibility in catalytic reactions [49].

3.2.1.8 METAL SALTS

Metal salts are considered Lewis acidic catalysts, containing of metals and salts; such as
FeC|3, ZFC|4, A|C|3, CUC|2, NiC|z, ZnC|2, |V|nC|z, Fe(NO3)3'9HzO, Bi(NO3)3'5Hzo,
ZF(N03)4'5H20, CU(N03)2'6H20, Ni(NO3)2'6H20, Zn(N03)2-6H20, Fez(504)3, and CUSO4.
The metal salts with highly electronegative cations have been used to catalyze
liquid-phase nitration of benzene by NO; to nitrobenzene under solvent free conditions
[50]. Some of other metal salts, i.e. CrCl; and Aly(SO4)3, can be applied as a catalyst in
transformation of glucose to 5-hydroxymethylfurfural (HMF). These metals are earth-
abundant and commercially available, offering inexpensive and environmentally-
friendly catalyst resources for conversions of carbohydrates [51]. Alkaline metal salts are
often used as a base for organic synthesis and product purifications. These alkaline metal
salts are commonly stable where their most stable oxidation state is +1. One of the
catalysts in this group is K;CO3 which can be derived from wood ash and utilized as
fertilizer or sustainable chemical. K,CO3 can be applied in a catalytic direct synthesis of
carbamate from CO,. Such material can be used solely without any ligands because it
can activate both aliphatic and aromatic amines by itself. Carbonate and carboxylate
however play an important role in proton abstraction from amine group [52].

3.2.2 SUPPORTED CATALYSTS

As explained previously, supports are important for the catalyst system in many aspects
including to increase the surface area, to stabilize the active site’s dispersion, to enhance
mechanical and thermal stability etc. When the supports are involved, the knowledge in
surface chemistry is mandatorily required. Even though supports are generally inert, but
they are not always. They can either encourage the catalytic process, or in the other
hand, interfere. For instance, the active site and support can work together as
a bifunctional catalyst i.e. highly dispersed noble metals supported on the surface of
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an acidic carrier. Supports are normally very porous and thermally/mechanically stable
[53].

3.2.2.1 SUPPORTS

Some of the bulk materials that are classified as the unsupported catalysts in the
previous section can be seen as supports too. The binary oxides are well-known to be
used as supports in many catalysis applications. This includes transitional alumina
compounds such as o-Al;0s, SiO;, MCM-41, TiO, (anatase), ZrO; (tetragonal),
amorphous SiO;-Al;03, zeolites, MgO and many more. Other kind of supports are
aluminophosphates, mullite, kieselguhr, bauxite, carbons and calcium aluminates. Some
typical supported are gathered and tabulated as shown in Table 3.3.

Table 3.3: Properties and applications of various typical catalyst supports [4].

Support Crystalline phase Properties/Applications

Al,O3 mostly o~ and y- SA” up to 400, thermally stable, 3-ways cat”™", steam
reforming

SiO, amorphous SA up to 1,000, thermally stable, hydrogenations

Carbons amorphous SA up to 1,000, unstable in oxide environment,

hydrogenations

TiO, anatase, rutile SA up to 150, limited thermal stability, SCR cats

MgO ccp SA up to 200, rehydration is complicated, steam
reforming

Zeolites various highly defined pore system, shape selective,

bifunctional cats

Silica/Alumina amorphous SA up to 800, medium acid sites, dehydrogenation
cats, bifunctional cats

"SA — surface area in m?/g
“cat/cats — catalyst/catalysts

Some more examples in details are described here; Silicon carbide (SiC) has high thermal
and mechanical stability, thus, is utilized in many catalysis applications i.e.
dehydrogenation, H,S oxidation, automotive exhaust, selective isomerization and
alkanes oxidation [53]. SiC can be synthesized using various methods defining by phases
of the reactants such as solid-state method, gas phase method and gas-solid method.
One of the preparation method that gives the highest porosity and surface area is
biotemplating [54]. This methodology offers ceramic composite materials with
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biomorphic microstructures. The source of carbon can be biologically extracted from
wood by high temperature pyrolysis (827-1827 °C). This carbon can be used further as a
template for infiltration with gaseous or liquid Si to form SiC or SiSiC ceramics. These
materials are considered low density, low weight, while exhibit high-temperature
stability. Monolithic supports are supported that have been fabricated into a desired
shape of monolith. The monolithic supports are generally made unidirectional
macrochannels and applied heavily in automotive emission control catalysis. One big
advantage of monolith is that it can decrease the system’s pressure drop by letting the
fluidic stream of reactants and/or products passing through the whole catalyst’s bed.
The wall of the channels are normally non-porous, although may contains some
macropores [55]. The monoliths are generally made of ceramic compounds
(or cordierite) to give high mechanical strength and low thermal expansion. This
together offer thermal shock resistance. Cordierite is a natural aluminosilicate
(2Mg0-2Al,05-55i0,) which offers high accessible surface area, corresponded with
geometric surface area of the channels. High surface area can be created by depositing
a layer of a mixture of up to 20 different inorganic oxides, including transitional aluminas
as a common constituent. This method of the catalyst deposit is called ‘wash-coat’
technique, allowing a relatively higher surface area of 50 to 300 m?/g. Silica and
polymers are the other type of materials that can be used as a catalyst’s support. Silica
or MCM-41 can be functionalized for the preparation of immobilized or hybrid catalysts.
The functional groups may serve as anchoring sites (surface bound ligands) for
complexes and organometallic compounds. Chiral groups can be introduced for the
preparation of enantioselective catalysts [4].

3.2.2.2 SUPPORTED MIXED METAL OXIDE CATALYSTS

These materials consist of at least one active metal oxide component dispersing on the
surface of an oxide support. The active sites of this catalyst system are often transition
metal oxides whereas the supports are transitional aluminas (commonly y-Al,03), SiO>,
TiO; (anatase), ZrO; (tetragonal), and carbons [56]. In addition, these transition and
noble metals are frequently used as a catalyst itself too, where their high catalytic
activities are due to the outer electron configuration [57]. Single metal oxides can have
different local coordination and morphologies i.e. isotropic, anisotropic or amorphous.
The crystallization process of majority of metal oxides can occur at room temperature,
although many crystallographic phases may remain amorphous at moderate calcination
temperature. Besides, the isotropic (without preferential orientation) is the most
common morphology of the one component metal oxides where its surface is ended
with M-OH, M-0-M, M=0, or M-( ) (represents oxygen vacancy).Oxides containing 2 or
more different metals are considered mixed metal oxides (MMOs) catalysts. Oxides can

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



62 | TYPE OF SOLID CATALYSTS

be binary, ternary or even quaternary, depending on the number of different metal
cations. They can be classified whether they are crystalline or amorphous. The
coordination and nature of the adjacent cations strongly influence the arrangement of
cations, which governs the type of bonding between cations. The metal oxides and
mixed metal oxides can be prepared by various methods i.e. sol-gel, wet-impregnation,
mechanochemical synthesis, hydrothermal method, co-precipitation and microwave
irradiation [15-17,20,25-29,58,59]. Due to their redox and acid-base properties, metal
oxides are utilized in many catalysis applications; e.g. barium based-perovskites such as
BaCeOs, BapsSro.aCe0s.q, BaoeSroaCeosYo.103.4, and BaCepsZros0s. were applied in
ceramic electrolysis cell for syngas production from CO; and H,O [59], ceria-based
catalysts were used as mixed metal oxide catalysts for 2 steps thermochemical cycles of
co-splitting between CO; and H,0 [15], a double perovskite, Laop 3Sro.7Coo.7Fe0.303, was
found to be promising in syngas production via CO2/H,0 co-splitting process [16,25],
CexCr1xO2 was applied as a catalyst’s support for Ni in methanation process for 2 types
or reactors which are a packed-bed and a microchannel reactor [17], Zn/ZnO oxidation
process was utilized in chemical-looping syngas production [20], BaFeOs.; was
implemented in a high temperature water splitting process for high purity H, production
[26], Lao.3Sro7Coo.7Fe0303 was doped by 10%Ni and used as a support in syngas
production process via integration of nitrous oxide decomposition and methane partial
oxidation [27], Lao.eSro.4Coo.2Fe0.803-5 was bio-inspired fabricated as an active ceramic
membrane for oxygen permeation material applications [28], Lao.sSr0.4Coo.2Fe0.803-5 was
applied in nitrous oxide decomposition process [29], CaCoAl-HTlcs are used for NOy
capture, decomposition and reduction [60], a mixed oxide from Mo, Nb, Sb, and V for
the selective oxidation of propane [61], Ni/Mg-Al mixed metal oxide catalyst for steam
reforming of ethanol [62], Mg-V-Al mixed metal oxides for oxidative dehydrogenation
of propane [63], mixed metal oxides La,-xSrxCuQas-sfor hydroxylation of phenol [64], Al;03
supported mixed metal oxides for destructive oxidation of (CHs),S, [65], a trimetallic
sulfide Re-Ni-Mo/Al,03; was used in deoxygenation process of palm feedstock [66],
Yttria-stabilized zirconia (YSZ) was applied in a solid oxide fuel cells (SOFCs) for
simultaneously clean energy generation coupled with greenhouse gas treatment [67],
Ni and Rh doped on Al,O3 was utilized in a process of H, production from oxidative
reforming of n-butanol [68], Cu-ZnO/Al,O3 was implemented in a methanol synthesis in
a slurry phase reactor [69], Ceria-based catalysts were applied in bio-oil production via
hydrothermal pyrolysis of food wastes [70], and CeO,/ZrO, and Al,O; were used as
supports for Ni metal in catalytic steam reforming and autothermal reforming of used
lubricating oil (ULO) [71]. Due to their broad scope in catalysis field, they are also
necessarily useful for many applications in organic synthesis and pharmaceutical
industry. Mixed metal oxides have often higher catalytic activity than component oxides

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



TYPE OF SOLID CATALYSTS | 63

because they tend to have (1) higher surface area, (2) higher functional properties i.e.
acidic sites or basic sites. These characteristics can increase vyields of products,
conversions and reduce reaction time.

3.2.2.3 SURFACE-MODIFIED OXIDES

The acidity or basic of MMOs can be improved using modifiers, e.g. incorporation of CI
on Al,O3 can enhance the catalyst system’s acid strength. This can be achieved by
chloride impregnation, AICI3 deposition, CCls surface reaction [4]. On the other hand,
Basic properties of the MMOs can be developed by adding some alkali metal compounds
or their hydroxides such as KNOs, KHCO3; and K,COs3 on the MMGOs, for instance, Al;03
[72]. In addition, ultra strong acidic MMOs can be obtained by sulfation of several oxides
such as ZrO,, which is well-known for its super-acidic property. Another example is
tungstated ZrO; in which it can catalyze the isomerization of n-alkanes to iso-alkanes at
low temperature [73].

3.2.2.4 SUPPORTED METAL CATALYSTS

Metals in general have relatively high surface free energies which resulted in
agglomeration of the metal particles on the surface and reduce its overall surface area.
Thus, metals catalysts are rarely used on their own, but ‘doped on’ or ‘supported by’
high surface area porous materials [74]. The nanoparticles of the active metals can be
spread and stabilized on the surface of the supported materials by the interaction of the
active metals and the supports. This influences the electronic properties of the particles
relative to the bulk materials. This concept is crucial for the raft-like particles of
monatomic thickness where all atoms are surface atoms. Model supported metal
catalysts having a uniform particle size and structure can be synthesized using anchoring
molecular carbonyl clusters on support surfaces, followed by decarbonylation [75].
Supported metal catalysts can be bimetallic, containing 2 different kinds of metals which
may be either miscible (e.g. Ni and Cu) or immiscible (e.g. Os and Cu) as macroscopic
bulk alloys. The combination of an active and an inactive metal will dilute the active
metal on the particle surface. Thus, the catalytic performance of reactions requiring
ensembles of several active metal atoms rather than single isolated atoms is influenced
[76]. Therefore, the selectivities of the catalytic processes can be optimized. Normally
the surface composition of the binary alloys is different from its bulk composition. Lower
surface free energy components are enriched at the surface. In addition, quite often that
the surface composition of the binary alloys is altered by the reaction condition and
atmosphere. In industrial scale applications, sometimes the supported metal catalysts
are fabricated into macroscopic shapes i.e. spherical or cylindrical. Metal concentration
within the pellets can be controlled by a special impregnation procedures. Besides, the
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profile of an appropriate metal concentration isimportant for the selectivity of a process
due to the interplay between transport and reaction in the porous mass of the pellet.
Noble metals (i.e. Pt, Pd or Rh) and non-noble metals (i.e. Ru, Ni, Fe or Co) on supports
such as Al,Os, SiO, or active carbon have their applications in hydrogenation and
dehydrogenation reactions. Another example is Ag doped on Al,O3, which is applied in
ethane epoxidation. As well as Au, which is doped on a support, can work for
low-temperature CO oxidation. Multi-metal catalysts is the catalysts that have more
than 2 different metals in the system. Pt-Rh-Pd doped on CeO,/Al,0Os can be used as an
oxygen carrier in a large scale 3-ways car exhaust catalysts. Pt doped on chlorinated
Al,Os is the bifunctional catalyst used for catalytic steam reforming and isomerization of
petroleum fraction. Pt is also can be modified by cinchona additives to be utilized in the
enantioselective hydrogenation of a-ketoesters.

3.2.2.5 SUPPORTED SULFIDE CATALYSTS

Oxide precursors of metals such as MoOs or WOs can be treated under sulfidation
process in a stream of Hy/H.S, to achieve sulfide catalysts which can be doped on
supports e.g. y-Al,03 or active carbons. Co and Ni can also promote the catalyst’s system
for hydro-treating process of crude oil or even hydro-desulfurization (HDS) [77]. Mostly,
CoMoS and NiMoS are acceptably considered as active phase, which consists of a single
MoS; layer or stacks of MoS; layers in which the promoter atoms are coordinated to
edges. Co is believed to function as CosSs and as a solid solution in the Al,03 support
matrix. The catalytic activity of MoS; layers is related to the creation of sulfur vacancies
at the edges of MoS; platelets. These vacancies have been seen virtually on MoS;
crystallites by scanning tunneling microscopy (STM).

3.2.2.6 HYBRID CATALYSTS

Hybrid catalysts, which are catalysts that combine homogeneous catalyst and
heterogeneous catalyst, can be obtained by immobilization or heterogenization of
active metal complexes, organometallic compounds or enzymes on a solid support [78].
This kind of materials possesses advantages of both type of catalysts. For the
homogeneous catalyst, its advantages include high activity, selectivity, and variability of
steric and electronic property by choosing an appropriate choice of ligands or chiral
ligands. Whereas the advantages of the heterogeneous catalysts are simple separation
and recovery of the catalyst. The followings are several methods of immobilized
homogeneous catalyst synthesis;
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1. The active phases are anchored on the surface of suitable inorganic or organic

supports; e.g. SiO;, mesoporous MCM-41, zeolites, polystyrenes and styrene-
divinylbenzene copolymers; via covalent bonds. This can be carried out through
polymerization or copolymerization of feasible functionalized monomeric metal
complexes.

Chemical fixation by ionic bonding using ion exchange.

Deposition of active species on surfaces of porous materials by chemi-or
physisorption, or chemical vapor deposition (CVD). This preparation method is
applied for the ‘ship-in-a-bottle’ catalysts which will be briefly described in
another section.

4. The immobilized active organometallic species can be also prepared by a method

of molecularly defined surface organometallic chemistry.

Alkoxy- or chlorosilanes can be used as a reagent for covalent bonding on silica-based
materials such as SiO; or MCM-41. These reagents are often anchored to the surface by
condensation reactions with surface hydroxyl groups. Functional groups thus created on
the surface can include phosphines or amines. These functional groups serve as
anchored ligands for active species that undergo ligand-exchange reactions. The spatial
separation of active complexes (site isolation) can be achieved by a precise control of
the density of functional groups. This helps avoiding undesired side reactions [79].

1.

2.

Immobilized enzymes;

Immobilized enzyme is made of an enzyme connected to an inert insoluble
materials such as calcium alginate. This type of catalyst is often used in
bio-catalysis and in organic synthesis. The immobilized enzymes can increase
resistance to changes in conditions i.e. pH and temperature [80]. In this catalyst
system, the enzymes are hold in place throughout the reaction which results in
an easy separation between the product stream and the catalyst. Advantages of
the immobilized enzymes include convenience, affordable economy and high
stability. Several preparation methods; affinity-tag binding, adsorption on glass,
entrapment, cross-linkage and covalent bond; are used to prepare the
immobilized enzymes [81,82].

Dendrimers;

The functionalized at the ends of the dendritic arms can be used for
immobilization of metal complexes. A catalytic effect is thus generated at the
periphery of the dendrimer. Dendrimers sometimes can be called arborols or
cascade molecules. Dendrimers consist of repetitive branched molecules and
typically symmetric around the core, adopting a spherical three-dimensional
morphology. The resemblance of the produced structures to prosthetic groups

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



66 | TYPE OF SOLID CATALYSTS

in enzymes let to the introduction of the word dendrizymes [83]. One of its
outstanding applications is in membrane reactors. The selective oxidation
reactions such as hydrogenation or C-C coupling reactions can be catalyzed by
the immobilized homogeneous catalysts which had been proven to be very
efficient in asymmetric synthesis [84].

The immobilized catalysts can be used in other specific processes such as supported
(solid) liquid-phase catalysis (SLPC) [85] and supported (solid) aqueous-phase catalysis
(SAPC) [86]. In SLPC, a solution of the homogeneous catalyst in a high boiling solvent is
introduced into the pore volume of a porous support by capillary forces, and the
reactants pass the catalyst in the gas phase. On the other hand, hydrophobic organic
reactants are converted in the liquid phase. The catalyst consists of a thin film of water
on the surface of the support such as SiO, and contains an active hydrophilic
organometallic complex. SLPC can be adapted with ionic liquids for immobilization of
homogeneous catalysts in supported ionic liquid phases (SILP) systems. Its advantages is
that (1) they have low vapor pressure and (2) allowing long-term immobilization of
homogeneous catalysts. The solid catalysts with ionic liquid layer (SCILL) has been
conceptually utilized as a method to improve the selectivity of heterogeneous catalysts [87].

3.2.2.7 SHIP-IN-A-BOTTLE CATALYSTS

Ship-in-the-bottle catalyst (or tea-bag catalysts) is a catalyst that the active phase; i.e.
metal complex; is inserted inside a host material which has small pores and is highly
selective in shape e.g. zeolite. The active phase of the catalyst system tend to act in a
very different behavior, compared to itself in a bulk form, where this phenomenon is
considerably called ‘the confinement effect’ [88]. The ship-in-a-bottle catalyst can
increase the rate of the desired reactions, resulting in higher selectivity. Its high activity
is due to their well-separated particles inside the pores of the host material. The electron
mobility of the active phase is hindered by the limited space inside the pores, thus, their
light emission color could change making this type of catalyst applicable for micro lasers.
This concept allows possibility of microfunctional materials in which the guest and the
host are doing different tasks as the guest or active phase is confined, thus, the host and
the guest together produced novel properties. The method can be improved by studying
thermodynamics of the material using an established Pourbaix-enabled guest synthesis
(PEGS). The operating conditions and the precursors should be chosen carefully as they
play important role in deactivation of the host. A good example is a metal complex that
is physically entrapped in the confined spaces of zeolite cages (confine catalysts). The
metal complex is then believed to retain many solution properties. Their catalytic
performance is therefore modified in a synergistic manner by shape selectivity, the
electrostatic environment and the acid-base properties of the zeolite host. The metals
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can be centered by ligands in the zeolite cages include ethylenediamine,
di-methylglyoxime, Schiff bases, phthalocyanines and porphyrines [89,90]. The
entrapped complexes can be established by 3 main methods;

1. Flexible ligand method, where the zeolite cages are filled with the reaction of the
preformed flexible ligand with transition metal.

2. Ship-in-a-bottle-technique, ligand from smaller species are assembled inside the
pores of the zeolite.

3. Zeolite synthesis technique, synthesis of the zeolite structure around the
preformed transition metal complex.

This kind of catalysts is also demonstrated as a model compound for mimicking enzymes,
so-called ‘zeozymes’ in which the zeolite replaces the protein mantle of the enzyme and
the entrapped metal complex resemble the active phase of the enzyme such as iron
porphyrin.

3.2.2.8 POLYMERIZATION CATALYSTS
There are 3 main types of catalysts that is used in polymerization processes;

1. Ziegler-Natta catalyst;
The Ziegler-Natta catalyst are mixtures of solid and liquid compounds containing
a transition metal such as Ti or V [91]. For example, olefin polymerization can be
catalyzed by TiCls combined with Al(C;Hs)s or other alkyl aluminum compounds.
TiCls can also be supported on MgCl,, SiO; or Al,O3 to create more active
catalysts where they increase the amount of active titanium. Conventionally,
Ziegler-Natta catalysts can be prepared by ball-milling MgCl, with 5%
(approximately) of TiCls and the co-catalyst is Al(CaHs)s.

2. Phillips catalysts;
The hexavalent surface chromate is doped on high surface area silicate which
acts as a support. Cr®* is reduced by ethylene or other hydrocarbons to Cr?* or
Cr3* which are probably served as the active species.

3. Metallocenes single site catalysts;
Metallocenes single site catalysts are also developed for polyolefin production.
The activity of these materials is enhanced by activation with
methylaluminoxane (MAQ), obtained by incomplete hydrolysis of Al(CHs)s. The
activity of this type of catalysts are considered more flexible than the
conventional Ziegler-Natta or Phillips catalysts. The selection of metal complexes
and ligands can tailor the activity of the catalysts and the nature of the polymeric
products [4,91].
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3.2.3 COATED CATALYSTS

Apart from the (1) bulk catalysts, and the (2) supported catalysts, the (3) coated catalysts
can be classified as the third category. The coated catalysts are catalytically active layers
applied on inert structured surfaces which are different from the classical catalysts; i.e.
powders, tablets, spheres and rings [4]. The active layers are made of bulk or supported
catalysts. The examples of the popular catalyst systems are; egg-shell catalysts
deposited on an inert carrier, monolithic honeycombs for environmental applications or
for multiphase reactions, structured packing, foams and sponges, fibers and cloths,
catalytic-wall reactors, catalytic filters for flue gas treatment and diesel exhaust after
treatment, membrane or electrode assemblies for fuel cells, microstructured reactors
with coated channels. The coated catalysts have advantages in optimal usage of the
active mass, high selectivity at low diffusion lengths, highly efficient mass transfer and
low pressure drop.

3.3PREPARATION AND PRODUCTION OF HETEROGENEOUS
CATALYSTS

The process companies; i.e. IG Farben, BASF, standard oil company and UOP; based in
Germany and USA are solely in charge for producing solid catalysts until the end of
World War Il. Later on, many more independent catalyst companies were found across
the world. These companies; i.e. Johnson Matthey, Synetix (ICl), Davison chemicals and
Grace, SUD-Chemie catalyst group, Monsanto, Shell and criterion catalysts, Akzo
chemicals, Haldor Topsoe, Evonik Degussa, Nippon Shokubai and Nikki chemical; are
producing multitonne scale per year [92]. The solid catalyst’s world market steeply
increasing in 1990’s and eventually reached 13 x 10° US dollars in 2008 [93]. Around 24
to 28% of the market went to the chemical industry whereas 38 to 42% went to petro
chemical companies including refineries. In this amount, 28 to 32% were applied for
environmental protection purpose, while 3 to 5% was utilized in the production of
pharmaceuticals. For the solid catalysts, the selected preparation method; as well as
operating conditions and the precursor’s nature and quality; highly influences the
catalyst’s properties. In this case, physical and mechanical properties of all the
intermediates and every details of the production steps are normally controlled, to
receive a trustable reproducibility of the catalyst production — meaning that all batches
are uniformly reproducible and replaceable by continuous operations. All this steps
include precipitation, filtration, drying, calcination and forming. Recently, some
automation system and control has been applied in catalyst production. For instance,
static process control (SPC) and quality assurance (QA) have been integrated into the
catalyst’s production process. ISO standard has been also implemented, especially in
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Europe and USA, to guarantee the quality of the produced catalysts. The production of
unsupported catalysts and supported catalysts are generally using different techniques.
In this section, the preparation methods for these 2 categories, which may differ
significantly, are gathered and explained. As mentioned previously, the catalyst’s
component consists of active phase, support and promoter. The main methods are
divided into 2 subcategories, which are (1) wet preparation methods and (2) dry
preparation methods.

Question 3.2

3.2.1 What are the differences between the function of promoter and support?

3.2.2 What could be the synergistic effects of using a support? Can it somehow work as a
promoter in that case?

3.3.1 CHOICE OF THE STARTING COMPOUNDS

Even if the elements containing in the catalyst’s system are fixed, still the precursors and
the preparation techniques are a choice. Where the choice in industry-scale production
is based on the price of the precursors and the cost of the techniques that in academic
world is rather based on nature, purity and simplicity of both precursors and the
preparation methods. For example, sodium silicate is normally used in silica-based
materials in industry, whereas silicon alkoxides are popularly used in academic research
[94]. Another main concern about the selection of precursors is to avoid the unwanted
interaction between the precursors, especially for inorganic catalysts as the synthesis
process generally involves many kinds of salts, one of whose ions contains the desired
element, usually a metal. This influences the contamination of the resulting catalysts,
resulting in its poor purity.

3.3.2 WET PREPARATION METHODS

3.3.2.1 PRECIPITATION AND CO-PRECIPITATION (FROM AQUEOUS SOLUTIONS)

This is considered the most common method to prepare oxide materials in which exhibit
high specific surface area where the precipitation from an aqueous solution is controlled
by adjusting pH. Metal ions are generally soluble in acidic water solution while they can
precipitate in hydroxide forms when the pH is adjusted to neutral or basic conditions.
Therefore, the procedure of base metal oxides includes precipitation of the
corresponding hydroxides or hydroxy-salts at an appropriated pH (normally slightly
basic), then followed by the wusual calcination to decompose the residual
hydroxides/acid salts, which is normally occurring at around 200 to 550 °C. The
precipitation can be quite easy if the different base metal cations share the mutual
solubility of cations in the hydroxide phases; e.g. brucite-type hydroxides of bivalent
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cations, for instance, Mg?*, Ni?*, CO%*, Zn?* or oxy-hydroxides of trivalent metals such as
AIP*, Ga®*, Fe3* etc. For the more complicated cases, the co-precipitation of the trivalent
and bivalent cations can be achieved by precipitating hydrotalcite-like layered mixed
hydroxides in the form of hydroxy-carbonates, hydroxy-carbonates, hydroxy-nitrates or
hydroxy-chlorides [94]. Because the precursors residual needs to be removed by
calcination afterwards, thus, the use of the easily desorb compounds such as ammonia,
amines, urea, ammonium carbonate or bi-carbonate are usually chosen as they are more
appropriate for the high purity oxides.

Alumina is an interesting example because it is one of the main oxides used in catalysis.
Moreover, it also illustrates a clear evidence of the experimental parameters which
affect the characteristics of the final prepared catalysts such as pH, time, and
temperature [95]. Aluminum salts can be dissolved in either acidic or basic solutions in
which it is presented as [Al(H20)s]>* and [Al(OH)4];, respectively. In addition, the
[AI(OH)4] is also known as ‘aluminate’ ions, denoted in a form of AlO,". Looking at the
detail, the aluminum hydroxides first occurs in a medium range of pH by basification of
the [AI(H20)s]3* or acidification of the [AI(OH)4]". Aluminum hydroxide is one of the metal
oxides that can appear in different crystallinity or structure which the set polymorph
depends on the precipitation’s condition. For example, neutralization of acidic solutions
usually creates amorphous gels. Gibbsite (y-Al(OH)s) and Bayerite (a.-Al(OH)3) are the
aluminum hydroxides that can be formed at low to moderate temperature ranges.
Gibbsite is generally crystallized at either low or very high pH. As it is the most stable
form of the aluminum hydroxides, thus, it is favored at long time of ageing in solutions.
Bayerite is rather synthesized in a basic solution where the pH is independent from the
precipitation’s parameters. Besides, it’s also a kinetic product that is precipitated
immediately and thus is favored by short ageing times. The main difference between
the gibbsite and bayerite is their structures which are the stacks of Al(OH); hydroxides
layers. In addition, the morphology of the particles are also different. The gibbsite
structure is rather formed as flat platelets while the bayerite sheets are aggregated in a
form of small elongated or conical structure. Another type of aluminum hydroxides,
called boehmite (y-AIOOH), is form if prepared at relatively higher temperature (up to
100 °C or slightly above), so called ‘hydrothermal process’. Boehmite as well exhibits a
layered structure, although significantly different from those AI(OH)s mentioned
previously. The crystallinity of the boehmite is increasing by ageing time, changing from
a poor-crystallized pseudoboehmite (water-rich) to a well crystallized material.
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The characteristics of the hydroxides such as the degree of crystallinity and morphology,
as well as the interconnections of the different aluminum hydroxides are strongly
relevant to the precipitation’s conditions. The details are gathered and tabulated as
shown in Figure 3.4, illustrating that the different forms of alumina are obtained
depending on its nature and microstructure. These aluminas are considered ‘transition
aluminas’ because they are transitioning from between aluminum hydroxides and the
densest form of alumina, corundum o.-Al;Os.

Precipitation conditions Calcination temperature

T<50°C T>50°C, 400 °C 600 °C 800 °C 1000 °C | 1200°C

and hydrothermal

conditions
Bayerite o-Al(OH); n-Al,04 0-Al,0, a-Al, 0,
short time corundum
7<pH<12  [TTTTTETEETEETEETEET
Gibbsite y-Al(OH); 1-Al,04 K-Al,0,4 a-Al, 04
’Oﬂg‘ t."me _ corundum
PH<7, pH>12 ™ g

autoclave .
Boehmite y-AIOOH ¥-Al,0, 3-ALO, | 0-ALO, | a-ALO,
corundum

Figure 3.4: Thermal transformations of aluminum hydroxides [95].

Besides, the industrial production of precipitated catalysts usually involves (1) preparation
of metal salt solution and of precipitating agent (dissolution and filtration),
(2) precipitation, (3) ageing of the precipitate, (4) washing of the precipitate by
decantation, (5) filtration, (6) washing of the filter cake (spray drying), (7) drying,
(8) calcination, (9) shaping/fabricating/pelletizing, and (10) activation [4]. Some of the
catalyst systems which can be prepared by precipitation or co-precipitation method are
illustrated as shown in Table 3.4.
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Table 3.4: Catalytic materials prepared by precipitation or co-precipitation method [4].

Catalysts
Alumina
Silica
Fe;0s

TiO;

CuO-ZnO-(AI203)
Fe molybdate

Vanadyl
phosphate

NiO-Al,03

NiO-SiO,

Precursors

Na aluminate, HNO;

Na silicate (water glass), H,SO4
Fe(NOs)s, NHsOH

Fe titanate, titanyl sulfate,
NaOH

Cu, Zn, (Al)nitrates, Na,CO3
Fe(NOs)s, (NH4)2Mo004, NH,OH

Vanadyl sulfate, NaHPO,

Ni, Al nitrates, Na,COs3

Ni nitrate, Na silicate, Na,CO3

Applications

Support, dehydration, Claus process
Support

Styrene production

Support, Claus process, NOyreduction

LTS, methanol synthesis
Methanol oxidation to formaldehyde

Butane oxidation, to maleic acid
anhydride

Hydrogenation of aromatics

Hydrogenation of aromatics

The co-precipitation of a mixed metal oxide catalyst can be illustrated as shown in Figure 3.5.

@ Precursor A

@ Precursor B

Suspension of
Aand B

Precipitating
agent

Decantation of particles by
adding a precipitating agent
(supersaturation condition)

Filtration

Homogeneous
dispersed
particles ™. J

Heat treatment

Figure 3.5: The schematic diagram of co-precipitation method where A and B is a metal
precursor, forming a mixed metal oxide of A and B [96].
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3.3.2.2 SOL-GEL

The main difference between precipitation and the sol-gel is the solvent. While the
solvent used in precipitation technique is water, it is an organic solvent, usually alcohal,
in the sol-gel process. The small or zero amount of water in the process enables better
control over the catalyst’s synthesis as it eliminates the precursor’s condensation. This
process when handled at high temperature is called ‘solvothermal synthesis’ which is
comparable with the hydrothermal process in the precipitation technique, see Table 3.5.

Table 3.5: Classification of catalyst’s preparation in terms of solvent and experimental
conditions [97].

Low Temperature High Temperature
Solvent: Water Precipitation Hydrothermal process (T>100 °C,
Reactant: Water autogenous P)
Solvent: Organic Sol-gel Solvothermal synthesis (reflux, or T>boiling
Reactant: Water point, autogenous P)
Solvent: organic Non-hydrolytic sol-gel process (T = 5-200 °C)

Reactant: Organic

The solvothermal is to heat the solution in a closed system vessel under autogenous
pressure above the boiling point of the solvent, which is generally polyol. The hydrated
metal nitrates or alkoxides (M(OR)x) and gels or preformed nanoparticles can be chosen
as precursors. The hydroxide or the oxide particles form following a dissolution-
nucleation-growth process, using the ‘low amount of water available for controlled
hydrolysis’ and organic stabilizers such as long chain amines or acids which can be
introduced in the reacting mixture to control the size and shape of the particles. The
nanoparticles of oxides of the first line of transition metals; i.e. Mn, Fe, Co, Ni, Cu, Zn;
and rare oxides; i.e. Nb2Os; are normally synthesized using the solvothermal synthesis.

The general sol-gel process is hydrolytic in which it involves alkoxide precursors M(OR)x
dissolved in the parent alcohol ROH. This is carried out at low temperature. The oxide
synthesis is initially created by addition of a controlled amount of water in order to
hydrolyze the M-OR bonds or the alkoxide into M-OH group, which initiates the
condensation via oxolation reactions.

M(OR), + H,0 - M(OR),_,(OH) + ROH
M(OR),_, (OH) + M(OR),_,(OH) -» M(OR),_, — O — M(OR),_, + H,0

M(OR),_, (OH) + M(OR), — M(OR),_, — O — M(OR),_, + ROH
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Unavoidably, the tridimensional polymerization will occur, leading to either the
formation of a precipitation of highly divided and uniform sized particles, or of a gel in
which the solvent is retained within the continuous cross-linked network of the oxide.
The addition of complex organic molecules e.g. acetates or acetylacetonates is able to
tailor the polymerization rate, the crystallinity and the morphology of the oxide.
Materials prepared by sol-gel offer higher specific surface area compared to those
prepared by precipitation method, by giving around 900 m?/g or more. For this reason,
the sol-gel materials should be handled with care in terms of thermal treatment because
too severe thermal conditions could be damaging to the overall surface area, caused by
sintering, phase transformation or even the collapsing of the structure. Sol-gel materials
are good for coating or further fabrication too, as it can be dried to xerogels or aerogels,
occurring when the elimination of the solvent takes place in supercritical conditions.

On the other hand, the non-hydrolytic sol-gel process is when the synthesis occurs in an
organic solvent solution with no water at all. In this process, the solvent is also the
reactant that works as a donor of the oxygen atom, forming the oxide by bridging
metallic ions together. Chlorides or acetates are normally used as precursors [98].

MCl, + ROH - MCl,_, (OH) + RCl
M(OAC)y + ROH — M(0AC)x_; (OH) + AcOR
M(0AC)x + M(OR), - M(OAc)x — 0 — M(OR), + AcOR

The non-hydrolytic sol-gel process is thermally activated in a closed vessel with
temperature ranging from 50 to 200 °C. The advantages of sol-gel include high yield, low
operating temperature and low cost.

3.3.2.3 AEROGEL (SOL-GEL CHEMISTRY FOLLOWED BY SUPERCRITICAL DRYING)

The history of the aerogels began in the beginning of 20™ century when some
researchers realized that the gas can replace the liquid in the pores to form an aerogel.
Despite finding this out, the pores of the gels were usually destroyed by the strong
surface tension of liquid-vapor interfaces during the poor drying process of evaporation
[99]. Aerogels can be obtained by eliminating the solvent from a sol under supercritical
conditions. This method is invented to improve the normal drying process of the gel via
normal evaporation under ambient pressure which increases the capillary pressure,
leading to shrinkage of the network. The typical solvents for aerogels preparations are
methanol, ethanol and CO;. The supercritical drying process to form aerogels consists of
3 major steps: (1) pressuring and heating the system to achieve the supercritical (SC)
conditions; (2) eliminate the solvent by flushing with fresh SC fluids continuously; and
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(3) depressurizing to remove the fluid phase. However, the pressurizing and heating
must be performed in a slow process in order to avoid the shear stress and
nanostructural cracking. Examples of the catalysts that can be prepared by aerogels are
TiO2, WOs-ZrO; and V,0s-TiO; for photo-catalytic reactions, acid catalyzed reactions and
oxidation catalytic reactions for VOC removal, respectively [100-102]. Figure 3.6
represents aerogel preparation.

Hydrolysis &
Condensation

=

Supercritical

Gelling drying

Solution of precursor Sol Wet gel Aerogel
Figure 3.6: Schematic illustration of the aerogel preparation method [99].

3.3.2.4 DIRECT SOL-GEL IN SUPERCRITICAL LIQUIDS

Sol-gel method can be performed using supercritical fluids (SCFs), e.g. water or CO,,
which are somehow environmentally friendly to use, therefore, adding ecological credits
to the sustainability of the sol-gel process. In addition, CO; has been utilized widely in
industrial scaled polymerizations, food productions and nutrition productions [4]. The
use of SCFs also gives advantages as the resulting materials are instantly dried in the
process after the SCF venting. Another advantage is that the kinetics of the reaction can
be precisely adjusted by operating temperature and pressure. This methodology
enables the synthesis of materials which are difficult to synthesize, including the metal
oxide nanoparticles in a continuous reactor. Other advantages of this direct sol-gel in
supercritical liquids are: (1) the dielectric constant of water, which is tunable by this
method, could help controlling the solubility of the solutes, apart from only the SCF
density; (2) obtaining the high crystallinity of the metal oxides; (3) lower operating
temperature range for the formation of some crystal in SCW.

3.3.2.5 MICROEMUSION AND REVERSE MICELLE

This method is a colloidal synthesis method where the surfactant molecules are used to
limit particle growth using microemulsions [103]. The microemulsions are a combination
of (1) an oil phase, (2) a surfactant and, (3) an aqueous phase. Thus, they can be either
‘oil-in-water’ or ‘water-in-oil’, depending on the concentration of the components. This
transparent solutions consist of small droplets of an immiscible phase dispersing in a
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continuous phase. The interfacial tension between the immiscible dispersed and
continuous phase can be reduced by surfactants, in order to stabilize the droplets. The
sized of the droplets can be adjusted by altering the concentration of the dispersed
phase and the surfactant. This gives the possibility of the droplets size varying from 1 to
100 nm, approximately.

For the reverse micelle method, the micelles will be produced from a nonpolar solvent
with a polar core immersed in the reverse micelle. In the polar micelle, the small amount
of water is presented in which the precipitation of the nanocrystal of oxides or other
materials can occur. The reverse micelle method is useful for preparation of the
unsupported metal nanoparticles where the reducing agent is added to the system in
order to reduce the aqueous salt to the pure metal. The reverse micelles prevent the
forming nanoparticles from agglomerations which results in larger particles. After the
reaction, the surfactant remains adsorbed to the surface of the nanoparticles stabilizing
them against aggregation and oxidation. This method can be assisted with the sol-gel
method to prepare some of the supports e.g. silica for silica-supported metal catalysts.
Metal or alloy nanoparticles can also be prepared using this method.

3.3.2.6 TEMPLATE-DRIVEN HYDROTHERMAL FOR POROUS MATERIALS

Organic molecules such as alkylammonium cations or structure directing agents (SDAs);
can be used as a template in this synthesis method, to create porous materials such as
zeolite [104]. In this case, the zeolite structure will be formed around the templates or
even encapsulating around them closely between the organic groups and the pore walls.
The number of organic units, that are allowed to be accommodated, will be controlled
by such steric requirement. Therefore, for the templates like quaternary salts that serves
as charge-balancing cations, the organic guest species impose a restriction on the zeolite
framework charge density, leading to products of increased Si/Al ratio. Recently, most
zeolites are prepared using templates, which need to be eliminated from the structure
from calcination. The open-pore materials can be produced for their use in sorption and
catalysis. However, the organic SDA’s cost is the limitation as they cannot be recycled or
recovered, thus, the new efficient template-free methodology is recently being
developed.

3.3.2.7 SOLUTION COMBUSTION

In this method of synthesis, a saturated aqueous solution of the relevant metal nitrates
are used as oxidizing agents while appropriate organic fuels; i.e. urea, hydrazine,
carbohydrazide and maleic hydrazide; are employed as reducing agents. The mixture of
redox agents will ignite upon heating at a determined temperature to initiate a
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self-propagating exothermic reaction that sustains high temperatures for a sufficient
period of time to decompose all the organic material and metal salts. A well-crystallized
material with nanometric size clusters are achieved as a resulting material. The material
usually has high specific surface area as well as a positive consequence because a large
amount of gases are produced during the synthesis process.

3.3.2.8 CITRATE AUTOCOMBUSTION

This kind of synthesis method was developed for mixed oxide catalyst’s preparation.
Citric acid is used in this method to allow the complexation of most metal cations. The
citrate solution enable a good dispersion and mixing of cations in a single phase. The
resulting solution will be dried by evaporation, giving solid powder which will be heated
in air. The citrate ions will be decomposed by calcination, resulting in a high surface area
mixed oxides. In addition, cellulose, examethylenetetramine, tartaric acid, glycine and
urea can be utilized as complexing agents or fuels [105].

3.3.2.9 IMPREGNATION

Impregnation is a method where the pores of the supports are filled with active phase
in a carrier form. In other words, this method is designed to fill pores of the supports
with a solution of the catalyst’s precursor such as a metal salt of sufficient concentration
to achieve the desired loading. The impregnation can be performed more than once in
case that the higher loading with active phase is required, which is normally done after
drying or calcination. The impregnation method can be divided into 2 main types which
are (1) ‘dry impregnation’ or ‘incipient wetness’ or ‘pore volume’ where the solution
volume does not exceed the pore volume of the support and, (2) ‘wet impregnation’
where an excess of such solution is used [4,94,106]. Dry impregnation depends on
retaining the species in the pores during the drying process, rather than on a specific
interaction, in which it however plays more important role for the wet impregnation.
One of the main advantages of the dry impregnation is the control over the weight of
added component which is incorporated in the catalyst. However, its downside is that
the catalyst prepared by dry impregnation may not be as uniform as that prepared by
wet impregnation. For example, some catalysts might have larger pores so they can
accommodate higher concentrations of the active species than in others. Therefore, the
larger pores will take more volume of solution, leading to a high chance of receiving
larger crystallines of the precursors, trapped in these pores, as shown in Figure 3.7.
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(a) (b)

Figure 3.7: lllustrations of the (a) pore filling phenomenon via wet impregnation and
(b) the active phase in the pores after the drying process [106].

Besides, the active phase can be badly formed at the mouths of the pores or even moved
to the outer surface of the support, if the dry impregnation is not handled properly. For
this reason, the distribution of the pores and the active materials therefore rely on the
parameters of the pelletizing process. In addition, the wet impregnation is more difficult
to control, compared to the dry impregnation. If the concentration of solute ions is low,
all the solutes ions may be taken up at the mouth of the pores while none of them wiill
be formed in the bulk of the support. The formation of an ‘egg-shell catalyst’ with a high
concentration of active component at the outer surface of the pellet may of course be
desirable if (1) this active phase is expensive or, (2) the reaction occurs mostly near the
outer surface of the catalyst pellets due to limitation of pore diffusion. However, if the
reaction is kinetically controlled in which all the bulk of the catalyst is utilized, thus it is
desirable that all the active phase is uniformly spread throughout the pellet. In this case,
the multiple impregnation may be required, as mentioned before, to ensure that the
active phase is impregnated in all parts of the support and presented in a sufficient
concentration. For both dry and wet impregnation, the drying process after the
impregnation is crucial. If the drying rate is too high, the liquid contained in the pores
will be removed from the pores due to the vapor being created from the inner part of
the pores. This will result in unwanted deposition of the active phase on the exterior
surface of the support. This will be strongly adhered on the support’s surface, thus, the
dusting (accumulation of a dust of active phase down-stream of the catalyst bed) will be
likely to occur. This sometimes can cause a blockage of the reactor’s exit. The calcination
process is just as important. The flowing carrier gas is generally required to flush away
the oxides of salts, which are formed from decomposition of the salts (precursors) such
as nitrates. This will prevent the undesired products to be formed on the catalyst’s
surface. The elimination of water is to be handled with care too as water vapor can lead
to sintering in some oxides. If the catalysts need to be reduced before used, the
reduction rate should be kept low.
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3.3.2.10 ION EXCHANGE AND ADSORPTION

lon exchange methodology occur when a precursor from an aqueous solution is in
contact with the support. The precursors; such as metal cations, oxoanions or other ionic
species; are dissolved in the aqueous solution. These ionic species will be
electrostatically attracted to the surface of the support by charged sites. After a certain
contacting time, the solid will be separated from the solution by filtration. This ion
exchange and adsorption process is often used for cationic zeolite production from
protonic zeolites. The process presumably occurs via the exchange between cation and
proton at equivalent number in terms of total charge. lons therefore can be adsorbed
on the surface, such as that of an oxide carrier. The cations adsorption is supposed to
happen when pH is more than the point of zero charge (PZC) of the carrier, as shown in
Table 3.6, while the adsorption of anions occur at pH lower than PZC.

Table 3.6: Point of zero charge of metal oxides.

Metal oxides PzC Metal oxides PzC

MgO 10.8 ZrO, 6.3-7.1
ZnO 8.6-10.3 Ce0; 6.5

Al,03 8.5-9.0 TiO; 5.1-6.4
NiO 7.5-10.5 Sn0O; 3.9-4.9
Fe,0s 7.5-9.3 Nb,Os 3.5-4.0
La,0s 6.7-9.6 SiO2 2.0-3.8

3.3.2.11 GRAFTING

Grafting is a process to dope the active phase on the support by putting the active
species in contact with the surface of the support. This could be carried out in either
gaseous or aqueous solution. For example, volatile metal chlorides from any organic
solutions react specifically with the surface hydroxyl groups of silica. This process allows
the hydrophobilization of the silica’s surface due to the partial disappearance of the
silanols after the reactions with alkoxysilanes [94].

Question 3.3

3.3.1 What kind of implementation could microemulsion and reverse micelle be useful for?

3.3.2 Can you think of the benefits of performing ion-exchange on zeolitic catalysts? i.e.
enhancing acidic or basic properties? Give some examples
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3.3.3 DRY PREPARATION METHODS

Dry preparation methods are when the precursors react without having to be dissolved
in any solutions.

3.3.3.1 THERMAL DECOMPOSITION OF PRECURSORS

The thermal decomposition of precursors; e.g. hydroxides, nitrates, carbonates,
hydroxy-carbonates or other salts; are used for preparation of some inorganic solids
such as metal oxides. This methodology is often occurred at relatively moderate
temperature range, where the original structures are broken and allowing high surface
area materials to be prepared [94].

3.3.3.2 SOLID-STATE REACTION

Simple component oxides can be prepared using this thermal treatment of solid phase
substances. NiAl,O4 can be synthesized by heating NiO and Al,Os together at 1,200 °C.
The method usually gives well-crystallized complex solids with low surface area [94].

3.3.3.3 FLAME HYDROLYSIS OF METAL CHLORIDES

Metal oxides can be synthesized by reactions between the corresponding volatile metal
chlorides; i.e. SiCla, TiCla, ZrCls, CeCls and AlCl3; in a hydrogen-oxygen flame at 1,000 °C.
By this method, the resulting materials will have small nonporous oxide primary particles
that tend to agglomerate in linear and branched chain-like structures. This method is
widely used for commercial productions of alumina, silica, and titania [94].

3.3.3.4 SOLID-STATE WETTING

Solid-state wetting is a method where low melting point compounds disperse over the
surface of the catalyst’s support. Metal anhydrides such as V205 and MoOs3 can spread
over typical oxides such as alumina, titania and zirconia while the supports are heated
at high temperature. The materials prepared by this method offer catalytic
efficiency/performance as high as those prepared by the more classical method i.e. wet
impregnation method [94].

3.3.3.5 SOLID-STATE ION EXCHANGE

Zeolites or other ion exchanger solid can be also exchanged in solid-state reaction too.
Theoretically, the concept is quite similar to those carried out in liquid state. For
example, when the mixture exchanger salt or protonic zeolite are heated at high
temperature, the cation exchange occurs and HCl is evolved. This can be utilized with
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the preparation of copper/zeolites using CuCl, as the salt’s precursor and protonic
zeolites [96].

3.3.3.6 COMBUSION SYNTHESIS

This method is also well-known as ‘self-propagating high-temperature synthesis’. It is a
general method that is used to prepare inorganic materials from exothermic combustion
reactions. The combustion synthesis can be completed in relative short time and
demands much less energy, compared to the classical solid-state synthesis which needs
longer operating time and higher operating temperature. The combustion synthesis
requires much lower external energy as the system has its heat energy released within
the reactor upon the progress of the reaction. Thus, many industrial scale catalytic
inorganic material productions opt for this combustion synthesis method as it provides
an efficient and feasible procedure. One of the recent development of this method is
the carbon combustion synthesis of oxides. It is novel and economical for producing
micro- and nano-particles of complex oxides which are further utilized for advanced
device applications. The carbon sources; i.e. pure carbons (graphite or soot) and carbon
compounds (starch); will be added to the reactant mixture to generate the required heat
(created by ignition). Afterwards, the mixture will be introduced into a reactor where it
is exposed to oxygen. The reaction between the carbon and oxygen is highly exothermic,
generating a high heat which made the reactor ‘self-sustaining’ in terms of energy. The
materials prepared by this method are normally having high porousity (70%) and having
particle size ranging from 50 to 800 nm [94].

3.3.3.7 PREPARATION OF FUSED CATALYSTS

This method is a common methodology for the ‘iron-ammonia synthesis’ which is a
fusion of the magnetite FesOa precursor with promoters; i.e. silica, alumina, potash
calcium oxide; at high temperature, higher than 1,400 °C. The finishing process includes
melting, cooling and grinding. The preparation of fused catalysts can be applied for iron
catalyst’s preparation for Fischer-Tropsch reaction as well.

3.3.4 ASSOCIATED EQUIPMENT USED FOR MOST TECHNIQUES

Most of the mentioned techniques can be applied with a use of additional equipment
such as microwave, ultrasound etc. to improve the quality of the materials and to make
the preparation procedure more efficient i.e. shorter preparation time. This use of
equipment generally helps reduce the preparation time from days to minutes and yet
allows screening of a wide range of experimental conditions for optimization and
scaling-up, with even lower energy consumption.
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3.3.5INTERMEDIATE AND FINAL TREATMENTS IN PREPARATION
CHEMISTRY

This can be considered as a kind of unit operation in the catalyst field. In the industrial
scale, continuous operations are favored because of the larger capacity, lower
operational cost and better quality control. Recently, environmental concerns and
hazards to human health are taken into account where these issues can be managed
more easily.

3.3.5.1 FILTRATION AND WASHING

The filtration is carried out in order to separate the precipitates from the residuals while
the washing is to remove any possible by-products and impurities which might be
contaminated the final products. In batch operation, often the ‘plate-and-frame filter’
presses are applied [107]. The filter cake is usually washed in the countercurrent, to the
filtration direction. Another popular filter is the ‘continuous vacuum rotary filter’. The
quantity of filtered slurry and the thickness of the filter is adjustable by changing the
speed of the filter drum. When the drum is rotating, the water will be sprayed against
the moving cake. The washed filter cake is then scraped out for further treatment.
Another well-known method for separation is the ‘centrifuge’ which can be operated
under either discontinuous or continuous operation. The centrifugal separation is an
available choice when the filtered material is grainy or crystalline, for example, zeolite.
Washing can be performed within the centrifuge machine by introducing washing agent
into the centrifuge.

3.3.5.2 DRYING

Drying is one of the crucial catalyst’s finishing processes because it can alter the physical
properties of the catalysts. Therefore, it is important to measure and keep the drying
parameters; i.e. drying rate, drying temperature, drying duration and drying gas flow
rate; constant. For example, the drying parameters of impregnated support can change
the distribution of the active phase. In this case, the uniform dispersion can be achieved
only via spontaneous liquid evaporation in which the heat of evaporation can go up to
127 °C [107]. Various tools are used for the drying process in continuous operation.
These tools include box furnaces with trays (this can be used to dry small batches of
catalyst precursors), drum dryers, rotary kilns and spray dryers. The main downsides of
the drums and rotary dryers are the feeding of the wet filter cake and removal of
adhering material from the walls because the material lumps are usually formed during
the drying process, thus, the resulting material must pass a granulator equipped with a
sieve. Whereas the spray dryers offer microspherical materials with a small particle size
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distribution. The spray dryer can be assisted with a nozzle or a rotating disk to disperse
the watery slurry of the filter cake in a stream of hot air.

3.3.5.3 CALCINATION

Calcination is a thermal treatment of the materials. This can be performed in an oxidizing
or reducing surrounding atmosphere (gaseous agents flowing through the furnace and
in direct contact with the materials) and is carried out to stabilize both physical and
chemical properties of the catalysts. At the beginning, the thermally unstable
compounds/precursors (carbonates, hydroxides and other organic compounds) will be
converted to the more stable form. For example, in the thermal decomposition of Cu or
Ni nitrate deposited on alumina, not only CuO and NiO are formed, but also Cu and Ni
aluminate [108]. Calcination can make the amorphous materials become crystalline. It
can also change the physical (such as pore structure) and mechanical properties of the
catalysts too. Researchers often choose the calcination temperature to be slightly higher
the selected reaction temperature. Rotary kilns are mostly chosen for the calcination of
powder and granulate catalysts, whereas box furnaces or muffle furnaces with trays are
more favorable for smaller batches or powder catalysts. Belt and tunnel furnaces are
usually utilized for calcination of pellets and extrudates. Because the tunnel furnaces
can operate at higher temperature, compared to the belt furnaces, they are normally
used for calcination of ceramic materials.

3.3.5.4 REDUCTION, ACTIVATION AND PROTECTION

These methods can be considered as the latest step of the catalyst finishing treatments.
This can be done by either the catalyst producers or in the plant by the users (in situ).
The well-known example will be the reduction of NiO-kieselguhr where the activated Ni
can be obtained by reduction process, carried out by the catalyst’s producer. The
reduction of powders is performed on an industrial-scaled fluidize bed reactors. The
reduced material is pyrophoric and its oxidation with air must be prevented by coating
it with inert fat such as tallow. The finished catalysts are generally sold in the form of
flakes or pastilles [107]. The reduction of metal oxide catalysts i.e. NiO, CuO, CoO or
Fe,0s is carried out by treating it with flowing gaseous H; at elevated temperature. Its
brief mechanism consists of 2 main steps; (1) metal nuclei are formed and; (2) nuclei
accumulate to form metal crystallites. A narrow distribution of metal crystallite size can
be achieved by reduction process which handled at relatively low temperature (< 300 °C).
Whereas the broader distribution could be obtained when reduced at higher
temperature (> 400 °C). Some of oxides such as those formed from Cu and Fe will need
to be performed with diluted H; in inert gases such as N, Ar or He due to its highly
exothermic reduction reaction. In this reduction process, often that the water, as a
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by-product, is very much unwanted as it gives negative effect on the rate of reduction
and the degree of reduction. For this reason, when the H; is recycled (mostly in an
industrial-scale catalyst manufacturing), water will be abated by either freezing out or
molecular sieve adsorption. Partial reduction is applied when the activity of the catalyst
needs to be tailor-made. For example Ni catalysts for fat and oil hydrogenation contain
about 50 to 60% by weight of metallic Ni, 35 to 45% by weight of NiO and around 5%
by weight of Ni silicate. For the protection or passivation, when the reduced catalysts
are made, the readily active materials are protected or passivated with high boiling point
liquids (higher aliphatic alcohols or C1s-C1g paraffins). During this method, chemisorbed
hydrogen is removed in a gas stream composed of N, and about 0.1 to 1.0% by volume
of O, at ambient temperature. After the treatment, the catalysts can be handled in air.
The catalysts will be reactivated by H; treatment again by a user.

3.3.5.5 CATALYST FORMING

Catalysts may need to be fabricated into shapes or other forms for many reason. To
reduce the pressure drop within the reactor is one of them. Reactions in the liquid phase
normally require small particle or fine powders with the particle size ranging from 50 to
200 pum. The materials are then prepared by grinding of a dried or calcined precursors,
then bring sieved to the desired uniform particle size. Larger size of the catalysts (0.05
to 0.25 mm) are required for fluidized bed reactors. These catalysts are generally made
by spray drying technique or by cooling the molten materials droplets e.g. V,0s in an air
stream. Al;O3, SiO; or aluminosilicate in a spherical shape, sizing from 3 to 9 in diameter,
are fabricated by mainly the so-called ‘oil-drop” method, to be used in moving-bed or
ebullating-bed reactors. Spherical shaped catalysts prepared by this method are
sufficiently resistant to abrasion during the reaction procedure. Another method for
producing spherical shaped catalysts is based on agglomeration of powder by
moistening on a rotating disk (spherudizer). The spheres are removed automatically
when the desired diameter is reached and then transported to the dryer and calcination
reactor. This kind of method is suitable to prepared spherical catalysts for fixed bed
reactors. In addition, the hollowed-out hemispherical catalysts can be prepared using a
briquetting technique where the plastic mixture of catalyst powder with a binder is fed
between 2 rotating rolls.

Extrusion of catalyst pastes (consist of catalyst, binder (calcium aluminate cement),
lubricant (poly vinyl alcohol, powdered stearin and Al) and other additives) is widely
used for industrially shaping method. In addition, if the catalyst contains alumina,
peptizing agents such as nitric acid are added in order to improve the mechanical
strength. Either a press or a screw extruder is generally applied, depending on the
physical properties of the pastes. Press extruders are more suitable with viscous pastes
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while the screw extruders are more for thixotropic masses. For both extruders, the
pastes will be forced through holes and cut to a certain length. Afterwards, they will be
dropped onto a moving belt transporting it to a dryer or calciner. The extruders can
produce materials in many shapes such as cylinders, hollows or ribbed cylinders. Their
typical sizes are ranging from 1.5 to 15 mm in diameter. Pelletizing is a basic method for
catalyst forming or shaping. The methodology includes a compression of a certain
volume of powder in a mold between 2 moving punchers. Afterwards, the pelletized
catalysts are normally crushed and sieved to a certain size range. Sometimes; lubricants
such as graphite, Al stearate, poly (vinyl alcohol), kaolin and bentonite; are added into
the catalyst’s recipe before entering the pelletizer. The lubricants and other additives
can be eliminated afterwards by calcination. The fluidity of the material is required to
be homogeneous. Comparing between the extruding and the pelletizing, the extruding
tends to be less expensive, but less resistance to abrasion compared to the pellets. In
addition, industrial pelletizers (with pressures in a range of 10 to 100 MPa) are able to
produce around 10 liter of pellets per hour or more. Pellets can be made in a form of
rings, cogwheels, spoked wheels or multi-hole pellets [107].

3.3.5.6 COATING OF INERT SUPPORTS

Coating of inert supports with a thin layer of active phase is a well-known method to
produce a sophisticated catalyst system. One way to classify these many method is to
look at (1) material-dependent methods and (2) material-independent methods for
coatings. Material-dependent methods are anodic oxidation of aluminum or its alloys
which gives rise to a layer with a one-dimensional and uni-directional pore system with
adjustable properties and formation of porous layers on FeCrAl alloys by thermal
treatment. Whereas the material-independent methods can be grouped according to
the state of aggregation of the catalyst precursor. The chemical-vapor deposition (CVD)
or physical vapor deposition (PVD) can be applied to transform the gaseous catalyst
precursors into coating layers. Generally, sol-gel method, deposition of catalyst
suspension or the combination of those are chosen for the coating method, depending
on the adjusted viscosity of the sols or suspension. Besides, the liquid precursors can be
applied on surfaces by dip-coating, spraying, printing or even rolling, whereas the solid
catalysts can be applied by flame spray deposition or powder plasma spraying. One of
the most intensively studied catalyst forming in the past decades is monoliths. The
oxides such as Al;03, CeO; or ZrO, can be wash-coated on the monoliths with a
honeycomb-like structure. This kind of materials is used widely as vehicle pollution
control units.
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Question 3.4

3.4.1 What is calcination for?

3.4.2 What is the criteria for selection the calcination temperature for a certain catalyst under
a certain reaction?

3.4 SUMMARY AND PERSPECTIVES

The aim of this chapter is to classify and specify the type of catalysts as well as to address
their suitability to a specific process. This chapter also includes guidance on catalyst
preparation methods which began with the choice of the starting compounds and each
individual means of preparation categorized by phase of the precursor i.e. wet
preparation method, dry preparation method and others. The post treatment processes
such as filtration/washing, drying, calcination, reduction/activation and the catalyst
fabrication e.g. monolith, coating. Membrane were also explained. Future development
in the catalyst preparation should focus on green synthesis while rely more on DFT or
other computational based pre-research. This should emphasize on environmental
impact, energy, water usage and toxic release from cradle to grave. Up-scaling process
could be different from what presented here in this chapter which is a lab-scale based
and more as an academic level and research.
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HTE high-throughput experimentation

IRT infrared thermography

GC gas chromatography

M metal

0] oxygen

TPD temperature-programmed desorption
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CHAPTER 4
CATALYST CHARACTERIZATION

4.1 DEFINITION OF CATALYST CHARACTERIZATION

The prepared catalysts have their own characteristics that need measured or proven.
These characteristics include both physical and chemical properties of the catalysts in
detail because they are more or less responsible for their catalytic performances. Some
of the major characteristics of the catalysts are listed below [1]:

1.

The nature of its smallest units i.e. chemical composition of catalyst’s bulk and
surface.

. The arrangement or alignment or architecture of these smallest units, observed

in terms of bulk or solid structure, crystallite size, crystallite size distribution,
crystallite morphology, porousity (micro-, meso-, and macro-), and surface area.

. Chemical properties of the catalyst’s surface such as valence state, acidity,

reactivity with difference molecules, surface energy, and surface electronic
states.

. The cluster properties or the aggregate properties of the catalyst i.e. particle size,

magnetic properties, density of bulk (or of particle or of skeletal), mechanical
strength, and attrition resistance.

. Catalytic properties or catalytic performances i.e. activity, selectivity, and

stability. This is sometimes not considered truly characterization, but called ‘the
catalytic performance test’ in which it requires a design of reactors for testing.

4.2 LIST OF TECHNIQUES FOR CATALYST CHARACTERIZATION

The following list collects most common techniques that are applied for the catalyst’s
characterizations.

1.

2.

X-ray diffraction (XRD): This technique is often applied to characterize the bulk
crystal structure and chemical phase composition using diffraction of an X-ray
beam as a function of the angle of the incident beam. The broadening of the
diffraction peaks can be interpreted as diameter of the crystallites. The crystal
domains that are larger than 3 to 5 nm should be detectable by XRD.

X-ray fluorescent spectroscopy (XRF): XRF is normally used as a quantitative
analysis to determine composition of containing elements in the catalyst using
incident X-ray radiation to eject electrons from inner levels of the atoms.
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10.

11.

CATALYST CHARACTERIZATION

Brunauer, Emmett and Teller method (BET): BET is a widely accepted method
used for analysis of specific surface area and distribution of mesopore sizes of
the catalyst. The method relies on multi-layer physisorption isotherms of inert
gases.

Scanning electron microscopy (SEM): Using backscattered or secondary
electrons to observe images of the topology of the catalyst’s surface.
Transmission electron microscopy (TEM): This method will determine micro-
texture and microstructure of electron transparent samples by transmission of a
focused parallel electron beam to a fluorescent screen, with a resolution
presently better than 0.2 nm.

X-ray photoelectron spectroscopy (XPS): UV photons (generally higher than
1 keV) assisted with detection of photoelectrons emitted from atomic core levels
as a function of their energy is utilized to create the excitation of surfaces. The
shifts in core-level energies give information on surface chemical states e.g.
oxidation states.

Fourier transform infrared spectroscopy (FTIR): This technique uses high speed
infrared spectroscopy where the laser beam is split by a moving interferometer
(Michelson type) in order to produce an interferogram. The interferogram will
be digitally transformed into an entire set of spectrum. By this method, the
structures of adsorbed molecules on the catalyst’s surface will be investigated,
under the controlled conditions. FTIR can be also applied in kinetic studies due
to its rapid scanning resonance ranging from 1 ms to 1 s.

Inductive coupled plasma (ICP): This is used for chemical analysis of either solid
or liquid samples by vaporizing them in a plasma heater.

Nuclear magnetic resonance (NMR): This technique allows possibility to study
chemical environment of nuclei having a magnetic moment due to splitting of
the nuclear spins by an external magnetic field. NMR is applied for study
adsorbed or solid compounds of carbon, hydrogen and aluminum.
Thermogravimetric analysis (TG or TGA): This is a measurement of weight loss
or weight gain as a function of temperature change. This technique is performed
under a controlled gaseous surrounding environment. This technique is widely
applied for study of gas-solid reactions.

Temperature-programmed desorption (TPD): The determination of desorption
rate of adsorbed molecules as a function of temperature (ramping linearly). By
this technique, the adsorption states, binding energies, surface concentrations
and desorption kinetics of the interested catalyst will be obtained.
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12,

13

14.

15.

16.

17.

18.

19.

Temperature-programmed reduction (TPR): This is also measured as a function
of temperature. The rate of reduction will be investigated, offering more
information in terms of oxidation states of either the surface or the bulk of the
studied catalyst.

. Temperature-programmed surface reaction (TPSR): As mentioned as

‘temperature-programmed’, this techniques is to measure rate of reaction of a
gaseous species with an adsorbed species as a function of temperature (changing
proportionally). The reactivity of different surface species, their reaction states
(paths), relatively unsteady state reaction rates or even brief mechanism can be
achieved using this technique.

Transient kinetic method (TKM): Mechanism of the reactions can be gained
using this method. The flow of one of the reactants is suddenly stopped or
switched to one having a different isotopic label; products are analyzed as a
function of time using a fast and responsive mass spectrometer (gas analyser)
which connected online to the testing system or the rig. By quantitative and
qualitative analysis of the product distribution as a function of time after the
interruption, this method of course can conclude either mechanism pathways or
intermediates of the reactions.

Scanning transmission electron microscopy (STEM): A transmission of highly
focused electron probe to a CRT is used to determine nanotexture and
nanostructure of the catalyst, over a small area where the diameter is larger than
3nm.

Ultraviolet-visible spectroscopy (UV-VIS): The adsorption edge and band-gap
energies of the surface species of the catalyst will be observed using
conventional UV-VIS (tungsten and deuterium light sources) coupled with diffuse
reflectance.

Infrared spectroscopy (IR): A technique used to analyze chemical structure of
gas, liquid or solid molecules. In this method, the incident IR radiation will be
absorbed by a molecule causing excitation of molecular vibration modes. The
frequency of these vibrations depend on the nature and binding of the
molecules.

Atomic absorption spectroscopy (AAS): Quantitative analysis used to measure
atomic composition based on photon absorption of a vaporized aqueous solution
preferably from the starting material.

Energy dispersive X-ray spectroscopy (EDX): Low resolution, high efficiency
X-ray diffraction of thin specimens in transmission electron microscopy.
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20. Field emission microscopy (FEM): Giving an image of the atomic arrangement at
the surface of the tip of a material through projection of ions in the intense
electrical field generated at the tip.

21. Extended X-ray absorption fine structure (EXAFS): This technique uses a high
energy X-ray source transmitting through a sample, giving structural information
regarding surface in an atomic-scale. The EXAFS is normally applied to study
supported catalyst by in situ technique.

The other associated or less frequent used techniques/equipment include: adsorption
(ADS), atomic force microscopy (AFM), Auger electron spectroscopy (AES), controlled-
atmospheric electron microscopy (CAEM), computer-controlled scanning electron
microscopy (CCSEM), electron energy loss spectroscopy (EELS), electron probe micro-
analysis (EPMA), electron paramagnetic resonance (EPR), high-resolution electron
energy loss spectroscopy (HREELS), ion microprobe (IMP), ion scattering spectroscopy
(I1SS), low-energy electron diffraction (LEED), low-energy ion scattering (LEIS), laser
microprobe mass spectrometry (LMMS), magnetic susceptibility measurement (MS),
Mossbauer absorption spectroscopy (MAbS), magic angle spinning (MAS), molecular
beam scattering (MBS), Mossbauer emission spectroscopy (MES), neutron scattering
(NS), proton-induced X-ray emission (PIXE), Rutherford backscattering (RBS), sum
frequency generation (SFG), secondary ion mass spectrometry (SIMS), secondary
neutral mass spectroscopy (SNMS), scanning tunneling microscopy (STM), time of flight
secondary ion mass spectrometry (TOF-SIMS), ultraviolet photoelectron spectroscopy
(UPS) and wavelength dispersive spectroscopy (WDS). These techniques are applied in
industry and laboratory for catalyst development and characterization. The following
sections will describe important physical, chemical, mechanical and thermal
characteristics, in correspondence to their relevant techniques.

4.3 WHY WE CHARACTERIZE

The objectives of catalyst characterization include: (1) to understand relationships
among physical, chemical and catalytic properties, for instance, to relate the catalyst’s
structure and its function; (2) to clarify apparent phenomenon or behavior of the
catalyst such as deactivation — knowing the causes behind phenomenon helps engineers
to design the catalytic process better; (3) to determine the catalyst’s physical and
chemical properties e.g. composition, pore size, specific surface area, particle size or
even mechanical strength — these information are useful for techno-economic analysis,
reactor design, modeling and process optimization; (4) to control the quality of the
prepared catalyst in the manufacturing level — the physical and chemical properties of
the catalysts can be monitored.
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The principle of catalyst characterization is simple, to understand the relationship
between the catalyst’s characteristics and its catalytic performance. This in-depth
information render a development of the most promising catalysts which are
tailor-made to needs. Table 4.1 summarizes catalyst characteristics and relevant
characterization techniques which are often utilized for such properties. The techniques
are reported with the corresponding the American society for testing materials (ASTM),
which is an organization in the United States, which has adopted standard procedures
to test various materials. The standardized methods are utilized widely around the world
including industries, governments, academics, scientists and engineers.

Table 4.1: Catalyst characteristics with their relevant techniques and ASTMs [1].

Characteristics Techniques ASTM
Physical properties
Surface area Adsorption of N, or CO,, microscopy, CCSEM D-3663-84,

D-4567-86
Pore size, and its size Extended N, and CO; adsorptions, Hg D-4641-87,
distribution porosimetry, NMR spin relaxation of H,O D-4284-83
Density, skeletal (solid) He displacement or pycnometry n/a
Density, apparent (particle) He displacement n/a
Density, bulk (tap) Tapping pack density D-4164-88
Catalyst particle size, and Sieving, electronic counting, laser light D-4513,
its size distribution scattering, SEM, TEM, optical imaging 4438, 4464
Single pellet crush strength  Crushing test in hydraulic press D-4179-82
Bulk crushing strength Crushing test in hydraulic system n/a
Attrition and abrasion Rotating drum, air jet, and ultrasonic test D-4058-87
resistance
Chemical properties
Chemical state, bulk TG, TPR, MADS, FTIR, EPR, NS, NMR n/a
Chemical state, surface XPS, TPSR, EXAFS, MADS, FTIR, NMR n/a
Chemical state, surface XPS, FTIR, Raman, NMR, EELS, HREELS, TPD, n/a
additives TPSR, MBS

(Continued)
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Table 4.1: (Continued)
Characteristics Techniques ASTM

Chemical properties

Composition, bulk AAS, ICP, XRF/XRD, SEM, TEM, MAS, TG, FTIR, D-3610-83,

NMR D-4481-85,
D-4642-86

Composition surface AES, XPS, SIMS, EXAFS, ISS n/a

Homogeneity EPMA, IMP, LMMS, PIXE, SEM, TEM n/a

Morphology/structure, XRD, SEM, TEM, STEM, MAbS n/a

bulk

Morphology/structure, LEED, EXAFS, TEM, STEM, STM, FEM n/a

surface

Dispersion or percentage TEM, XRD D-3908-82

exposed

Surface acidity TPD (of bases), IR, NMR D-4824-88

Surface reactivity, active TPD, TPSR, TKM, calorimeter n/a

sites concentration

Most physical techniques in Table 4.1 is to have a probe incident beam which hits a solid
surface and to analyze the resulting probe beam, which has taken a kind of finger print
of the material [2]. The concept is illustrated as shown in Figure 4.1.

Often that one particular technique cannot clarify one characteristic. Sometimes, it
needs a sophisticated set of techniques to clarify one data. For the concept of catalyst
characterization, the following principles could be a good guides for researchers/
developers: (1) all tools are not equal, each of them has different limitations and
advantages; (2) the use of more than one tool is generally more capable to give the
stronger evidence; (3) the most accurate and productive techniques are often those
applied to the working surface where they are characterized in situ.
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Figure 4.1: Major physical characteristics and techniques for catalyst characterization,
using incident beams (oriented towards the catalyst sample) and reflected or emitted
beam (oriented away from the catalyst sample) [2].

4.4 CATALYST PHYSICAL PROPERTIES

4.4.1 SURFACE AREA, PORE SIZE AND PORE VOLUME

One of the most important characteristics of the solid catalysts is the surface area, pore
size and pore volume as these parameters are ones that determine the internal surface
that can accommodate the active sites and facilitate the accessibility of the active sites
to the reactants, and control the extent of the surface-to-bulk transportation [1]. Some
of the catalysts; e.g. carbons, zeolites, kieselguhr; have natural pores, otherwise, the
pores can be created by drying or calcination of the precipitates of hydrous oxides. For
example, the porosity of Raney nickel catalysts are formed by selective leaching of an
alloy constituent such as aluminum. Pores of ceramics can be created by burning out the
combustible incorporated substances. Besides, the pores sometimes can be formed
in situ during the catalytic reactions due to volatilization, re-crystallization.

The high surface area (high density of small pores) generally advantages the catalyst’s
catalytic performance as it can maximize the dispersion of the active sites on the
catalyst’s surface, however, if the reactive molecules are relative large (such as those
contained in the heavy petroleum or coal-derived feedstock), the small pores would give
the negative effect as they inhibit the accessibility of the large molecules. Thus, the size
and the number of pore, determine the surface area, should be tailor made to the size
of the reactants too.
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Gas adsorption to measure the surface area and pore size

This is usually the gas adsorption and condensation of N3 at liquid N, temperature using
static vacuum procedures to determine the internal surface area of a mesoporous
materials which have surface area more than 1 to 1,200 m?/g. This method has been
standardized by ASTM: D3663-84, 1988 [3]. By This Method, The Sample enclosed in a
glass chamber will be purged by inert gas while heated up to 100 to 400 °C, then cooled
to -196 °C using a liquid N». The increased partial pressure of the N, above the sample’s
surface is recorded, together with the amount of N, adsorbed at each pressure.
Sufficient time of these procedure should be allowed to assure the equilibrium
adsorption is reached. The process is afterwards reversed by reducing the pressure in
which it should create another curve. Example is shown in Figure 4.2 (a) where
monolayer coverage and pore structure are investigated. Each adsorbed molecule
occupies an area of the surface equivalent to its cross-sectional area (0.162 nm?), thus
the overall coverage surface area should be determined by the number of N, molecules
which are adsorbed at monolayer coverage. However, the coverage beyond the
monolayer occurs in practical. In fact, when the N, partial pressures are relatively high,
the liquid N; is condensed inside the pores. The Brunauer, Emmett and Teller (BET)
equation is well-known to describe the relationship between (1) the volume adsorbed
at a given partial pressure and (2) the volume adsorbed at monolayer coverage as follow:

x _ 1 (c-1Dx

V(i-x) ¢V Vi

(4.1)

P . . .
Where x = I P = partial pressure of N, P, = saturation pressure at the experiment
0

temperature, V = volume adsorbed at P, V,,, = volume adsorbed at monolayer coverage,

and ¢ = constant. Equation (4.1) can be linearized fromy = mx + b where x = £
0

and y = VL, obtaining a linear curve as shown in Figure 4.2 (b). Its intercept, b, is

(1-x)

1 . -1 . .

equal to - and the slope mis equal to 27 The results of a certain catalyst will be most
m m

accurate when the relative pressure (Pi

0

can be determined using this linear plot shown as Figure 4.2 (b).

) is set between 0.05 and 0.3. The surface area
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Figure 4.2: (a) N, adsorption and desorption isotherms at -196 °C for Bayerite Al,O3, and
(b) linearized BET plot of the N, adsorption data for Bayerite Al,O3 from (a). The triangle
symbol presents adsorption data while square symbol represents desorption [1].

Example 4.1: Calculation of BET surface area from N, adsorption data.

Uptake versus partial pressure data obtained for N, adsorption at -196 °C on a Bayerite
alumina are listed in Table 4.2. A plot of these data in the form of volume adsorbed versus
partial pressure was shown earlier in Figure 4.2 (a). There are two isotherm branches,
one for adsorption and another one for desorption, for which a hysteresis is observed.

Table 4.2: N, adsorption data at -196 °C for Bayerite alumina [1].

Adsorption Desorption

x = P/P, Volume (STP)/g x = P/P, Volume (STP)/g
0.010 31.0 0.992 200.0
0.020 34.4 0.990 198.7
0.031 36.6 0.987 196.1
0.040 38.2 0.981 192.1
0.049 39.7 0.975 188.8
0.079 43.6 0.968 185.7
0.109 47.1 0.957 182.0
0.138 50.2 0.942 178.3
0.168 53.2 0.924 175.0

(Continued)
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Table 4.2: (Continued)

Adsorption Desorption
T L S i B

0.198 56.3 0.905 172.2
0.243 61.0 0.890 170.2
0.283 65.5 0.868 167.6
0.327 70.7 0.846 165.5
0.369 76.4 0.822 163.1
0.414 83.3 0.795 160.5
0.459 90.6 0.766 157.6
0.501 97.2 0.735 153.9
0.546 103.1 0.701 149.1
0.587 107.6 0.666 143.5
0.630 111.5 0.628 136.8
0.667 114.8 0.590 129.2
0.698 117.4 0.545 120.1
0.732 120.2 0.503 112.7
0.764 123.0 0.460 99.4
0.793 125.7 0.408 82.4
0.818 128.3 0.371 76.5
0.844 1314 0.324 70.0
0.866 134.7 0.279 64.7
0.887 138.6 0.243 60.7
0.906 143.4 0.202 56.4
0.923 149.3 0.171 53.3
0.938 155.9 0.141 50.2

(Continued)
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Table 4.2: (Continued)

Adsorption Desorption

x = P/P, Volume (STP)/g x = P/P, Volume (STP)/g
0.946 159.7

0.965 172.7

0.973 178.2

0.978 182.2

0.984 187.3

0.987 190.8

0.992 196.6

0.995 201.1

From the data set in Table 4.3, we select only those data in the P /P, range of 0.05 to
0.30, the appropriate monolayer/multilayer region for determining surface area using
the BET equation (Table 4.3). Both adsorption and desorption data may be used, since
there is no hysteresis in the low partial pressure range.

Table 4.3: Selected N; adsorption data for BET analysis [1].

x = P/P, /4 1000x/V (1 — x)?
0.0493 39.7047 1.306
0.0789 43.6222 1.964
0.1091 47.0630 2.602
0.1382 50.1667 3.197
0.1678 53.2163 3.789
0.1978 56.2752 4.382
0.2429 60.9763 5.262
0.2832 65.4621 6.035
0.3265 70.6871 6.858
(Continued)
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Table 4.3: (Continued)

x = P/P, 14 1000x/V (1 — x)?
0.3325 70.0441 6.827
0.2794 64.7470 5.988
0.2426 60.6871 5.278
0.2017 56.3898 4.481
0.1709 53.2518 3.871
0.1408 50.1597 3.267

x
V(1-x)

The BET method involves plotting versus x (where x = Pi and V is the volume
0

adsorbed) to obtain a straight line having a slope of Zv;l and an intercept% (where V,,
m

m

is the volume adsorbed at the monolayer coverage and c is a constant). The selected data
are plotted in Figure 4.2 (a). A linear least squares fit yields a slope of 0.0199 and an
intercept of 4.25 x 10*. The slope/intercept ratio ¢ — 1 is 46.86. The monolayer volume
V. is calculated from the relationship:

1
Vi = (c x intercept) (4.2)
to be 49.22 cm? (STP)/g. The BET surface area is obtained using the widely accepted
assumption that each N; molecule occupies an area of 0.162 nm? and the following

equation:

2
m2 me6.02x1023%xl6~2 X102 eTe
$A (_) _ — (4.3)
g 22,400

mole

Applying equation (4.3), a value of V,, =49.22 cm?(STP)/g corresponds to a SA of 214.3
m?/g.

The example above is relied on multi-point BET method combined with classical
adsorption methods in which its procedures take a long time. Thus, a single point
method (which is more rapid, but not as accurate) was developed afterwards and
standardized by ASTM: D-4567-86, 1988 [4]. Interpretation method of the multi-point
and single point BET surface area was later improved by a developments in adsorption
technology [5] in order to shorten the analytical time down to only 15 to 30 minutes
after outgassing which takes around 30-60 minutes approximately. This commercial
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technology relies on the flow rate of the adsorbate gas into the tube (containing sample)
at relatively high pressure (10-500 Torr). The high rate of adsorption is therefore
maintained throughout the isotherm measurement. An accurate mass flow meter/
controller is used to monitor/adjust inlet gaseous flow rate, in order to raise the base
pressure gently.

The gas adsorption isotherms can give physical informations of porous materials such as
total surface area (sum of the internal and the external surface areas), porous structure,
specific pore volume, pore width and pore-size distribution for micropores and
mesopores. Pore size is classified as micropores (pore width < 2 nm), mesopores (pore
width = 2 to 50 nm) and macropores (pore width > 50 nm), according to IUPAC [6].

For the micropores, interactions of adsorbate molecules with adsorbent pore walls are
generally strong molecular forces of the nearest and the closest neighbors of the nearest
i.e. of adsorbed monolayers. The gas will be condensed in micropores at relatively low
pressure, leading to a fill below the region of BET monolayer (volume adsorbed at P /P,
less than 0.05 in Figure 4.2 (a). In this case, that volume of the condensed gas is
measured as the volume of the micropores. This can also be calculated as an equivalent
surface area and sometimes considered as micropore surface area. In the micropore
range where the pore dimensions are comparable to molecular dimensions, pore filling
rather occurs instead of the condensation. The pore dimensions from physical data is
then estimated using the Dubinin-Ra-dushkevich and the Dubilin-Stoeckli theories.
Although low temperature N; adsorption can be practically used to measure micropore
volume, however, it may still takes hours or days to fill the micropores especially for the
high surface area materials such as carbons, activated carbons, coals and coal chars [7].
CO; adsorption at 0 to 25 °Cis considered reliable and convenient to measure micropore
volume and equivalent surface area. Since the adsorption of CO; under these conditions
occur at low partial pressure (P/P, < 0.2) and low coverage, an appropriate equation to
describe the isotherms is the Dubinin-Polanyi equation is as follow [8]:

In(;) = In(qi) ~ Dlin 12 (4.4)

Where q; is the amount adsorbed at a given pressure, q;, is the micropore capacity, and

2
D = (B%) in which B is a similarity coefficient related to the adsorbate to a standard
0

adsorbate (benzene) and E; is the energy of adsorption of the standard adsorbate.
Apparent surface areas of carbons can be calculated using an equivalent area for the
CO2 molecule of 0.201 nm?.
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. . . . . P
For the mesopores, the difference is capillary condensation which occurs above o =
0

0.05. The mesopore surface area, determined by Kelvin equation [8]:

P V (20 cos0®
lnP—O = E(T) (4-5)

Where P/P, = pressure/saturated pressure, V is the molar volume, ¢ is the surface
tension of the liquid adsorbate, ® = the contact angle between adsorbate and
adsorption later on pore walls (thus, © is generally assumed 0) and 7;. = Kelvin radius of
a pore assuming cylindrical shape. The geometric radius 7, of a pore given by the sum of
the Kelvin radius ;. and the thickness of the adsorption layer (t) where r, = 7;c + ¢, since
an adsorption layer is typically formed before the capillary occurs [9]. The mesopore
surface area is generally called the matrix, relating to a measurement of surface area of
cracking catalysts (ASTM-D-4365-85, 1988) [9], which is widely utilized in the fluid
catalytic cracking (FCC) process. This technique is adapted by extending the pressure
range used in ASTM-D-3663, 1988 [3].

Pore size by mercury intrusion

The pore volume, surface area and the pore size distribution of the macropores cannot

be measured by the adsorption of N, because the Kelvin equation’s parameter In (Pi)
0

becomes relatively too small at large 7, thus the changes in pore diameter with

P . .
> cannot be experimentally determined.
0

To estimate the macropore volume and macropore size distribution, the mercury
intrusion method, based on ASTM-D-4284-83, 1988 [10], is applied. The penetration of
mercury into the macropore is a function of applied pressure. The voids between
particles in the material will be filled by the penetration of mercury at low pressure,
ranging from 0 to 2 atm. The large macropores will be penetrated by the mercury at
moderate pressure, around 3 to 500 atm, whereas the small macropores and large
mesopores will be filled at high pressure from 500 to 2000 atm. The penetration of
mercury is also related to the material’s resistant, due to the non-wetting nature of the
mercury. The Washburn equation is described as shown in equation (4.6), representing
the relation between pore radius (;,) and the applied pressure (P).

-2 1%
Ty = (4.6)

Where angle @ is the wetting or contact angle between mercury and the solid, averagely
values from 130 to 140°; v is the surface tension of the mercury, around 0.48 N/m; P is
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pressure at atmosphere; and 1, is pore radius in nm. This technique is suitable for pores
sizing from 3 to 5 nm in diameter, however, this also depends on the instrument’s
capability which is generally capable with maximum diameter of 10° nm. Typical mercury
porosimetry data for a y-Al,O3 carrier are illustrated in Figure 4.3 where the integral
penetration of mercury into the pores is plotted against the applied pressure.

0.35

0.30 +

0.25 1

0.20 1

0.15 4

0.10 +

Cumulative Volume, cm3/g

0.05 1

0.00

0.0 10 2.0 3.0 4.0 5.0

log (Pressure, psia)

Figure 4.3: Integral penetration volume of mercury into y-Al,03 versus log applied
pressure [1].

4.4.2 PARTICLE SIZE, SIZE DISTRIBUTION AND DISPERSION

Powders

This kind of catalysts is normally used in liquid-phase slurry reactors; e.g. in Fischer-
Tropsch synthesis, liquid phase hydrogenations or fluidized bed reactors. The particle
size of powders are largely varied, depending on their origin. Small particle size is
commonly preferred as it provides more specific surface area, thus higher reactivity. The
particles size range can be determined/classified using sieves of various mesh sizes
(ASTM D-4513, 1988) [11] by noting the weight percentage of material that passes
through one mesh size but is retained on the next finer screen. The sieves will be stacked
up in layers with the coarsest on top while the underlying screens become progressively
finer. A precise weight of catalyst with no more than 50% humidity will be added on top
of the most upper sieve. The whole stack of a series of sieves will be then vibrated
allowing the finer particles to pass through coarser screen until retained by those
screens finer in opening than the particle size of the material of interest. Each fraction
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will be precisely weighted and a size distribution is then determined. This method is only
applicable for the particles larger than 40 um.

An electronic counter is a more sophisticated analyzer for particle size and size
distribution of the finer particles. The method is standardized by ASTM D-4438-85, 1988
[12] where a suspended particles pass through an orifice while its change in resistance
is measured. The powder is suspended in an electrolyte and pump through a tube
containing a small orifice. An electric current will pass through this tube, as individual
particles pass through the orifice, a fraction of the current is interrupt. The fraction of
current’s change is a measure of particle size. The magnitude of the change in current
flow is subdivided over the range of sizes limited by the size of the orifice. The equivalent
sphere of the excluded volume, assuming constant density for the particles, will be used
to calculate the particle diameter. The results are normally recorded as weight
percentage as a function of incremental particle size. Irregular size materials such as
carbon carrier will bring the deviation to the analysis and interpretation, which is based
on the spherical particle model.

Another method is when a He-Ne laser for sizing fine particles, according to ASTM
D-4464-85, 1988 [13]. The laser beam will be diffracted in proportion to the radius of
the particles as it passes through an aqueous solution containing the particles. An
electric current will be generated from a photo detector and before being processed.

Other techniques are just as equal in terms of the sensitivity to the particle’s shape. The
empirical correlation, to standardize the shape to be near-spherical, is normally applied
since a universal measurement of particle size is not yet developed.

Particulates

Powder catalysts are sometimes fabricated into particulates (pelletized/cracked/sieved)
using a compressing machine, e.g. pelletizer, to get the optimal size of the catalysts. This
is useful for the packed-bed or fixed-bed reactor because either too small or too big
particles could have a large effect on key parameter of the reaction; such as pressure
drop, flow rate, contact between catalyst and reactant, temperature control. These
parameters indeed influence the catalytic performance e.g. product distribution,
conversion, yield and the process economic. The optimal size of particulates will
maximize the process performance.

Wash-coat thickness

The catalyst layer that is coated inside the reactor’s wall works the same way as powder
or particulates catalysts. The reactants need to penetrate through the pores to reach
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the active site, before release the product and diffuse out again into the bulk fluid.
However, these can occur only one side of the layer (one next to the bulk, not one
attached to the wall). The thickness of the wash-coat catalyst is frequently measured by
optical microscopic method.

Dispersion

Dispersion of the metal active sites is completely related to the particle size and its
distribution. The surface area and particle size of the metal are quantities, determining
the overall catalytic properties of the catalyst system. The metal dispersion (D) is equal
to Ng/N; where N is the number of metal atoms exposed at the surface and Ny is the
total number of metal atoms in a giving amount of catalyst. In this case, the fraction of
surface atoms D can be obtained if the N; is experimentally available. The N can be
determined by chemisorption measurements. The N, can be determined by measuring
the chemisorption of the adsorbent which strongly binds to the metal but barely interact
with the support at the selected temperatures and pressures. H, CO, NO and N,O; with
steady-state, transient or temperature program methods; have been widely applied as
the adsorbent [14]. By assuming an appropriate shape of the metal particles, the
chemisorption data can give the average particle sizes.

4.4.3 MECHANICAL STRENGTH

Crush strength

The particulates of packed catalyst needs to be able to stand the crushing due to the
static pressure of the bed height. When using a monolith especially in stacked mode, it
should be able to resist the crushing axially. In automotive applications, the vibration
resistance as well as the radial strength is also concerned. For spheres, the crush
strength is measured, according to ASTM D-4179-82, 1988 [15], by crushing a single
particle or representative of several particles between parallel plates of a device capable
of exerting compressive stress, while recording for force necessary to crush the material.
The similar procedure is applicable for catalysts fabricated in other shapes e.g. tablets,
extrudates and monoliths. This method is not feasible for irregular-shaped materials.

Attrition and abrasion

For the moving catalysts such as those applied in fluid-bed or slurry-bed reactor are
subjected to the abrasion by physical collisions. In this case, the abrasion resistance is
the desired characteristic. To test the abrasion resistance, the catalysts in the interested
shape/form (spheres, tablets etc.) will be introduced into a rotating drum, ASTM
D-4058-87, 1988 [16]. After a certain time, the fines produced are measured. The drum
normally has just one baffle with smooth inner surface. The erosion of the wash-coated
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monolith is tested by introducing high gaseous flow rates through the material. The high
gaseous flow rate could be a jet of gas simulating the linear velocities used in the
operation. The weight loss of catalyst due to the erosion will be recorded.

Thermal strength

The monolith catalyst will be subjected to the rapid thermal changes (thermal shocks)
which could occur in real operation during the start-up and shutdown. The wash-coated
material tends to be lost after frequent thermal shocking due to the different thermal
expansion between the wall of the reactor (coated on) and the wash-coated catalyst
(coating on). The weight loss is measured.

4.4.4 DENSITY

Packing or bulk density

Density is an important specification of the catalyst as the catalysts (mainly particulates)
are sold by weight, but typically charged into the packed-bed reactor by volume. The
density of catalyst is also crucial for the system that operated in fluidization and slurry
reactor. Besides, the density of the powdered catalysts decide whether it should be used
suspended or settled. The fabricated catalysts come in various shapes such as pellets,
spheres or extrudates. These catalysts are first dried at a certain temperature (normally
around 400 to 450 °C) to eliminate remaining water, organic solvent and other
impurities. This step is normally done for at least 3 hours, according to the standard
ASTM D-4164-88, 1988 [17]. The material will be cooled in air and afterwards be vibrated
while being poured into a cylinder of known volume and weight. Then the volume
occupied by the catalysts and its weight is measured and recorded. The apparent
packing density of the catalyst is the measured weight of the catalyst divided by its
volume. A tapping device can be used instead of the vibrator, to obtain the apparent
tapped packing density.

Skeletal or solid density

Skeletal density is the density of the material without void/pores. Thus, skeletal (solid)
volume is catalyst volume in bulk excluding its pore volume and the inter-particle void
space between discrete particles. The skeletal density can be calculated using the
following equation:

M

Pskeletal = (4.7)

Vsolid

Vsotia = Vouik — Vpore — Vooia (4.8)
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When Vs,i4 stands for the solid volume, pgkeretar 1S the skeletal density, M = mass
whereas the void volume is represented by V,,;4, in which it can be calculated by
mercury displacement at about 2 atm and the used to calculate the Vy,;;4 further if Vp, 1
and Ve are known. V.4 can be determined from He gas displacement techniques
using pycnometry.

4.5 CATALYST CHEMICAL PROPERTIES

The catalytic characteristics of catalysts; i.e. activity, selectivity and stability; are greatly
influenced by chemical properties of the materials in the atom/molecule level. The
chemical properties rely mainly on the catalyst structure, morphology, dispersion,
acidity and chemical composition. However, the impurities in the bulk catalysts also
effect the catalytic properties, especially if they can immigrate to the surface. Most
chemical properties are determined in a spectroscopic scale, thus, they often analyzed
by spectroscopic methods. The fundamental of spectroscopic techniques are based on
the excitation of the material using electromagnetic radiation, ions, neutral particles or
heat; and followed by the analysis of the resulting emission as demonstrated in Figure 4.4.
Photon sources may range in energy from 0.01 eV for infrared to 100,000 eV for EXAFS
and Mossbauer spectroscopies.

excitation

\ emission

surface

Figure 4.4: Principle of spectroscopy [1].

Commercially produced multi-phase catalysts can be analyzed by some spectroscopic
methods. However, most methods are for well-defined single crystal surfaces. A few
methods can be applied for in situ experimentations, while some others are utilized only
under high vacuum conditions. Table 4.4 tabulates various spectroscopic methods
according to sample type. Some of the methods are advantaged for surface studies,
while some are rather for the bulk studies.

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



116 | CATALYST CHARACTERIZATION

Table 4.4: Classification of spectroscopic methods, based on type of samples and the
condition of study [18].

Analysis environment Study of real catalysts Study of single crystal surface
In situ reaction conditions XRD IR spectroscopy
Temperature Temperature programmed

programmed techniques techniques

IR and Raman STM
spectroscopies

EXAFS AFM
Mossbauer spectroscopy SFG
ESR

UV-VIS

NMR

CAEM

AFM

calorimetry

In vacuo XPS Most surface science
techniques

SIMS
SNMS
LEIS
TEM

SEM

4.5.1 CHEMICAL COMPOSITION

Elemental analysis

The appropriated composition of the chemical elements; i.e. active phases, promoters
and supports; are crucial for the catalyst’s optimal catalytic performance. Thus, precise
analysis of element composition is very important in research and development. For
example, the impurities; i.e. alkaline or alkaline earth; containing in the Al,Os based
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catalysts can act 2 ways, either to inhibit or to enhance the catalytic performance of the
catalyst system. This is not the question of the type of impurities solely, but also the
concentrations. Excessive amount of the impurity will act as fluxes, leading to unwanted
sintering and loss of the specific surface area. However, the just-right amount of the
same kind of the impurity can enhance the catalyst’s stability against the sintering
and/or improve the product selectivity. Therefore, the element composition is an
importance factor.

To analyze the bulk composition, many techniques can be utilized such as AAS and ICP.
Quite often that the catalysts need pre-treatment process such as dissolving before
being analyzed by these techniques. Some well-known standards: i.e. ASTM D-3610-83,
1988 [19]; ASTM D-4481-85, 1988 [20]; ASTM D-4642-86, 1988 [21]: are commonly
followed to investigate the composition of CoMo/Al>Os, Ni/Al,O3 and Pt/Al;Os,
respectively.

Phase analysis by X-ray diffraction

This technique is suitable for materials that have sufficient crystallinity (>1%
approximately), with crystallites sizing from 3 to 5 nm, to diffract X-rays. XRD can be
used for both qualitative and quantitative analysis of chemical phase. The theory of this
technique is based on the principle of X-ray diffraction which responses differently when
scattering on the different kind of materials because each materials has a certain pattern
of crystal structures consisting certain pattern of planes formed by repetitive
arrangements of atoms where these atoms are responsible for diffracting the X-ray. The
angles of diffraction differ for the various planes within the crystal. Every single materials
therefore has its own distinctive diffraction pattern which is beneficial for classify the
catalyst’s structure. The example of the use in XRD is to compare the pre- and post-
exposure of NaCl-Mn;03/SiO2 and Na;WO04-Mn,03/Si0O, at several calcination
temperatures [22], in order to observe if there are some changes in phases or
crystallinity of the catalysts. XRD has also been used in observation of contamination as
minor crystalline phase that could be formed via precursor’s choice, preparation method
or calcination’s condition and its atmosphere [23].

4.5.2 CHEMICAL STRUCTURE AND MORPHOLOGY

Surface texture, morphology and crystallite size via electron microscopy and STM

Chemical structure, surface structure, morphology and crystallite size can be identified
by the electron microscopy. It can analyze over a wild range of size resolutions, starting
from atomic dimensions (0.2-0.3 nm) to several hundred microns. In this matter, 2 main
techniques are being applied: (1) TEM; which is an analysis of transparent films to a
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resolution of 0.2 to 0.3 nm The sample that is prepared for TEM needs to be thin, as TEM
analyses by focusing and transmitting electron through the sample, on a conducting grid
to form high resolution images of the sample; (2) SEM; which involves an analysis of
surfaces at a resolution of 10 nm. The electron beam will be focused on the specimen
and is scanned by a set of deflection coils. Backscattered electrons or secondary
electrons emitted from the sample are detected. As the electron beam passes over the
surface of the sample, variations in composition and topology produce variations in the
intensity of the secondary electrons.

Nanostructure of nanophase materials; for instance, materials with 1-2 nm of regular
variations; can be analyzed by HR-TEM with a resolution of less than 0.2 nm. This
technique allows researchers to see molecular layers and surface layers. Besides,
electron microscopy can predict the origin or source of the catalyst materials such as
whether carbon materials are derived from wood, peat or other sources of carbon. TEM
can determine the shape, morphology and composition of a specific carbon of the
interested specimen.

In addition, SEM can be applied to observe edges or surface irregularities of the
particulates which were used in fluidized-bed reactor or slurry reactor, in order to
investigate their resistance to attrition/erosion. SEM can be utilized in comparing the
catalyst’s morphology between pre- and post-exposure. Figure 4.5 represents
morphology of the catalyst which was wash-coated in a microchannel reactor [24].

NCTC 15.0kV 10.5mm x100 SE(L)

Figure 4.5: Surface morphology of the microchannel plates analyzed using SEM
technique after the catalyst coating process [24].

When the energy dispersive technique was assisted with X-ray spectroscopy, the
method is called EDX (energy-dispersive X-ray spectroscopy). One of the example is the
comparison of surface morphography of stainless steel substrates (316L) before and
after annealing at different temperatures [25], which the results are shown as Figure 4.6
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[25], whereas Figure 4.7 [26], Figure 4.8 [27] and Figure 4.9 [28] illustrate other 3
examples of SEM images of: 6-channel micromonolith made of Lao.3Sro.7Co0.7F€0.303-5
(Figure 4.7); SEM micrographs of Zn/ZnO at different magnifications (Figure 4.8); and
SEM images of cross-section of LSM/YSZ (lanthanum-strontium/yttria-stabilized-zirconia)
anode (Figure 4.9); respectively.

Figure 4.6: Morphology of surface substrates, analyzed using EDX technique (a) before
annealing, and after annealing at (b) 600, (c) 700, and (d) 800 °C [25].

100 pm

Figure 4.7: Morphology, by SEM, of sintered Lao3Sro.7Coo7Fep303-s micromonolith
membrane with bio-inspired design: (a) overall image; (b) active region for oxygen
permeation with relatively uniform thickness; (c) cross sectional image of wall, between
the shell and two bores and; (d) outer surface of the membranes [26].
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Figure 4.8: SEM micrographs of Zn/ZnO at different magnification [27].

Figure 4.9: Morphology of the anode cross sectional image, made of LSM-YSZ [28].

The more fine atomic resolution of analyzer for surface morphology and structure is
possibly STM or AFM. This technique has 0.1 A resolution and is able to resolve atoms
at the surface of materials [29]. This technique is based on the principle of quantum
tunneling of electrons between a sharp metal tip and the sample surface. The tip will
be brought within atomic distance, which is around 2 A, of the surface and then kept
stable there at the exact distance by a fast-response electronic control. It is possible to
move the tip along the sample’s surface as it is mounted on a piezoelectric (BaTiOs)
holder, which expands in a range of angstroms under the operating potential. The atom-size
bumps will be detected easily from fluctuation in the tunnel current due to the fact that
the tunnel current varies exponentially with the separation from the surface.

Other properties that can be obtained from STM are; (1) the arrangement of atoms on
the surface of supported metal clusters and, (2) defect sites on single-crystal surfaces.
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Location and chemical analysis of species within the catalyst

This is called a spot analysis or an area analysis where the electron microscope is assisted
with an energy dispersive spectrometer (EDS) or wavelength dispersive spectroscopy
(WDS). The unique X-ray patterns of the sample will be created by electrons bombarding
the sample. While the composition of any portion of the sample can be determined by
EDS, the mapping of the location of the species can be achieved by WDS. EDS and WDS
can be assisted with computerized automation system to be applied for this scanning
and transmission electron microscope. These computer-modified tools can be incredibly
beneficial for catalyst optimization or design a highly tailor-made catalyst for a specific
application.

Crystallinity

LEED and XRDboth can be applied to determine the crystallinity of the materials, with a
little bit of differences in purposes and applications. LEED is used to examine the
crystalline structure of the surface of well-defined single crystals, while XRD is rather
used for investigating the bulk crystallinity of catalytic phases and catalyst carriers such
as supports, catalyst system includes active site, support and the promoter.

Oxidation state

Because the oxidation state is about oxygen gain or loss, thus, one of the easiest method
to determine the oxidation state is to measure the weight change during reduction or
oxidation of the sample in a controlled environment. The weight change measurement
can be carried out by microbalance techniques, in which one of the most popular
method is thermal gravimetric analysis (TGA). To perform this, the catalyst (weight
around 50 to 100 mg) will be equilibrated at a certain temperature in a stream of inert
gas. Hy for the reduction and O; for the oxidation will be co-fed with the inert carrier gas
while the weight change is measured and monitored. The weight change can give
information regarding the valence state of the catalyst component or the quantity of
catalyst which is reduced/oxidized during a known change in valence state. The fraction
of reduced species can be calculated from the measured increase in mass relative to the
total during oxidation of the previously reduced sample, assuming the total quantity of
active catalyst component is known from bulk chemical analysis.

Another method that is equivalently reliable is probably the temperature programmed
method, in this case, consists of 2 steps which are (1) temperature-programmed
reduction (TPR) and (2) temperature-programmed oxidation (TPO). The 2 steps are
generally combined together as a redox reaction. While the TPR is for measuring H;
consumption, the TPO is to measure O; consumption, rather than weighing the weight
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change caused by the change in number of oxygen atoms. The oxidation state can be
determined based on stoichiometry of the reaction. To perform the TPR or TPO, the
relevant reactant (Hx for reduction and O; for oxidation) will be flowing through the
packed catalyst while the reactor temperature is raised proportionally. The gaseous
product will be analyzed real-time using either gas chromatography or mass
spectrometer. Quantitative interpretation of TPR and TPO spectrum can provide
(1) reduction/oxidation temperature for various phases, (2) reduction/oxidation
stoichiometry and (3) information of the redox mechanism.

4.5.3 DISPERSION OR CRYSTALLITE SIZE OF CATALYTIC SPECIES

Dispersion, measured by chemisorption

In general, the highly active and selective catalysts are either amorphous or having
relatively very small crystallites. The crystallite size of these materials are not obtainable
by XRD. If these catalysts are well-dispersed, their crystallite size and its distribution can
be achieved via TEM. Apart from its high cost, the procedure of using TEM can be quite
tedious and requiring a sophisticated skill of the user. A selective gas chemisorption can
be instead used as a probe reaction. This method is supposed to be less tedious,
inexpensive and less complicated. The chemisorption, in this matter, can be used for:
(1) estimation of amount of active sites towards a specific reaction, thus, the TOF
determination is achievable; (2) catalyst optimization and quality control. For example,
the change of available active sites number at the surface area, caused by sintering or
different preparation methods; (3) understanding in basic information of the catalyst’s
reactivity by its metal structure and/or support. The metal surface area, average
crystallite diameter and the number of potential catalytic sites can estimated by a
measurement of monolayer hydrogen adsorption capacity. Commercially, it has been
used in optimizing surface area during the preparation process and in estimating the
extent of deactivations.

Chemisorption of H, on metals

To measure the monolayer of H, adsorption of any supported metals, the procedure
should be reproducible, convenient and responsive using an apparatus that is easy to
use and inexpensive. This method will account both reversible and irreversible hydrogen
chemisorbed on the metal while excluding chemical and physical adsorption on the
support. Kinetic limitation of the highly activated adsorption should be concerned. There
is currently no universal standardized adsorption methods for metal dispersion
measurement, however, some internationally accepted standards have been developed
around the world.
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Other chemisorbates

The adsorption stoichiometries for other gases; i.e. CO and O; are not as consistent as
H,. Normally, several layers of metal oxides will be formed when the adsorption of
oxygen is applied, especially in base metals. The stoichiometry of CO adsorption on
metals is highly variable because of the possibility of each CO adsorbing either in the
hollows of 3 or 4-fold sites such as one molecule of CO is binding with 2 to 4 metal atoms,
or sometimes, 2 or 3 molecules of CO can be adsorbed on 1 single metal atom. However,
CO chemisorption is still currently used by many researchers despite not quite being
reliable as a method for determination of surface metal area. H, chemisorption is not
applicable to investigate metal oxides or sulfides as it binds weakly with those materials.
Besides, it’s only either specific or nonspecific to a few sites. Sometimes, NO and O; are
used to determine catalytic are of metal oxides, but the applications are very limited
due to the lack of data in adsorption stoichiometries.

Table 4.5: Comparison of ASTM standard volumetric test method and proposed
volumetric test method by Japan Catalysis Society, for measuring H; uptake of
Pt/alumina catalysts [30].

Equipment/procedure ASTM D-3908-82 method [31] Proposed method (Japan)

Equipment specification

Gas handling vacuum Glass or metal, P < 10”° Torr Glass, P < 10° Torr

system

Pressure-measuring 0-500 Torr (with 0.1 Torr error) 0-100 Torr to 0.08%

device

Calibration bulb Volume calibrated to 0.1%

Catalyst sample >1 g of > 20 mesh, 0-5%Pt 0.1t0 0.5 g, 0.5%Pt

Procedure

Pretreatment Air calcination at 450 °C, 1 h Evacuation at 450 °C and
heating in 50 Torr; O, at 450 °C
for 1h

Reduction 450°Cin1atmHy 1-2h 300°Cin50TorrHy, 1 h

H, uptake 20-25 °C, 30-60 min each point 25 °C, 1 h at each point

(Continued)
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Table 4.5: (Continued)

Equipment/procedure  ASTM D-3908-82 method [31] Proposed method (Japan)

Results

Measured uptake 0.122 (with 0.003 error)cm3(STP)/  0.335, 0.360 cm3(STP)/gcat for
gt average of determination 2 different catalysts

form 5 different laboratories.
Repeatability 13% of average value

Reproducibility <16% of the average value

The hydrogen-oxygen titration

This technique was originally developed by Benson and Boudart (1965) and well-known
for it's user-friendly. This method is sensitive for measuring Pt surface area. The
following chemical reaction was proposed for the hydrogen titration of an oxygen-
covered Pt surface.

Pt—0 + (3)H, > Pt—H + H,0 (4.9)

Because the H, uptake is 3 times higher for each Pt surface atom than that for
dissociative H; adsorption, thus, the sensitivity is also 3 times higher. This technique had
been later developed with a more precise handling procedure [32,33], concluding that
the number of H and O atoms adsorbed per 1 Pt atom are 1.1 and 0.71, respectively.
The developed procedure [32] includes: (1) evacuation of the sample at 25 °C for 30 min
to remove air; (2) evacuation at 125 °C for 30 min to remove water; (3) reduction in
flowing hydrogen (30 cm3/min) while heating up in 502 °C and holding at 502 °C for 1 h;
(4) evacuation for 1 h at 502 °C to remove gas phase and adsorbed hydrogen followed
by cooling in vacuo; (5) exposure to 160 Torr of O, at 225 °C to oxidize the surface
followed by evacuation for 15 min at 225 °C to remove the gas phase O; and (6)
measurement of H; uptake. This the Pt dispersion can be calculated through the
following equation:

E (%metal exposed) = [1'95 HT (4.10)

x+y)w]

Where HT is the hydrogen uptake in the titration in umol/g, x and y are the
stoichiometric ratios of chemisorbed oxygen and hydrogen, and w is the weight
percentage of the platinum in the sample.
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Palladium catalyst can be also applied for this very similar procedure, except that the
hydrogen titration is carried out at 100 °C and under pressure less than 345 Torr to avoid
bulk Pd hydride formation. This method is known to be handy and useful, therefore,
generating accurate measurement of dispersion agreeing with those performed via H;
adsorption, CO adsorption and TEM.

Flow chemisorption method

Apart from the above mentioned time-consuming static vacuum techniques, there is the
better way to convey this dispersion measurement — the dynamic flow technique in
which a pulse of adsorbate such as H; or CO is injected into a stream of inert gas and
passed through a bed of catalyst maintained at the constant temperature. The amount
of the gas injected will be compared with amount of the gas that passes through the bed
without adsorbing. This term of measurement will be equivalent to the amount of gas
adsorbed. No gaseous adsorption is expected to occur once the monolayer coverage is
reached (saturation). The main difference between the static and dynamic method is
that the dynamic transient method is measuring the species that are strongly adsorbed
while the static is to measure all chemisorbed species (both strong and weak) at their
equilibriums. Therefore, the static method normally provide a significantly higher
amount of measured monolayer adsorbed species than that measured by the transient
dynamic method. The condition of irreversible adsorption is normally opted for since it
is difficult to predict the degree of reversibility for different catalysts. The transient
dynamic method involves [34]: (1) cooling the reduce catalyst in hydrogen to around -
73 °C; (2) before starting, purging Ar at 200 ml/min in order to remove gaseous H; and;
(3) continuing the purging while increasing the temperature to 400 °C to remove
adsorbed hydrogen. The area of the desorption peak, provided by a gas chromatography
(GC) coupled with thermal conductivity detector (TCD) is considered as the amount of
desorbed hydrogen from the surface. This technique provides an accurate measurement
of the monolayer capacity (as the hydrogen adsorption on metal is generally irreversible
at -73 °C), yet it is a rapid test which could be completed within a few hours using
affordable equipment.

Chemisorption and active sites

This methodology is to measure the amount of the metal atoms laid on the surface (both
active and inactive ones) as not all the metal atoms are reactive to one particular
catalytic reaction. For example, in the supported metals, the active sites are usually a
collection or ensemble of metal atoms; in the oxide or sulfide catalysts, the active sites
can be vacancies or metal ions of a specific oxidation state. However, the number of
active sites are not the only parameter that influences the catalyst activity and/or
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selectivity. The supports and promoters play a role as well because their appearance can
change the electronic configuration of overall property of the catalyst system.
Therefore, the adsorption capacity may not be always directly related to the catalytic
performance. Although knowing the number of surface atoms is beneficial for
developing initial conceptual understanding towards the nature of the active sites.

Crystallite size from transmission spectroscopy

TEM and STEM is techniques where a thin sample is prepared by either microtome
slicing or mounting on a carbon grid before being subjected to an electron beam. The
transmitted electron beams will be further projected on a film as a two dimensional
image. The dense area of the sample, which inhibit the transmission of the electrons,
will be shown as dark spots on the bright film image. The outline of the metal particles
or crystallite will be formed by these dark spots. Thus, their sizes can be estimated. This
technique nowadays can provide as high as 0.2 nm resolution with 10® magnification.
The dispersion or ratio of surface atoms to total atoms in the crystallite can be
determined via assuming a shape of the crystallites. This technique investigates only
small amount of sample, thus, it would be difficult to claim that all the sizes is uniformly
distributed in that small portion of sampling. To solve this, many different area of the
materials should be sampled before being statistically analyzed afterwards.

Crystallite size from X-ray diffractions

The width of X-ray diffraction peak is inversely related to the crystallite size of the
interested phase, meaning that the breadth of the peak is also implying the crystallite
size. The Scherrer equation relates to the peak’s breadth (B) and the half-peak height of
an XRD line due to a specific crystalline plane to the size of the crystallites (d):

A
B = chosH (4.11)

Where A is the X-ray wavelength, 8 is the diffraction angle, k is a constant (usually equal
to 1). When the crystallite size increases, the line breadth (B) decreases. By this
methodology, a brief estimation of the crystallite size can be figured out. For example,
the crystallite size of CeO; and Ce0,/ZrO, were compared using the Scherrer equation.
It was found that the Zr addition reduced the crystallite size of the overall catalyst
system [25]. Figure 4.10 showed the diffractogram patterns of studied catalysts. As well
as Figure 4.11, which proved that the prepared perovskite is single crystalline phase with
no detection of impurities. Fourier analysis of the data can give the better precision of
the crystallite size [35].
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Figure 4.10: XRDpatterns of (a) CeO;, (b) Ce0,/Zr0y(3:1), (c) 10%Ce0,-Al,03, (d)
10%Ce0,/Zr0,(3:1)-Al,03 and (e) pure alumina [25].
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Figure 4.11: XRDdiffractograms of Lao3Sro.7Coo.7Fe0.303-5, after calcination at 800 °C [36].

The crystallite size achieved from the above mentioned method is not always
comparable. Chemisorption is biased towards a smaller average crystallite size and line
broadening towards a larger size. To be precise, the line broadening and chemisorption
method is not comparable because the former is a volume-averaged measurement
while the latter is surface area-averaged measurement. However, the chemisorption
and TEM are comparable if only the surface-averaged size distribution is calculated from

the TEM data.
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4.5.4 SURFACE ACIDITY

Acidity of the active sites are requited in many chemical reactions such as
polymerization, isomerization, aromatization or a simple cracking. This reaction can be
catalyzed by Lewis and/or Brgnsted acid sites. The acid properties include the nature of
surface acidity, its strength and its number [37]. The Brgnsted acid sites can be titrated
using alkaline materials while the acid strength can be measured using acid indicators
(e.g. Hammet) and calorimetric methods. More sophisticated analysis includes TPD of
chemisorbed-bases (e.g. ammonia), calorimetry, FTIR and NMR.

Gas adsorption

To measure the acidity, ammonia and/or pyridine can be used as an alkaline to perform
the adsorption of acid gas, following the ASTM D-4824-88, 1988 [38]. Ammonia-TPD is
one of the most common method to measure the acidity of zeolites and other acidic
solids. However, its downsides/limitations include: (1) the lack of specificity (i.e. being
dependent on experimental conditions and bed depth, desorption of non-protonic
binding sites, Lewis sites can take place in a wild range of temperature from 100 to 325 °C
which is a region where Brgnsted sites are assumed to adsorbed); (2) inaccuracy in acid
strength measurement, in the case of ammonia desorption; (3) inconsistency results can
be expected, for instance, higher desorption temperature is evidenced for CaO than for
the classical zeolites.

TPD can be carried out using various amines such as ethylamine, n-propylamine,
isopropylamine or t-butylamine, for the Brgnsted acidity measurement [39]. These
amine will be adsorbed with a coverage of one molecule per Al site and decomposing to
alkenes and ammonia at a certain temperature which only depends on the alkyl group.
Besides, this techniques is advantageous in defining the type of the acid sites as the
decomposition will occur only on the Brgnsted acid and not the Lewis acid.

Infrared and NMR analysis

The relative amount of Lewis and Brgnsted acid sites presenting in a catalyst can be
determined using an infrared adsorption. Each site has distinctive and well-resolved IR
bands. For example, pyridines forms a complex with Lewis acid sites, and produces an
IR adsorption band at around 1,450 cm™ while pyridinium ions form at Brgnsted acid
sites will release the IR band at approximately 1,550 cm™. Thus, the ratio between the
2 kinds of acids can be calculated using the relative intensities of the 2 IR bands [37,40].

In addition, IR, NMR and calorimetric study can be utilized together to gain both
qualitative and quantitative information on the number and strength of the Brgnsted
acid and Lewis acid sites in aluminas and zeolites [41-43]. In details, the zeolites will be
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heated at high temperature in steam. After that, the aluminum atoms will be eliminated
from the zeolite’s framework. However, the non-framework aluminum is remained in
the zeolites as tiny amorphous alumina clusters and is responsible for Lewis acidity of
the steam-pretreated zeolites. Informative structure and number of 2 different kinds of
Lewis acid sites presented in de-aluminated mordenite can be obtained via a high
resolution NMR and FTIR of adsorbed CO [40-43]. In addition, the Lewis acid sites are
often considered the higher acid strength, compared to the Brgnsted sites, determined
by calorimetric measurements.

4.5.5 SURFACE REACTIVITY

In this matter, the kinetics of molecule-surface interactions are investigated qualitatively
and quantitatively. The following characteristics can be defined by this surface reactivity
measurement methodology: (1) kinetics of adsorption/desorption of H, or CO or other
reactant probe molecules; (2) reaction with hydrogen, oxygen or water of reactive
surface intermediates and fouling agents such as carbons and cokes; (3) bond strength
and concentration of the different surface species. This methodology allows researchers
to investigate microkinetics data, which often predicts the reaction mechanism. The
characterization techniques which rely on this principle include TGA, DTA, TPD, TPR,
TPSR, TPO and TPS. While TPR and TPO were explained earlier in the reducibility and
oxidation state determination, the TPD and TPSR will be described in this section in
terms of adsorption, desorption, reaction kinetics, mechanism, population of active sites
and the activity of the active sites. Some methodologies also involve applications of
microcalorimetry.

Temperature-programmed desorption (TPD)

TPD, including flash desorption, thermal desorption spectroscopy (TDS), is initially
developed to observe the kinetics of desorption of molecules from well-defined single
crystal surfaces in high vacuum [18]. The procedure includes exposing the single crystal
surfaces to the adsorbate gas under a certain condition. After that, the gas is flashed
from the surface at a high linear heating rate (from 0.5 to 50 °C/s), then the pressure of
the desorbing versus time is monitored throughout the experimentation. The reaction
orders, Arrhenius parameters and saturated surface coverage of desorption can be
obtained by varying the initial coverage if the adsorbate and the ramp rate of heating.
According to these data, the heats of adsorption, the binding energies of various
adsorbates on different type of the single crystal materials can be determined as a
function of coverage [44,45]. Parameters such as re-adsorption, pore diffusion, bed
height of the catalyst (differential catalyst, usually set by 0.1 g of catalyst) and the
heating rate (around 0.2-0.8 °C/s) are the key component to achieve the meaningful
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data. The experiment should ideally have no influences from limitation of mass and heat
transfers. For example, TPD result revealed that H, desorption from supported noble
metal catalysts indicated that binding energies are about the same as for the single
crystals and are independent from the support. In contrast, the H, desorption released
from supported base metals; i.e. Co, Fe and Ni; showed that the binding energies are
highly influenced by the support, by the unreduced metal oxides and by the promoters.
Another example is O,-TPD, carried out to determine the oxygen lattice/oxygen vacancy,
which are available at the surface of the metal-doped oxygen carriers such as NaCl-
Mn,03/Si0,, comparing with Na;WO4-Mn,03/SiO, [22]. The achievable information

from TPD is illustrated in Table 4.6.

Table 4.6: Temperature-programmed desorption and its interpreted information.

Process

H, on single
crystal noble
and base
metals,
focusing on Ni
and Pt

H, adsorption
on supported
noble metal
catalysts

H, on
supported Co,
Ni, Fe

Variations and
influences

Binding energy,
adsorption kinetics,
saturation coverage
as function of
geometry

Binding energy,
adsorption kinetics,
effects of support

Effects of coverage,
support and
promoter on binding
energy and
adsorption kinetics

Interpreted information

Binding energy and kinetics are effectively
independent of surface plane for a given metal:
binding energy decreases significantly with
increasing coverage [30,45,46]

The gas pressure must be much higher than for
single crystal study because of support porosity
and diffusional restriction, coupling between re-
adsorption and pore diffusion decreases
desorption rates by several orders of magnitude
relative to single crystals, binding energies are
about the same as for single crystals and not
affected by support [30,47-52]

Kinetics and binding energy are generally
influenced by supports and promoters, activation
energy of the adsorption increases with increasing
surface KO or MOx concentration, metal surface
on the support generates new adsorption states of
high binding and activation energy [30,46,53,54]

(Continued)
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Table 4.6: (Continued)

Process

COon
CO/A|203

CO on Co/W
(100) and
Co/W (110)

0, on NaCl-
Mn203/5i02,
comparing
with Na,WO;-
Mn,03/Si0,

Variations and
influences

Effects of loading,
extent of reduction,
decoration

Effects of surface
and electronic
structure on
adsorption
mechanism

Effect t of Na
precursor when
being doped on the
same
support/oxygen
carrier (in this case,
it’s the Mn203/Si02
catalyst system)
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Interpreted information

Adsorption of weakly reduced 1%Co/Al,Os involves
one molecular state at low binding energy,
desorption from 3 to 15%Co includes additional
states of high binding energy corresponding to C+O
recombination, adsorption of CO on strongly
reduced and higher loading catalysts is dissociative,
ability to dissociate CO correlates with high activity
for CO hydrogenation [1]

CO adsorption on monolayer Co/W (100) occurs
dissociatively at 27 °C but at higher temperature
on Ni/W (100), a structural homolog, and Co/W
(110), which has a very different structure, results
are explained mainly by differences in electronic
structure between Co and Ni surfaces, which affect
the ability of highly open M/W (100) structure to
dissociate CO [55]

The active surface oxygen (Os) of NaCl-Mn,05/SiO,
and Na,WO04-Mn,03/Si0, was created at
temperature of 400 and 500 °C with the amount of
surface oxygen lattice at 278 and 213 umol/g,
respectively [22]

Temperature-programmed surface reaction (TPSR)

This technique is a transient experiment that measures the changes and behavior of the
reaction when the temperature is continuously changed, as a function of time. The
common reactive gases can be Hy, O, or H,0 with: (1) previously adsorbed species such
as CO; (2) surface carbon or coke; (3) previously reduced catalyst i.e. during the
calcination. The typical online analyzer that is most commonly used in this technique is
mass spectrometer and/or gas chromatography. The results are representing peaks in
correspondence to the reaction states i.e. temperature at which the reaction rate passes
through a maximum. From the results, unsteady-state reaction rates, relative
reactivities, of surface species and activation energy of the reaction can be determined
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by the result’s interpretation. Table 4.7 presents some of the TPSR studies and
interpreted information received from this experimentation.

Table 4.7: Examples of information available from TPSR.

Method Process

TPSR Reaction of H, with
CO, adsorbed on
CO/A|203, NI/A|203

and Pt/A|203

TPSR Reaction between
H, and C, caused
by dissociation of
CO in the presence

of NI/A|203

Reaction between
C and H,, resulted
from FT synthesis
over unsupported
Fe/Al,O3 and
Fe/K/Al,O3

TPSR

Variations and
influences

Effects of metal, metal
loading, extent of
reduction; role of
support in CO
hydrogenation

Carbon forms
deposited during CO
dissociation at 250 °C
on Ni/Aleg

Carbon and carbide
species observed as a
function of reaction
temperature and K
promoter

Interpreted information

These catalysts were evidenced to
have 2 different reaction
pathways for CO hydrogenation
which are (1) dissociation of Co on
metal followed by hydrogenation
of carbon atoms to methane, and
(2) spillover of H and CO from the
surface to the support, migration
the acid sites, methoxy
intermediate formation and its
diffusion to the metal where it
further decomposes to methane
[56,57]

3 types of carbon are formed: (1)
Co” which is very active with
approximately maximum reaction
rate at 77 °C when assigned to the
surface of CHy species; (2) active
Co with its maximum rate at 177 °C
when exposed to the surface
carbon; (3) Cp being reactive at
around 402 °C if assigned to a film
of polymeric carbon [58]

Lower C reactivity for Fe/K relative
to Fe; C reactivity decreases with
increasing reaction temperature
from 215 to 245 °C; deactivation
at higher reaction temperature is
due to graphitic film poisoning
(59]

(Continued)
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Table 4.7: (Continued)

Method Process

TPO

TPSR

TPSR

Reaction of oxygen
with coke formed
on Pt, Re, Pt-Re on
A|203 and SiOz

Reaction of
methane in the
presence of NaCl-
ano3/5i02 and
NazWO4-
anog/SiOZ

Reaction of oxygen
in the presence of
the post-exposure
NaCl-Mn,03/Si0;
and post-exposure
Na;WO;-
anoa/SiOz

Variations and
influences

Effects of metal,
support, and
sulfidation on coke
leveland Hand Hto C
ratio in coke

Effect of Na
precursors on
mechanism of
oxidative coupling of
methane (OCM) using
oxygen lattice within
the catalysts as an
oxidant source

To investigate the
coke formation and its
amount which were
occurred via the OCM
reaction
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Interpreted information

Small amount of coke is formed in
absent of acidic support, soft coke
is predicted as H to C ratio is high,
most of the coke is hard and is
formed on alumina, sulfiding
decreases the coke formation and
increases H to C ratio; less amount
of coke is formed on sulfide
PtRe/Al O3 relative to sulfided
bometallic and sulfide Pt/Al,03
[60]

Both catalysts showed similar
mechanistic pathways, however,
C,Hg and CyH4 occurred at the
same temperature via OCM over
NaCl-Mn;03/SiO; whereas C,Hg
occurred first then further
followed by C;H4 in the presence
of N32WO4-M nzoa/SiOZ. The
results suggested that at
temperature higher than 850 °C,
the solid-gas mechanism of the 2
catalysts might follow different
mechanistic pathways [22]

TPSR spectra of CO; and CO
formation via coke combustion
over the 2 catalysts were reported
for comparison purpose. 0.1
umol/h.hr of CO, was detected
when NaCl-Mn;,05/SiO, was used
as a catalyst. No coke formation
was observed for Na,WO,-
Mn,03/Si0; [22]

(Continued)
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Table 4.7: (Continued)

Method Process

Reaction between
H, and surface of
Lao3Sro.7C00.7F€0303.5

TPSR

Reaction between
H, and solid oxygen
lattice within
BaFeOs.5 (BF) based
perovskites

TPSR

TPSR Methane reacting
with surface active
sites of 10%NiO-

Lag3Sro7Coo7Fe03035

Figure 4.12 shows the CHs-TPSR over Laop3Sro7Coo.7Fe0303-5. The
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Variations and
influences

Effect of temperature
on oxygen release and
its amount over
La0.3Sr0.7C00.7F€0.303-5

Effects of Ba
substitutes in BaFeOs.s
based perovskites on
their reducibility

How CH, is reacted
with 10%NiO-
Lao.3Sro.7C00.7F€0.303.5

predicted by product calculation and calculation.

Interpreted information

Overall oxygen storage capacity
(OSC) of the catalyst was
calculated at 4,072 pmol/g.cat
which was released by 3 different
peaks at 3 different temperatures
at below 530 °C, between 530 and
750 °C and above 750 °C [61]

At temperature higher than 800 °C,
BF showed the highest number of
0SC, followed by BLF
(Bag.osLagosFe0s.s), then BFG
(BaFeo.975Gdo.025035), at 560, 236
and 216 umol/g, respectively [62].

The mechanism of methane
partial oxidation was predicted
when oxygen lattice worked as an
oxidant [63]

mechanism can be
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Figure 4.12: CHs-TPSR over Lag3Sro.7C0o.7F€0.303-5 [63].
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CH4-TPSR can be used with TG, TEM, XRD and Mossbauer spectroscopy to achieve more
information of the formed intermediates in the reactions.

Calorimetry

Heats of adsorption and surface reaction can be measured/investigated précising using
a microcalorimetry, which is normally performed with a heat-flow operation. In this
operational manner, the heat generated during the adsorption or reaction will be
measured as the heat flow between the catalyst sample and a heat sink controlled at a
precise temperature. There is a thermopile setting around the sample, acting as a
detector and heat conductor between the sample and the heat sink. This method is not
applicable for kinetics measurement/study as it involves heat flow and occurs slowly.
However, this is one of the best simple direct methods to measure the heat of
adsorption as a function of coverage under the actual reaction operating condition.

Besides, distribution of acidic and basic sites of zeolites and other metal oxides and their
strength can be directly measured using the calorimetry too. Another use of calorimeter
includes to study changes in heat of adsorption e.g. to observe alloying or metals
segregation in bimetallic catalysts. In addition, calorimetry has been also applied in
surface reaction science, including investigation of oxidation and reduction of metal
oxides, oxidation of adsorbed hydrocarbons or hydrogen and decomposition reactions.

4.5.6 SURFACE CHEMISTRY, STRUCTURE AND COMPOSITION

The surface composition of a catalyst may be determined by the equipment that used
for the bulk composition i.e. XRD or Mossbauer too, if only the dispersion of the material
is uniform. However, the dispersion degree in the materials is not always ideal, thus, the
composition of the material at the surface can be very different to that in the bulk. This
is when the surface chemistry and apparatus for such science is heavily involved in
catalysis since heterogeneous reactions initially start from surface in which it
accommodate active sites and interact with reactive substances. Some of the surface
characterization techniques are designed for only the well-defined single crystals as
models of catalytic surfaces. However, there are some other techniques; i.e. XPS, AES,
SIMS, STM or TPD/TPSR; that are designed for investigate surface structure, composition
and morphology of the catalysts. The in situ techniques are normally applied with FTIR,
EXAFS, NMR, UV-VIS and Mossbauer, to study the catalyst’s behavior in real-time under
the operational condition of the reactions. Bear in mind that the NMR and Mossbauer
methods are based in bulk transmission, therefore, are able to be utilized to
well-dispersed surface which accommodates large amount of atoms, relatively.
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Surface science technigues

These techniques are sophisticated and well-developed. They are designed to observe
the surface of large single crystals, metal films or foils in ultra-high vacuum environment.
Some previous works reported successes in its application in catalyst powder too. In
general. This kind of techniques provides an insight understanding towards the surface’s
function how the surface structure relates to the overall performance of the catalysts.
The knowledge gained in this helps researchers to design the more active, more
selective and more stable catalysts for specific reactions. Surface science’s fundamental
in all apparatus/techniques are quite similar in common. It starts with the excitation of
the sample using photon or particle bombardment. This causes the emission of
photons/particles which are detected/analyzed. This technique allows researchers to
define symmetry, geometry, composition, electronic structure and vibrational spectrum
of the surface using the tools like XPS, AES, SIMS, ISS and STM as surface spectroscopies.
In addition, HREELS is able to give information on structure of molecules adsorbed on
planar (single crystals and polycrystalline) solid surfaces. Many of these apparatuses are
to operate under ultra-high vacuum atmosphere. The criteria for choosing appropriate
tools depend on various factors such as: (1) the number of monolayer analyzed;
(2) sensitivity; (3) the capability to analyze the surface quantitatively; (4) the possibility
to analyze the chemical states of the surface; (5) the acceptable level of damaged
surface by the incident radiation; (6) the extent of charging problem; (7) resolution;
(8) cost; (9) strength; (10) specific limitations; (11) nature of the sample; e.g. whether if
it’'s amorphous or poly crystalline or well-defined single crystals; and others.

X-Ray photoelectron spectroscopy (XPS)

In this technique, surface of the sample will be bombarded with X-ray photons where
the emission of photoelectrons will be measured as a function of electron energy. The
emission pattern of each element and its oxidation state is unique and specific, thus, the
chemical analysis can be carried out using these information [18]. The depth or the
thickness of the surface that is applicable for the analysis is around 1 to 20 A, due to the
relatively weak energy of the emitted photoelectrons. However, this thickness is varied,
depending on the element at the surface. The composition of a thin surface layer as a
function of depth can be achieved by sputtering away the layers of surface where the
underlying surface can be analyzed. By this technique, in-depth surface information; i.e.
oxidation state of the active sites, metal-oxide interaction, changes in the element’s
oxidation state by the reaction progress and surface impurities; can be obtained. XPS
can be applied for oxide phase dispersion measurement which are difficult to be
measured by chemisorption or other conventional methods.
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Auger electron spectrosco AES

AES is a highly specific-to-element spectroscopy. An electron beam of 1 to 10 keV will
be directed at a conducting metal (single crystal) or foil surface [1]. The resulting
secondary Auger electrons will be emitted from the surface for measurement and
analysis. Auger electrons are created by relaxation of core electron holes in which they
were previously excited by high energy electrons or X-rays, e.g. XPS. Thus, the relaxation
occurs by filling the core hole with an electron from a higher-energy shell. The energy
released from this transition movement can be considered as either an X-ray photon
(X-ray fluorescent) or by emission of a second Auger electron of the interested element.
AES is very useful for providing information on surface impurities. There are 2
advantages of using AES in relation to XPS: (1) it has higher lateral resolution; (2) its
surface selectivity for various significant elements.

lon scattering spectrosco ISS

This method consists of a beam of ions scattering elastically by atoms in solid,
mechanically. There are 2 kinds of ion scattering which are Rutherford backscattering
spectrometer (RBS) and Low energy ion scattering (LEIS). In the RBS, the mono-energetic
beam of He* ions (2 to 4 MeV) will be directed from an accelerator to a surface of the
sample from which they are elastically scattered in a surface layer of a few microns of
thickness. Afterwards, the backscattered ions will be detected with an energy resolution
around 10 to 20 keV. Therefore, the RBS is feasible for identifying isotopes up to atomic
mass of 40, however, it is not applicable for determine heavy catalytic elements such as
Ir, Pt and Au. In addition, the RBS analysis towards the mixed supports catalyst system;
i.e. Rh/Al,0O3 or ZrO,/SiO5; will produce peaks due to the heavier elements on a near zero
background, since the intensity is lower for the lighter elements. RBS is considered a
bulk analysis, compared with the LEIS, due to the fact that the thick later is analyzed
[18]. On the other hand, LEIS, also referred to as ISS, is commonly used for the surface
analysis. The incident of the lower energy ion beam (0.1 to 10 keV) that manage to reach
the detector has been scattered by the outermost layers. LEIS is regarded as one of the
most powerful tools for quantitative analysis of the exposed surface layer’s composition.
LEIS can be applied in study of adsorbate orientation and bond length in order to
investigate surface impurities. Besides, it can be also utilized in measurement of surface
composition in supported metals, metal oxides and complex multi-metallic catalysts.

Secondary ion mass spectroscopy (SIMS)

SIMS is well-known for its high sensitivity to analyze surface composition, however, it is
one of the most difficult techniques for quantitative analysis [64]. A primary beam of Ar*
ions will be directed at surface of the sample with energy ranging from 0.5 to 5 keV. This
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will sputter the atoms, ions, and molecular fragments from the surface for further
analysis of the ions by a mass spectrometer. During the transient operation, a few tens
of monolayers will be removed and recorded as per minute. This allows depth profiling.
In contrast, during its steady-state operation, the rate of removal is on the order of on
monolayer which recorded by hours, in fact, several hours, due to the low primary
particle flux. This allows chemical mapping of the surface in a non-destructive analysis.
SIMS’s advantages include high sensitivity for light elements and the ability to produce
and analyze fragments of molecules which are the representative of the parent surface
reaction. On the other hand, its downsides include large variations in sensitivity with
matrix composition, a 5-orders of magnitude variation in elemental sensitivity across the
periodic table, and inhomogeneous of sample charging which makes the quantitative
analysis very complicated or even impossible. In general, secondary ion yield in SIMS
decreases when molecular weight of the element increases and ionization potential
increases. The SIMS sensitivity is not useful when the mass range is high.

Secondary neutral mass spectroscopy (SNMS)

This technique is adapted from SIMS and designed to solve the previous problem. SNMS
is designed to improve the sensitivity (to under ppt level) especially those with high mass
range. SNMS can be assisted with laser-post ionization (LP), however, the technology is
still expensive due to its initial stage of development [65].

High resolution electron energy loss spectroscopy (HREELS)

This involves dipole and impact scattering of low energy electrons by atoms or molecules
adsorbed on the surface under high vacuum atmosphere [18,65]. The former exciting
vibrations normal to the surface while the latter vibrations parallel to the surface. The
extent of energy loss due to these vibrational excitations is represented by an energy
spectrum of the scattered electrons. HREELS is able to detect energy losses over the full
vibrational spectrum ranging from 800 to 4,000 cm™, with 0.8 cm™ resolution
approximately. This method is sensitive to sub-monolayer amounts of adsorbates
possessing weak dynamic dipoles and has been utilized widely in study of adsorbed
molecule’s orientation.

Reflection adsorption infrared spectroscopy (RAIRS)

RAIRS when compared to HREELS is limited by a range of 1,000 to 3,000 cm™. This
technique is used to study the molecules with large dynamic dipoles moments such as
CO, NO and other gaseous compounds. However, its energy resolution of 0.5 cm™ is
better than that of the HREELS.
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In situ method for catalyst characterization

1. Infrared spectroscopy (IR)
This was possible the first spectroscopy applied in catalysis science [18, 65] and
yet still continues to be applied widely in catalytic surface studies nowadays. IR
can be utilized to: (1) identify adsorbed species/intermediates, to observe their
structures on the surface of well-dispersed catalysts; (2) provide information in
terms of chemistry of the active sites during either preparation or reaction i.e.
oxidation state, acidity, number of atoms aka site molecularity. The in situ
spectra of supported catalysts can be obtained using a special flow cells under
the operation temperature up to 500 °C and pressure of 1 to 2 atm. Apart from
the IR, EELS and RS are the other kinds of vibrational spectroscopy. The vibrations
in these techniques are excited by absorption and scattering of photons and
scattering of electrons. For IR, the infrared radiation generally in the range of
4,000 to 400 cm™, which further utilized to excite molecular vibrations of
stretching, bending in one plane, bending our of plane, and torsional. Normally,
the vibrations of stretching are the highest frequency and most relevant to
catalysis field of study. Species with polar bonds such as CO, NO and OH give
strong IR bands, whereas the compounds with covalent bond such as those
containing C-C, N=N, H, and N will absorb IT either weakly or none; since
absorption of an IR photon occurs only if a dipole moment changes during the
vibrations. The IR region can be classified to 5 regions [18]:
i. The X-H stretch region (4,000 to 2,500 cm™) such as strong bands for OH,
CH and SH.
ii. The triple bond region (2,500 to 2,000 cm™) for instance, gaseous CO and
linearly adsorbed CO (2,200 to 2,000 cm™2).
iii. The double-bond region (2,000 to 1,500 cm™) e.g. bridge-bonded CO,
carbonyls (approximately 1,700 cm™).
iv. The fingerprint region (1,500 to 500 cm™) i.e. single bonds between C and
N, O, S and halogens.
v. The metal-adsorbate region (450 to 200 cm™?) for example, M-X where
XisC, O and N.

IR can be divided to 3 sub-categories based on experimentation procedures:
(1) transmission IR or FTIR to a thin wafer to a detector; (2) diffuse reflectance IR
spectroscopy (DRIFTS) which involves reflectance of IR radiation from a powder
to an ellipsoidal mirror, which will be collected after focused on the detector;
(3) reflection IR from a flat metal surface.

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



140 |

CATALYST CHARACTERIZATION

2. Mossbauer spectroscopy (MAbS)

MADbS aka gamma-ray resonance spectroscopy [66,67] is known for its high
sensitivity to measure chemical oxidation state, electronic and magnetic
properties of atoms of a specific isotope on the surface or in the bulk of a solid.
During the test, gamma radiation will be created and emitted from a radioactive
source such as >’Co which later undergoes nuclear decay to the excited state of
the related Mossbauer atom such as °’Fe. The gamma radiation can be absorbed
by the nucleus in the same Mossbauer isotope in catalyst’s absorber. The energy
levels of absorbed nucleus in the catalyst will be altered by the chemical and
magnetic environment of that atom such as oxidation state or ferromagnetism
[1]. The energy of the absorbing atom has to capable/match with that of the
emitting atom, in order to allow resonant absorption to occur. This specific
condition can be created by modulation of energy of the source by the ‘Doppler
Effect’ which is — the source will be accelerated via a range of velocities where
one of these will match with the difference in energy between the source and
absorber. Therefore, the spectra of MAbS are a plot between percentage of
gamma rays absorbed and the velocity of the source.

Some of the most outstanding insights that were previously achieved using
MADS are [66,68] include: (1) chemical phases in both surface and bulk are likely
to be responsible for the catalytic performance of iron catalysts which were
utilized in ammonia synthesis, Fischer-Tropsch synthesis, water gas shift (WGS)
reaction, and selective catalytic reduction of NO; (2) surface and bulk chemistries
of supported Pt-Fe, Pd-Fe and Pt-Ir-Fe alloys; (3) properties of surface and lattice
of small metal and metal-oxide clusters in supported Fe and Co catalysts and
their interactions with supports; (4) the chemistry of iron exchanged in various
types of zeolites.

Nuclear magnetic resonance spectroscopy (NMR)

Nuclear particles (such as electrons) will undergo spin. The spinning of charged
particles (such as protons) create a magnetic moment or dipole along the spin’s
axis. The nucleus can either have a net dipole (i.e. *H, '3C, ?’Al and 2°Si or not
have, depending on the number and alignment of its particle dipoles. If a nuclear
dipole is placed in an external magnetic field, it would align with the field.
However, if sufficient electromagnetic energy in the radio frequency (RF) range
is provided, the dipole would change its orientation to a higher energy state
aligning against the magnetic field. During the relaxation period of the applied
RF energy, the excited nuclear spin state decays to the more stable (less excited)
ground state, which re-emits RF radiation at the excitation frequency. Emission
or absorption of the unique excitation energy constitutes the condition for

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



CATALYST CHARACTERIZATION | 141

nuclear magnetic resonance. For the practical procedure, a sample will be put
inside a large homogeneous magnetic field where a broad-band pulsed RF field
of a high frequency at a certain angle is applied. Nuclei in different environments
will be excited and then de-excited, Afterwards the re-emitted RF signals will be
detected by electromagnetic induction and Fourier transformed to give a
graphical relationship between intensity and frequency. NMR can be applied to
observe many catalytic phenomenon, for example: (1) bonding and mobility of
adsorbed hydrogen species on noble metals; (2) structure of coke formation
which could be responsible for catalyst’s deactivation; (3) kinetics of exchange
reactions between physicsorbed and chemisorbed species; (4) reactions of short-
lived transition metal complexes on the catalytic oxides; (5) structures of the
adsorbed species; (6) acidity of the materials and their structures;
(7) identification of framework and no- framework aluminas in zeolites.
4. Electron spin resonance (ESR) or electron paramagnetic resonance (EPR)

This method is usually used for measurement the types and concentrations of
paramagnetic ions and radicals in solid catalysts, due to its high sensitivity for
detection of unpaired electrons [69] which is acceptably assumed for all
elements. These species compose of active sites or intermediates. Principle of
ESR involves placing a solid sample (crystalline or powder) with its weight from
10to 1,000 mg, into as cell inside an external magnetic field that splits the energy
levels of the unpaired electrons. Resonance is a must to create, in the same way
as in NMR. In this case, a microwave source of 9,000 MHz will be applied to the
magnetic field which will be later swept away until the resonance condition for
a change in electron spin is fulfilled, leading to absorption of energy. The
resonance absorption will be measured using a crystal-magnetic T detector
located in one of the 3 arms. Based on the theory of the Wheatstone bridge, a
current variation will occur in crystal detector when the circuit balance is
interrupted by the resonance in T-arm housing the sample. This offers an
absorption plotted against field curve. Modulation of the magnetic field at low
frequency (around 100 kHz) will result in an increase in the intensity of the
absorption curve, gaining the distinctive derivative curve. The experimentation
is normally carried out as in situ test in various atmosphere at relatively
moderate to high temperatures. The resulting spectrum are collected generally
at -193 to 27 °C. The catalytic characteristics that can be obtained via ESR are:
adsorbed paramagnetic species, non-paramagnetic materials doped with
paramagnetic materials, properties of surface using charge-transfer-surface
complexes, properties of bulk by ionization of materials using UV radiation or
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gamma ray and, paramagnetic transition metal ions within or at the surface of
material.

Extended X-ray adsorption fine structure (EXAFS)

This sophisticated technique is used to clarify detailed local structures of solids
and local structures of surface of mono-dispersed catalysts [1,18].
Photoelectrons will be firstly created during X-ray absorption which results in
formation of fine structure as interference fringes in the X-ray absorption
spectrum, when scattered by neighbor atoms. The frequency of EXAFS can refer
to the inter-atomic distance between the absorbing and the neighboring atoms,
while its amplitude can indicate the number, type and order of the neighboring
atoms. When handled as an in situ operation, this technique can be very useful
for giving information on the structure of coordination of atoms on the surface
of a well-dispersed catalysts [18].

Ultraviolet-visible spectrometry (UV-VIS)

This method is used to study electronic structures and chemistries of the surface
species, normally oxides. To start with, the visible and UV radiation, released
from Tungsten and deuterium, reflected from the powdered sample will be
collected by hemispherical mirrors and directed towards the detector. The
absorption spectra are concerted from the reflectance data through a
mathematical function where the absorption edges are estimated by comparing
to the standards. The changes in the absorption edge of surface species can
reveal the changes of surface concentrations, the size of cluster, thus, indicating
charge transfer and oxidation state [70].

4.6 CATALYST SELECTION AND ITS CRITERIA

Despite various nature of each individual catalysts and its specific function, there are
several main criteria in the catalyst selection that can be described in common which
are; activity, selectivity, stability, mechanical strength and cost. Maximizing the
catalyst’s activity is crucial as it has a direct influence on the reactor sizing, thus, resulting
in the reactor and process’s cost. High selectivity is also desirable due to the high cost
of separation. Stability and mechanical strength also play a role in the cost directly.
Please see Figure 3.1 for the evolution of the catalyst selection and design.
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Question 4.1
4.1.1 Summarize and give examples of physical and chemical characteristics of a catalyst,
and how can they be measured correspondingly?
4.1.2 Can you classify;
4.1.2.1 Characterizations that require heavy machinery?
4.1.2.2 Characterizations that applied real-time or in situ? And what could be the
advantages of the in situ characterizations?

4.7 SUMMARY AND PERSPECTIVES

This chapter includes details on catalyst’s characterization. The characterization
techniques can be performed by either transient or steady state experiment, in order to
address physical or chemical characteristics of the catalysts. Physical properties such as
surface area, pore size, particle size, mechanical strength and density can be achieved
using BET method, XRD method and tapped packing density. These techniques can be
standardized using international accepted ASTM standards. Similarly, chemical
properties of the catalysts such as chemical composition, chemical structural and
morphology, surface acidity and basicity, and surface reactivity can be investigated using
XRF, or any other probe reactions, both transient and steady state experimentation.
Catalyst’s characterization helps researchers to select the best catalyst prior the
experimental tests. Catalyst characterization is important for determining the catalyst’s
properties, therefore it can predict the catalyst performance towards an interest
reaction or process.
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ABBRIVIATIONS AND ACRONYM

XRD X-ray diffraction

XRF X-ray fluorescent spectroscopy

BET Brunauer, Emmett and Teller method

SEM scanning electron microscopy

TEM transmission electron microscopy

XPS X-ray photoelectron spectroscopy

FTIR Fourier transform infrared spectroscopy
Icp inductive coupled plasma

NMR nuclear magnetic resonance

TG, TGA thermogravimetric analysis

TPD temperature-programmed desorption

TPR temperature-programmed reduction

TPSR temperature-programmed surface reaction
TKM transient kinetic method

STEM scanning transmission electron microscopy
UVv-Vis ultraviolet-visible spectroscopy

IR infrared spectroscopy

AAS atomic absorption spectroscopy

EDX energy dispersive X-ray spectroscopy

FEM field emission microscopy
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CCSEM
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EPMA
HREELS
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LEED
LEIS
LMMS
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MAbs
MAS
MBS
MES
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RBS
SFG
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SNMS

extended x-ray absorption fine structure
adsorption

atomic force microscopy

Auger electron spectroscopy
controlled-atmospheric electron microscopy
computer-controlled scanning electron microscopy
electron energy loss spectroscopy

electron probe micro-analysis
high-resolution electron energy loss spectroscopy
ion microprobe

ion scattering spectroscopy

low-energy electron diffraction

low-energy ion scattering

laser microprobe mass spectrometry
magnetic susceptibility measurement
mossbauer absorption spectroscopy

magic angle spinning

molecular beam scattering

Mossbauer emission spectroscopy

neutron scattering

proton-induced x-ray emission

Rutherford backscattering

sum frequency generation spectroscopy
secondary ion mass spectrometry

secondary neutral mass spectroscopy
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STM scanning tunneling microscopy

TOF-SIMS  time of flight secondary ion mass spectrometry

UPS ultraviolet photoelectron spectroscopy
WDS wavelength dispersive spectroscopy
ASTM American society for testing materials
FCC fluid catalytic cracking

EDS energy dispersive spectrometer

TPO temperature-programmed oxidation
HT hydrogen uptake in the titration

GC gas chromatography

TCD thermal conductivity detector

TPS temperature-programmed sulfidation
TDS thermal desorption spectroscopy

LP laser-post organization

RAIRS reflection adsorption infrared spectroscopy
ESR electron spin resonance

EPR electron paramagnetic resonance

FT Fischer-Trosch synthesis

WGS water gas shift reaction

RF radio frequency

ocMm oxidative coupling of methane

0sC oxygen storage capacity

LSM/YSZ lanthanum-strontium/yttria-stabilized-zirconia
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CHAPTERS
CATALYTIC APPLICATIONS OF METAL OXIDES

5.1 INTRODUCTION

Metal oxides have been utilized in either non-catalytic or catalytic applications widely
during the development of mankind. Metal oxide’s structures, components, preparation
methods, characterizations have been also well observed all around the world. This
chapter, the applications of metal oxides in energy technologies will be focused, due to
the rapid demand of chemistry/petrochemical processes that have been increasing
dramatically recently from sudden economic development.

Preparation methods of metal oxides and energy technologies

As previously mentioned in Chapter 3, metal oxides can be synthesized using several
methods such as high-temperature solid-state (ceramic) method, hydrothermal
method, templating method, sol-gel method, electro-deposition, chemical vapor
deposition and the most popular method — the precipitation. Properties of the
synthesized catalysts are different depending on the selected preparation method, and
can be even tailor made to desire. Metal oxides are applied massively in energy
technology due to its ability to generate charge carriers when the energy is applied [1].
Metal oxides are excellent as an electrode materials because they have a large variety
of oxidation states, rendering for redox charge transfer. Ceria is one of the metal oxides
that is outstanding for hydrocarbon reforming reactions due to its high resistance to
coke deposition. Many metal oxides: such as spinels (e.g. ZnAl,04 and CuFe;04);
perovskites (e.g. LSCF or SrTiOs); transition metal oxides (TMOyx) where M is, for
example, Mn, Cu, Co, Ti, Zr and Ce) and mixed metal oxides: will be described in this
chapter. Figure 5.1 presented applications of metal oxides in energy technologies.

Energy generation

Metal oxides are one of the solutions to produce green energy to prevent environmental
degrading worldwide. The applications of energy generation includes solar cells, fuel
cells, thermoelectric generators, nuclear reactors, motion energy harvesting and
combustion.
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Figure 5.1: Schematic diagram presenting possible applications of metal oxides in
energy technologies.

Energy storage

This field focuses on development of materials and technologies to store sustainable or
renewable or clean energies. One of the promising materials in this area is nickel metal
hydride battery, which was firstly developed in 1960s. This material has been utilized
widely in battery development. Besides, lithium-ion battery will most likely to become
the high potential energy storage device in the future, especially in electric vehicles
(Evs). Post-lithium-ion batteries i.e. Na, K, Zn, Mg and Al-ion; have been also studied for
this kind of application due to its natural abundant, low cost and environmental
friendliness. Another application apart from batteries is the production of super-
capacitors which was explored since 1970s. The super-capacitors have higher power
density than rechargeable batteries and higher energy densities than conventional
dielectric capacitors and longer life cycles.

Energy conversion

Metal oxides can be used for energy productions such as hydrogen, liquid fuels and
bio-diesel. This technologies are beneficial for low carbon industry and sometimes called
hydrogen economy, which is a part of Thailand 4.0 policy, based on BCG (Bio-circular-
green economy) model. Thermochemical cycles, energy-saving smart windows, super-
conductors in AC power transportation and transformation are considered a part of
energy conversion technologies.

Energy and environment

The most popular metal oxide in this field is perhaps precious metal i.e. Pt and support
such as TiO,. CO; as a by-product of combustion of organic molecules is increasing lately
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up to 410 ppm which is the highest record so far. CO, has been captured and converted
to more valuable chemicals using various metal oxides as catalysts. Metal oxides for
energy and environment technologies include emission control and CO; reduction.

5.2SOLAR-DRIVEN FUEL PRODUCTION BY METAL-OXIDE
THERMOCHEMICAL CYCLES

Thermochemical cycles process is somehow similar to chemical-looping process where
they rely on the redox properties of the metal oxides. While chemical looping focuses
on combustion process, thermochemical cycles process is based on any redox reaction
where the reduction and oxidation step of the oxygen carriers, in this case, metal oxides,
occurred in series. This process allows conversion of CO; and/or H,0 to syngas or H;
production. However, the reaction is strongly exothermic, thus, often the process will
be proposed by associating with solar thermal technology. With the solar thermal
technology, the process can be economy-feasible and environmentally friendly. The
reaction temperature can be as high as 900 to 1,500 °C, during the reduction step, and
slightly lower during the oxidation step, depending on the selected metal oxides.
Thermochemical cycles assisted by nuclear heat source was firstly invented in 1960s [2].
During the reduction step, the oxygen in metal oxides will be released, activating the
metal oxides to be readily active for the oxidation step. During the oxidation step, the
oxygen from reactive gases will be taken onto the metal oxides lattice will be recycled
back to its original form. Many redox pairs i.e. Fe304/FeO, Mn304/MnO, Co304/Co0,
Nb20s/NbO,, In203/In, WO3/W, CdO/Cd and ZnO/Zn had been researched during the last
few decades [3-6]. Some recent materials such as SnO2/Sn0O, Ce0,/Ce,03, GeO,/GeO
and MgO/Mg has been studied [7]. Non-stoichiometric redox materials such as
perovskites (e.g. Lao.3Sro.7Coo.7Fe0.303-5 or BaFeOs.5), Ce02-x and Ce0,4/ZrO,.y are drawing
attentions due to its phase stability [8-12].

5.2.1 REACTION PRINCIPLES OF THE TWO-STEP THERMOCHEMICAL
CYCLES OVER METAL OXIDES

One of the good examples to explain thermochemical cycles is water splitting (WS)
and/or CO; splitting (CDS). The two steps involve an endothermic reduction and an
exothermic oxidation processes, occurred in series. During the reduction step, the metal
oxides will be reduced by thermal or chemical process. The reduced materials will be
re-oxidized, in this case by H,0 and CO,, and recycling back to its original form. The solar
thermal technology is usually applied for at least the reduction step, if not both
reduction and oxidation.
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Reduction step [12]:
5
MxOy(s) = MxOy-5(5) + 3 O2(9) (5-1)

Where M is metal, O is oxygen and 0 is the stoichiometric oxygen atom that is release
per molecule. During this step, the active oxygen vacancies are created in the metal
oxide’s lattice. The gaseous oxygen is therefore released.

Oxidation step:
MXOy—S(S) + SCOZ(g) - MXOy(S) + SCO(g) (52)
MXOy—S(S) + 6H20(g) il MXOy(S) + SHZ(g) (53)

Where equations (5.2) and (5.3) illustrate the metal oxides oxidation by CO; and H,0,
respectively. During these (separate or co-occurring) oxidation steps, CO; and H,0 are
decomposed on the material’s surface, giving syngas or pure hydrogen as product. The
process is also considered a recycle process to re-generate the original form of the metal
oxides. The overall process is shown as Figure 5.2. The suitable operating temperature
depends on many factors such as type of metal oxides, oxygen partial pressure and the
reducing gas. Right temperature of each step will maximize yield of the desire product.
Some researchers chose to run both steps at the same temperature, in order to minimize
time required for switching temperature between low and high [10,12]. The overall
efficiency was reported at only 13-22% with temperature switching [13].
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Figure 5.2: Metal oxide as an oxygen carrier applied in the thermochemical cycles of CO;
and H;0 co-splitting [14].
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Metal oxides for this application can be categorized into 2 main groups which are
non-volatile and volatile materials. Volatile compounds are the materials that change
phase e.g. ZnO/Zn, mainly gas-solid, during the redox reaction due to the loss of oxygen.
Volatile materials generally have higher oxygen exchange capacity (O release/uptake)
than the non-volatile. Therefore, the fuel production of H, production can be more
thermodynamically favorable because of the increased entropy which is generated by
phase-changing. However, the volatile products have disadvantages. One of those is that
the system requires quenching process where the gas phase materials will be condensed
back into its original solid form. In addition, the separation could be quite complicated
and expensive [15], yet the operation mode could be very limited to only fluidization,
for example. On the other hand, the phase of non-volatile materials, e.g. Fe3s04/FeO, are
not changing during the reaction. There are also 2 types of the non-volatile materials,
the stoichiometric and non-stoichiometric materials. The stoichiometric materials will
release/uptake oxygen where there no vacancy of the oxygen is left in the lattice,
meaning that the molecular formula of the material is changed during the redox reaction
e.g. Fes04/FeO. For the non-stoichiometric materials, the molecular formula of materials
remain the same e.g. Ce0,/Ce0,, because the oxygen release/uptake occurs in the
lattice level, leaving oxygen vacancies inside the material’s crystallography. The
stoichiometric materials normally offer higher yield of product per gram catalyst,
however, they tend to not be as mechanically stable as the non-stoichiometric materials.
Although the non-stoichiometric materials provide much lower yield of product in
general. To increase the oxygen vacancies, which lead to the higher yield of product, the
materials are usually doped with other metal oxides e.g. ZrO; or Cr,03 [8-12]. Some of
the materials can be problematic due to its melting point. For example, the optimal
operating temperature of Fe,03/Fe304 and Co304/Co0 is higher than its melting point.
In this case, sometimes (1) a use of reducing agent such as CHa or (2) the adjusted partial
pressure of oxygen would be assisted, in order to lower the operating temperature.
There are 2 commonly methods to lower oxygen partial pressure in the system:
(1) sweep out the gaseous reactants/products by flowing an inert carrier gas through
the system at the high flow rate and; (2) to run the reaction in a vacuum. These methods
will increase the driving force between the oxygen in the solid materials and the oxygen
in the gaseous bulk.

5.2.2 REACTION AND PROCESS DESIGNS

Various physical and chemical phenomena and the reaction parameters; i.e.
thermodynamics, kinetics, phase change, transport phenomena, mechanical and
thermal stability; highly influence selection of materials [16].
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Reaction thermodynamics

When it comes to a design of reaction and reactor, the first issue that should probably
be concerned is the thermodynamics. The thermodynamics phenomena of the reaction
can be investigated based on equations (5.1), (5.2) and (5.3). The possible maximum
efficiency (,,4x) can be defined in terms of reduction temperature (T,..), oxidation
temperature (T,,) and thermolysis temperature (T;;). These temperatures are the
temperature where AG® = 0 (noted that T,,, > 298 K and T, < T},) for the equation (5.1);
the sum of equations (5.2) and (5.3); and the sum of equations (5.1), (5.2) and (5.3);
respectively. The following equation describes nmax in terms of the mentioned
temperatures:
1-298/T T,

ez = (gt |1~ ) (5.4)
The thermodynamics of thermolysis and (line 3) and a hypothetical two-step
thermochemical cycles (line 1 and 2) can be plotted as shown in Figure 5.3.
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Figure 5.3: Simplified plot of the thermodynamics of CO2/H,0 co-splitting via two-step
thermochemical cycles process.

The thermodynamics of the net reaction can also be investigated using Gibbs free energy
minimization method [9], considering each gaseous elementary reactions. For example,
the elementary reactions of integration of nitrous oxide decomposition and syngas
production in a membrane reactor are described as shown in Table 5.1. Table 5.2
illustrates the selected equations to estimate to changes of standard Gibbs free energy.
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Table 5.1: The possible reactions in a membrane reactor [9].

Reaction Reaction

N20 = N; + 20, (1)
N;0 + -0, = 2NO, (2)
ABO;_s + 20, = ABO3 ) (3)
CH, + 50, = 2H, + CO (4)
C,Hg + 0, = 3H, + CO (5)
C3Hg + 20, = 4H; +3CO (6)
C,H, + 0, = 2H, + 2CO (7)
C3Hg +30, = 3H, +3C0O (8)
CH, = Cgg + 2H, (9)
CO +30, = CO, (10)
H, + 30, = H,0 (11)

*non-subscripted compound are in gas phase.
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Table 5.2: Equations for calculation of the changes of the standard Gibbs free energy [9].

Equation Reaction
Cp°=A+BT +CT? + DT® + ET* (12)
! (13)
AH® = A H{ +f ACp°dT
Ty
AB AC 14
AA(T—TO)+7(T2_T02)+?(T3_TO3) (14)
ArH = ATHO + AD \ AE ]
+—(T* =T +—(T° - T§)
4 5
T ACp® (15)
AS° = A‘r'SOo + —dT
. T
0
T AC 16
[AA-ln(T—)+AB(T—TO)+7(T2_TOZ)] (16)
A.S°=A.S" 0
S° =485+ Y o 4
+ 2 (T8 = T§) + - (T* = Tg)
3 4
A, S° = ArHo = ArGo (17)
Ty
’ ° 18
ACp =Zn(€p) (18)
i
0 ; 19
AHg = Zw (ArH3) (19)
i
0 ; 20
ATGO = Z Yi (AfGO)l ( )
i
A.G°=AH° —T-A,S° 21)

The calculation can be done using computational programme i.e. Aspen Plus. The
chemical equilibrium and effect of operating temperature towards such reaction can be
therefore estimated. In this case, the changes in standard Gibbs free energy of each
reactions were plotted during temperature varying from 500 to 1,000 °C, as shown in
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Figure 5.4 [9]. The thermodynamic study helps investigation if one certain reaction can
occur or not. In this case, it showed that the NO, formation is not theoretically possible
to occur at temperature higher than 700 °C, where the combustion of methane will be
noticed during 500 to 600 °C (reaction 4, 10 and 11). Coke formation will be occurred at
temperature higher than 700 °C.
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Figure 5.4: Changes in standard Gibbs free energy of each reactions [9].

Vaporization losses

Often, the metal oxides will be run under high operating temperature, sometimes even
higher than their melting point, bubble point or decomposition temperature.
Vaporization of the material will of course reduce its lifespan, causing an increase in
capital investment, maintenance, and operational cost. Besides, the condensation of the
vaporized material can lead to equipment failure too. An upper limit to the rate of mass
loss (M,) can be calculated using Langmuir sublimation model if the vapor pressure
(P, Torr) and molecular weight (MW) of the evaporating material are known at a certain
temperature. The mass loss can be estimated using the below equation.

M, = 5.85 x 10°P (24) L (5.5)

T Jcm?2S

This model is based on the assumptions of non-equilibrium evaporation-condensation,
meaning that the evaporation occurs in vacuum. Mass loss of the vaporizable materials
can be minimized at the cost of lower yield, resulted from the lower operating
temperatures.
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Microstructural stability

Dense form of morphologies is generally desired when it comes to implementation for
thermochemical cycles, perhaps for both structural and chemical reasons. For example,
if the reaction kinetics are limited by surface or interfacial area, the meso- or
microporous materials could be one of the solutions to obtain sufficient rates. On the
other hand, if the kinetics rate is limited by bulk diffusion, the process may require a
microstructure in which its grain size is small enough, thus, the diffusion rate becomes
relatively fast. The working materials or the active species are often supported on the
mechanically stronger materials, in increase the overall material’s strength. Sintering
from high operating temperature and interfacial degradation of the materials are
normally taken to consideration [17].

Reaction kinetics

Reaction kinetics is often studied to identify the extent of reaction and efficiency.
Kinetics can predict how fast the reaction occurs, leading to the time requirement for
temperature switching between the reduction and oxidation step. Yet, it can optimize
the concentration of the reactants, operating temperature, ratio of feed and other
important parameters [12]. Reaction kinetics can be used for reactor design too. For
example, a microchannel reactor has been applied for the thermochemical cycles of
CO2/H;0 co-splitting for intensifying the previous process which used a bulky packed-bed
reactor [11]. The Arrhenius plot can be achieved via experimentations. Figure 5.5
presented Arrhenius plots of H; and CO production at different operating temperatures.
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Figure 5.5: Arrhenius plots for H; (a); and CO (b); production in the presence of LSCF
(Lao.3Sro.7Coo.7Fe0.303), at operating temperature of 500, 600, 650 and 700 °C [11].
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The kinetics study allows researchers to compare which type of reactor is more desirable
by considering the activation energy (E,) and pre-exponential factor (k,). From this
example, the E, and k, of H, production was reported at 87.33 kJ/mol and 595.24 s,
respectively, whereas those of CO production was calculated at 102.85 kJ/mol and
698.79 s1, respectively [11]. Transport phenomena is very important when it comes to
kinetics study. To be able to achieve the intrinsic kinetic rate, the system needs to be
free of transport limitation.

5.2.3 METAL OXIDES FOR TWO-STEP THERMOCHEMICAL METAL-OXIDE
CYCLES

5.2.3.1 SYNTHESIS AND CHARACTERIZATION OF METAL-OXIDE MATERIALS

Physical and chemical characteristics of the materials play a big part in catalytic
performance towards the thermochemical cycles. The challenge is not only about to
prepare the materials with high surface area, high porosity or high redox capability, but
also about being tolerance such ultra-high operating temperature and severe condition
change i.e. switching temperatures between reduction and oxidation step.

5.2.3.2 MATERIALS

Zn0

ZnO is one of the first materials to be utilized in chemical looping since 1970s, then
further applied in thermochemical cycles. ZnO is volatile under the reaction condition,
thus, the process needs quenching process which is more complicated in terms of
separation and also more expensive. ZnO however is advantaged in high oxygen
exchange capacity (compared to the non-volatile materials), non-precious and high
energy content per mass [6,18]. The reduction and oxidation step of H,O/CO: splitting
in the presence of ZnO/Zn are presented as shown below.

Thermal reduction of ZnO:
1 o
ZnOg(s) — Zneg + EOZ(g); where T > 1727 °C; AH = 456 ki/mol (5.6)
Oxidation of Zn by H,0 and CO,, respectively:
Zn(g) + HZO(g) - ZHOS(S) + HZ(g); where T <1027 °C; AH =-104 kJ/moI (57)

Zn(g) + COz(g) i ZnOS(S) + CO(g), where T <1027 °C; AH =-67 kJ/mol (58)
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During the reduction process, one of the most challenging part is to quench the product
mixture to avoid recombination. The quenching efficiency depends on the dilution ratio
between Zn) in an inert gas and to the temperature of the surface where the quenching
takes place. Therefore, the inlet of the oxidation step chamber is likely to be always
containing a substantial amount of ZnO, varying from 6 to 85%mol. During the lab-scaled
oxidation step, a flow of steam will be introduced and bubbling through the molten Zn
at temperature around 450 to 500 °C [19]. Usually ZnO will be added into the Zn system,
to avoid sintering and allow complete recovery of ZnO particles for recycling to the
reduction step.

Ferrites

The redox pair of Fe3sO4/FeO can be reacted with H,0 in a process of water splitting. The
reactions are shown below:

Fe30, — 3Fe0 +20, (5.9)
H,0 + 3Fe0 - Fe;0, + H, (5.10)

Thermal reduction of magnetite (Fes0s4) to wustite (FeO) generally occurs at
temperature higher than 2227 °C, which is higher than the melting point of magnetite
at 1535 °C and wustite at 1370 °C. This results in a liquid Fe3O4 and FeO phase, causing
a rapid decrease of the iron oxide surface area and a deactivation of the material. To
achieve lower operating temperature, one of the inexpensive solution is to add metal
substitute into the ferrite redox pair system. The metals can be either transition metals
or alkaline earth metals i.e. Mn, Co, Ni, Zn. In addition, another problem of the ferrite
system is sintering and melting. The particle size of the materials will be then increased
as aresult, after a few cycles of operation. This leads to a lower product yield eventually.
To improve such problem, the ferrites can be stabilized by mixing with an inert material
such as YSZ (Yttria-stabilized-zirconia). After being stabilized, the reduce phase Fe?* will
be dissolved in YSZ lattice, avoiding the melting.

Hercynites

Another spinel structural material, that is beneficial for thermochemical cycles process,
apart from ferrite is the hercynites which are the doped aluminum spinels of
(AB;_,)*2AlF30,with cations A and B being Fe and/or Cu. This will allow combination
of great redox capability from iron oxides and high thermal stability from aluminum
oxides. The hercynites can be synthesized from a reaction between CoFe;04 and Al;03
(where the ferrite was deposited on the Al,O3 support), at high temperature during the
experiments [20].
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Ceria

Ceria can be considered either stoichiometric reducible material or non-stoichiometric
reducible material. In 2006, a stoichiometric CeO,/Ce;03 redox pair was first
demonstrated in a solar reactor under 100 to 200 mbar at 2000 °C, where the CeO; is
already in a molten state [21]. Similarly, the non-stoichiometric Ce0,/CeO,« was later
proposed as it does not require such ultra-high reduction temperature, although the
oxygen exchange capacity is relatively less [22]. Ceria generally has fluorite structure for
a wide range of oxygen stoichiometry, ranging from x = 0 to 0.24 at temperature of 1500 °C.
The oxygen vacancies can be formed and the oxygen atom transportation can be
promoted throughout the material. Ceria has relatively high melting point, compared to
other materials, thus the sintering is not a concern for ceria. Addition of other metal
oxide into the ceria system is therefore not for avoiding sintering, but mostly to enhance
the oxygen vacancies. The thermodynamics and kinetics properties of ceria can be
adjusted by adding its fluorite structure with other alkaline earth metal or transition
metal and lanthanide oxides such as; Ca, Sr, Li for 2+ dopants; Sm, Gd, Y, Cr, Pt, La, Sc
for 3+ dopants; and Zr and Hf for 4+ dopants [23]. The addition of 2+ and 3+ dopants will
establish stable intrinsic oxygen vacancies, leading to an increase in electronic mobility
within the ceria lattice [24-26]. The addition of intrinsic vacancies results in higher
oxygen diffusion coefficients compared to pure ceria, due to the fact that diffusion of
oxygen in ceria occurs via ambipolar diffusion of both electrons and ions [27]. Besides,
the introduction of La3* was reported to improve the thermal stability upon repetitive
cycling [28]. However, the addition of +2 and +3 dopants have not been proven to
improve the reduction extents, thus no thermodynamics benefit, compared to the
un-doped ceria under the same condition [29,30]. On the other hand, +4 dopants such
as Zr4+ and Hf4+ was reported to enhance the reduction extents. With the addition of
+4 dopants, the reducibility of Ce4+ was shown to increase, due to a decrease in the
partial oxygen molar enthalpy. However, the oxidation of Zr-doped catalyst system was
observed to be more difficult, compare to the un-doped. Thus, this evidence could be
either the cause of thermodynamic phenomenon or kinetic limitation [31]. Study of
entropy change (AS,..) study revealed that the doping shifts entropy to a more negative
value at a certain composition for some dopants, i.e. lanthanide and alkaline earth,
because the number of reducible oxygen atoms decreases as the result of vacancy
creation. However, the addition of Zr into ceria-based catalyst was found to increase the
overall reducibility from 585 to 1,700 umol/gct [10]. Two types of reactors, which are
microchannel reactor and packed-bed reactor, were also compared in this work. The
microchannel reactor was found to have the better performance compared to the
packed-bed reactor. However, Ceo.75Zr0.2502 showed the better catalytic performance
than CeO;in both type of reactors [10]. Figure 5.6 illustrate reducibility of both catalysts
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using TPR (temperature-programmed reduction) technique, whereas and H;
productivity of the catalysts in packed-bed and microchannel reactors are shown as
Figures 5.7 and 5.8.
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Figure 5.6: Reducibility of pure CeO; and Ce0,/Zr0; (3:1) via TPR [10].

The first peaks (o) of the 2 catalysts were due to the surface reduction, seen at around
300 °C, whereas the second peaks (), noticed at 650 °C, were reported to be the result
of bulk reduction.

The degree of reduction was calculated and tabulated as shown in Table 5.3.

Table 5.3: Reducibility of CeO; and Ce0,/ZrO; (3:1) reported in OSC and %reduction [10].

Catalysts Peak o Peak 3 Total Total %
Tred 0sC %reduction Tieq 0sC %reduction OSC reduction
() (umol/g) (§) (°C)  (umol/g) (5) (umol/g) (3)
CeOy5 545 585 9.34% 900 915 14.64% 1500 23.98%
(6=0.046) (6=0.074) (6=0.12)
Ce0,/2r0O, 680 1700 547.40% 950 1390 44346% 3090 98.86%
(3:1) (6=0.272) (6=0.222) (6=0.49)
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Figure 5.7: H; productivity over CeO; and Ceg.75Zro.250: in a packed-bed reactor, at the
same reduction/oxidation temperature a) 700/700 °C and b) 900/900 °C [10].
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at 700/700 °C [10].
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In conclusion, the addition of Zr in the ceria-based material was reported to increase the
catalytic performance of the thermochemical cycles of water splitting, due to its
increased oxygen storage capacity (OSC). Effective radius of the cations are an important
factor to define the oxygen mobility in the lattice. In this case, the substitution of Zr**
(smaller ionic radius of 0.84 A) into Ce** (larger ionic radius of 0.97 A) created a smaller
unit cell volume and larger channel radius in the lattice, while the material’s structure
was remained fluorite as desired [10]. Since the smaller cell volume requires less energy
for oxygen ions to mobile, therefore the active oxygen could migrated from one vacancy
to another throughout the lattice via the radius channel.

Perovskites

Perovskites are a type of mixed metal oxides that have general molecular formula as
ABOs.5, where A and B can be substituted by other dopants, i.e. A" and B". The number
of potential material configurations is therefore larger than the ceria-based materials.
From thermodynamic analysis, LSM perovskites (La1+xSrxMnQOs.5) was found to have
higher oxygen exchange capacity compared to pure ceria [13]. Its reducibility of the
material was shown to be around 2 times higher than ceria, however, the oxidation step
was thermodynamically less favorable, leading to an incomplete oxidation but still more
than ceria can offer [32]. LSCF (Lao.3Sro0.7Coo.7Fe0.303) was utilized in syngas production
process via thermochemical cycles of H,O/CO, co-splitting [12]. LSCF was reported to
possess a pure cubic structure where 110 and 100 plane diffractions were active for CO,
splitting, while 111 was more favored by H,O splitting. OSC of LSCF was estimated at
4,072 pmol/gcat using TPR as shown in Figure 5.9.

300 . - ; - 1000
280 [ 1" stage i 2" stage 3" stage 1
[ i . ! ]

260 [ i 680°C] : 900
= 240 [ i ' ]
[=] - ] I 4 —
‘£ 220 i | 800 ©
;é 200 |- i ] P

L | 1 =

ERRT ! 70 2
2 160 ! 2
— o | 4 600 E
g 140 i &
= i i ] =
= 120 i 1500 2
E 100 i 2
wl - i 4 5
g S0r ! 1400 3
:m 60 i

40 ! 'CH 300

20 |
0 1 f
0 20 40 60 80 100 120 140 160

200
Time [min]

Figure 5.9: Rate of H, consumption and oxygen released, in the presence of LSCF [12].
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Surface reaction:

20H,(5) + 2LSC" Frscr(s) © 203 + 2LSCFscre) + Hag)
20H,(s) + 2LSCF{§cpes) < 205 + 2LSCF{$cr(s) + Hage)
ZOHO(S) + ZLSC”FLSCF(S) A d ZOS(S) + ZLSC,”FLSCF(S) + HZ(g)

20H, sy + 2LSCF'scp(s) < 205 + 2LSCF{gcp(s) + Hage

| 167

(5.12)
(5.13)
(5.14)

(5.15)

Where LSCFyscr denotes the regular LSCF, LSC"'Fscp(s) is a polaron cation if Co®,

LSCF{$cr(s) is a polaron cation of Fe*", LSC"Fgcp(s) is a localized electron of Co**, and

LSCF{scr(s) is @ localized electron of Fe?*. During the H,0 splitting. A hydroxyl ion group

is able to incorporate with the excited localized (Co*?, Fe*?) electrons of LSCF to form
gaseous hydrogen and revert to extra proton for B-site cation to be a regular (Co*3, Fe*3)
cation and return the available active site on the surface. The H,0 splitting pathways

were showed on Figure 5.10.
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Figure 5.10: Schematics of H,O splitting possible pathways [12].

Carbon dioxide splitting mechanism was also predicted as shown below:
Adsorption of CO; species:
COzg) + Viscs) + Og(s) © (CO)s(s)

Thus, the surface reactions were proposed:

(CO3)6(S) + ZLSC”FLSCF(S) © 20();(8) + ZLSC”,FLSCF(S) + CO(g)

(CO3)s (s) + 2LSCFscr(s) © 200(s) + 2LSCF gcp(s) + CO(g)

(5.16)

(5.17)

(5.18)
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Where (CO3); (s) is an adsorbed carbonyl ion group, which would be reacted further
during the surface reaction step, shown in Figure 5.11. In addition, 110 and 100 plane
diffractions were found to be active for CO; splitting, while 111 plane diffraction was
more favoured by H,O splitting. Besides, the carbonyl ion was believed to be competing
with hydroxyl ion during the surface adsorption process on localized Co?*, Fe?* of the
LSCF.

Carbon dioxide adsorption:
COz(g) + 2LSC""Frscresy + Vo(s) + O;‘(S) o ZLSCFfSCF(S) + (CO3)4¢s) (5.19)
COx2g) + 2LSCFiscr(s) + Vics) T Oo(s) © 2LSCFiscr(sy + (CO3)5¢5)  (5:20)

Equations (5.19) and (5.20) expressed the mechanism pathway of surface CO,, also
illustrated in Figure 5.11. CO; molecules diffused from the bulk steam to the available
active site on the surface of LSCF and incorporate with the lowest stage of polaron cation
(Co3*, Fe3*) with 0% ion. The carbonyl ion (COs*) was generated and adsorbed on the
surface, blocking the surface to react with H,O and CO,. The proposed mechanism was
well agreed with other works, reporting that high amount of alkaline earth metals (such
as Ba or Sr), as an A site substitution in perovskite (ABOs), tended to incorporate with
carbonyl ions, creating a layer of such compound and covering the surface of the
perovskite. In conclusion, the CO; adsorption could poison the catalyst and lower the
productivity of syngas.
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Figure 5.11: Schematics of CO; splitting possible pathways [12].

The LSCF was also applied in the same reaction, although the study focused on process
intensification using a microchannel reactor [11]. The OSC of LSCF was determined at
4,465 pmol/geat which is slightly higher than one used previously in the packed-bed
study, at 4,072 umol/gcat [12]. This could be due to the influence of mass and/or heat
transfer limitation occurring in the testing system. Temperature-programmed surface
reaction (TPSR) was performed for both H,O splitting and CO; splitting to investigate the
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catalytic behavior of LSCF. The surface hydroxyl group was suggested to be the cause of
H,0 splitting. This work also studied the reaction at the same reduction and oxidation
temperature. It was found that the optimal temperature was 700 °C, giving
2,266 pmol/geat of Hz, 705 umol/ge: of CO and 67% of solid conversion [11]. The
activation energy (E,) and pre-exponential factor (k) of H,O splitting were reported at
87.33 kl/mol and 595.24 s%, respectively. Those of the CO, splitting were estimated at
102.85 kJ/mol and 698.79 s, respectively [11]. Figures 5.12 and 5.13 demonstrate
H,-TPR of LSCF, under temperature ranging from room temperature to 950 °C; and
comparison between experimental and model data of H, and CO production over LSCF.
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Figure 5.12: Temperature programed reduction of LSCF [11].
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Figure 5.13: Experimental and solid conversion model [11] of LSCF for H; (a) and CO (b)

production at 500, 600, 650 and 700 °C.
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Effect of La and Gd substitution in BaFeOs.s (BF) perovskites structure on its performance
towards thermochemical cycles of water splitting was also studied [8]. The reduction
and oxidation temperature in this work was paired at the same temperature of 500/500,
700/700 and 900/900 °C. Amongst all the interested catalysts, Bao.gsLao.osFeOs-s (BLF)
showed the best catalytic performance, giving the highest H; yield at 1,310 pmol/gcat
at 900 °C. The E, and k of BLF was determined at 47.4 kJ/mol and 0.18 s}, respectively.
TPR study, as presented in Figure 5.14, revealed that the addition of La3* has a greater
advantage for the BF-based perovskites than the addition of Gd3*, with respect to
oxygen mobility [8].
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Figure 5.14: Temperature programmed reduction of BF, BLF and BFG (BaFeo.975Gd0.02503-5),
studied in the range of temperature from ambient to 950 °C [8].

5.24NEW CONCEPTS TO FURTHER IMPROVE THE TWO-STEP
THERMOCHEMICAL METAL-OXIDE CYCLES

Isothermal thermochemical cycles

One of the thermochemical cycles process’s challenge is the complication caused by the
need of temperature swing, between the reduction and oxidation step [8,11,12]. This
includes: (1) thermodynamic inefficiency, resulted by the irreversible heat losses
incurred upon cooling of the active material to the oxidation temperature and the heat
required for activation of the materials during the reduction step; (2) thermal stress,
caused by the continuous rapid changes of operating temperatures. For these reasons,
an isothermal pressure swing cycling was proposed [33,34], in order to prevent (1) the
unnecessary loss of efficiency, (2) maximize the product yield per cycle and (3) obtain
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longer lifespan of the solid materials. Nevertheless, the concept’s implementation in a
real-scale solar-fuel production reactor experienced another challenge which is the
competition between reduction step and oxidation step, to occur at a given temperature
and pressure. This means that local oxygen evolution will co-exist with hydrogen
evolution, at least at some regions of the reactor — and that is enough to paint the worst
case scenario — which is the explosive mixture, and the less worrying problem is the
recombination of the desired products. A combination of well-targeted pressure and
temperature swing, rather than each individually, was proposed to avoid such problems.
This operational concept could allow the most efficient mode of operation for the
two-step thermochemical cycles process. To achieve this, the difference of the optimal
temperature of each step should be determined [35].

Chemical-looping thermochemical metal-oxide cycles

To help lowering the temperature difference between the reduction and oxidation step,
a gaseous reducing agent, i.e. coke or methane, can be fed during the reduction step.
Thus, this operation is not solely thermal reduction. This can be considered as
‘carbothermal reduction” which allows the reduction occurs at lower temperature as
oxygen will be easier to be released by the existence of carbon source [6,8-12,36]. In
case of introducing methane, metal oxide cycle with the partial oxidation of methane
coupled with reduction of metal oxide can be illustrated as:

MOy + yCH, = MO,_y + y(CO + 2H,) (5.21)

This application also increases the amount of oxygen uptake/release at the same
operating temperature, compared to the solely thermal reduction. With this method,
the isothermal or near-isothermal operation could be achieved while the products yield
is maintained [37]. In addition, the by-products, in this case are H; and CO, during the
reduction step can be useful.

Spontaneous membrane assisted thermochemical cycles

The two steps of reduction and oxidation process can be designed to take place at two
separated sides of a membrane. This enables the two steps to occur at the same time
from both sides. The challenges of the membrane assisted thermochemical cycles
include: (1) fabrication of the membrane, as the nature of metal oxides is a hard material
although fragile; (2) the membrane needs to be sintered as dense membrane, as the
other gases permeation is unwanted. The only element that can transfer through will be
only oxygen, through solid state diffusion within the material’s lattice; (3) the catalyst
coating process, in some case, the 2 reactions need different catalysts. This leads to
the concept of coating 2 different catalysts on 2 sides of the membrane; (4) the
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stoichiometric redox materials should not be used as a membrane because the oxygen
release/uptake can alter the crystallography of the material, causing them severe
structural collapses. For example, 10%NiO-Lag.3Sro.7Co0.7F€0.303-5 (10%NiO-LSCF) was
applied as an oxygen carrier/redox material for an integration of 2 reactions which are
methane partial oxidation and nitrous oxide decomposition [9]. The former reaction is
the reduction process, whereas the latter acts as the oxidation process. The mechanism
of the reactions was determined using temperature-programmed reaction (TPR) and
temperature-programmed surface reaction (TPSR) of CHs techniques, as shown in
Figures 5.15 and 5.16, and Gibbs free energy minimization method (Aspen Plus assisted),
as described previously in Tables 5.1 and 5.2. The reactions were suggested to occur
following Eley-Rideal surface reaction. The optimal temperature was at 800 °C under
atmospheric pressure; where (1) NO, formation was not detected, (2) no production of
C?* and C3* were observed, (3) complete conversion of N,0, CH4 and O, were obtained,
(4) high purity syngas was achieved with non-detectable amount of any by-products and
(5) readily utilizable syngas at the desired ratio of 2 was gained [9].
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Figure 5.15: H,-TPR of (a) NiO, (b) LSCF and (c) 10%NiO-LSCF [9].
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In this process, the photochemical method was applied to the thermochemical cycles
process to avoid the temperature limitation. The cycling reactions can be described as

below:

Photochemical process (> 27 °C)

1
MO - Mol_g + EOZ(g)

Thermochemical process (> 300 °C)

(5.22)

Figure 5.17 illustrated the schematic diagram of the two-step photochemical reduction
and thermochemical oxidation for syngas production in the presence of metal oxide

(MO).
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Figure 5.17: Photo-thermochemical cycles of syngas production [38].

During the reduction step, photo-induced V, will be created on the surface of
photochemical materials such as TiO, under UV. Afterwards they will be re-oxidized by
H.0 and CO; at temperature lower than 600 °C during the oxidation step. This helps
reducing the massive external heat requirement, thus, it allows the process to be
performed even without the integration of solar thermal technology [38].

5.3 METAL OXIDES FOR EMISSION CONTROL

Amongst all the pollutants and emissions, the engine emissions are the majority of
outdoor air pollutions. This includes sulfur dioxide (SO2), volatile organic compounds
(VOCs), nitrogen oxides (NOx), and particulate matter (PM), consisting of solid carbon
(soot) and unburned carbonaceous compounds i.e. hydrocarbon (HC) [39]. One absolute
way to reduce SOz, which is solely released from sulfur-mixed fuels, is to limit to
eliminate the sulfur use in fuels [40]. The emissions of HC and CO can be simultaneously
abated using three-way catalysts (TWCs) and diesel oxidation catalysts (DOCs) [41,42].
However, the most problematic pollutants are PM and NOyx because they are not yet
well-controlled by public. Generally, PM and NOy can be controlled by separated after
treatment systems [43]. PM from the combustion chamber can be trapped by a
combination of diesel particulate filters (DPFs) and DOCs. The trapped pollutants will be
further oxidized by noble metals i.e. Pt catalyst to regenerate the DPFs. The most
promising NOx removal technologies are the (1) selective catalytic reduction (SCR) where
either ammonia or urea will be used as a reducing reactant and (2) lean NOx trapping
(LNT) The conventional after-treatment processes to reduce both NOyx and PM at the
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same time include continuous regeneration traps (CRTs), DPFs systems and, diesel
particulate NOx reduction (DPNR) systems [42,43]. The main challenge of the technology
development in this area is to develop low cost and high efficiency metal oxides (rather
than precious metals that are generally have better catalytic performance but at higher
cost). Recently, many oxides have been proven to exhibit high catalytic performance
towards the emission control reactions i.e. spinels (such as ZnAl;04 and CuFe;04),
perovskites (e.g. SrTiO3 or MgTiOs), transition metal oxides (such as Mn, Cu, Co, Ti, Zr,
and Ce oxides), and mixed metal oxides (MMOs) (for instance MnOx-CeO,, CoOx-CeO,
CuO-Ce0; and CepsPros0z) [44]. The later sections will focus on diesel emission control
using metal oxide catalysts.

Question 5.1

5.1.1 What are the main challenge of thermochemical reactions? (especially when the green
technology is aimed)

5.1.2 Thermochemical-cycle reactions are quite similar to chemical looping system. Can you
define the differences and the similarities between the two?

5.3.1EMISSION CONTROL TECHNOLOGIES USING METAL OXIDE
CATALYSTS

5.3.1.1 TWC TECHNOLOGY

The removal of pollutants i.e. HC, CO and NO can be together removed using a single
bed of TWCs. In the reactor, HC and CO will be converted to CO; and water by oxidation
whereas NO will be converted to N, by reduction, as shown below:

Oxidation:
CyHy + (1+3)0; > yCO, = 2H,0 (5.24)
€O +20, - CO, (5.25)
CO + H,0 — CO, + H, (5.26)
Reduction:
NO (or NO,) + CO — =N, + €O, (5.27)
NO (or NO,) + H, = 2N, + H,0(2 + ) (5.28)
NO (or NO,) + CyHy, = (1 +3) N; +yCO, + 2 H;0 (5.29)

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



176 | CATALYTIC APPLICATIONS OF METAL OXIDES

In terms of the catalysts, TWCs generally contain 2 components which are substrate,
support and active species. Typically the substrates are fabricated as monolith,
produced by cordierite and metal foil. Support materials are based on high temperature
metal oxides such as alumina and ceria-based materials. The active species will be
coated at the outer layer of all the components and are traditionally noble metals such
as Pt, Pd and Rh. Recently, the active phases are also made of the more economic
materials i.e. perovskites and oxides of transition metal (e.g. Cu, Ni, Mn, Co).

Metal oxides as support materials for TWCs

1. Alumina
Alumina has overall 7 crystal structures which are a-, y-, 6-,x-, -, 6-, and -Al,0s.
In catalysis, the most common form of alumina is y-Al,03 because it is versatile
and has a rich catalytic properties. The y-Al,03 has been widely utilized in
automobile exhaust control application because of its high specific surface area,
high porosity and high structural/mechanical/thermal stability. The y-Al,Os is an
octahedral cubic crystallite, meaning that it has both octahedral and tetragonal
Al Its structure is pseudo-spinel, differing only in oxide anion packing density. In
addition, its surface possesses both Brgnsted and Lewis acid sites which are
desired in catalysis field [45,46]. The y-Al,O3 offers surface area of around 300
m2/g or more, in general, where its pore size varying from 30 to 120 A with pore
volume of 0.5 to 1.0 cm3/g in terms of structure, the y-Al,O3 has single layers of
close-packed spheres in which the layers have 0% ion at position. The spheres of
the second layers are located at 50% of the hollows of the first layer. The third
layer can be distributed in the remaining hollows of the first layer. The small AI3*
cation is sit in the space between these layers of oxide anion packing.
2. Ceerl.sz

Ceria is an oxygen carrier material, having high OSC. This enables the possibility
of effective and efficient operation of the reaction that has fluctuating oxygen
concentration. CeO; can be either stoichiometric or non-stoichiometric material.
When prepared and operated as non-stoichiometric material, Ce** in the CeO,
will be readily converted to Ce3. CeO; was reported to enhance dynamic
performance in purification of CO, NOx and HC under conditions of rich to lean
air to fuel (A/F) ratios in automotive exhausts. The addition of Zr was reported
to increase both OSC, oxygen mobility and thermal stability of the CeO,-based
catalysts [47]. High specific surface area Al,03 was found to improve thermal
stability of the Ce0,/ZrO,-based catalyst systems to be even higher. Besides, the
addition of La3* can restrict the phase transformation of y-ALOs; to a-AlOs;
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at high temperature, leading to a higher catalytic properties; i.e. thermal
stability, oxygen mobility or ionic conductivity; of the Ce0,/ZrO,-based catalysts.

Metal oxides as TWCs

Because of the high price of noble metals and its sensitivity to be poisoned by
chloride/chlorine products, mixed metal oxides are recently developed to be applied as
TWCs individually.

1. Perovskites
Perovskites (ABOs or A;BO4) are one of the interesting materials for TWCs as they
have high thermal stability and are inexpensive. They have been widely applied
in oxidations of HC and VOCs. Co- and Mn-based catalysts were previously
proposed as absolute alternatives to noble metal supported catalysts as they
have comparable activities towards the oxidations of HC and VOCs. High
temperature calcined perovskites can have relatively low specific surface area,
which is somehow remained a challenge [48].

2. Transition metal oxides
Transition metal oxides are good candidates as noble metals substitutes in
complete oxidation reaction. Despite being less active at lower temperature,
compared to the noble metals, they are very much comparable at higher
operating temperatures. Oxides of Cu, Co, Mn and Ni are some of the most active
materials for VOCs combustion process. Mn and Co are drawing attentions from
researchers lately due to their low cost, environmentally friendliness and high
activity. In addition, Mn-based oxides are becoming more attractive in catalysis
due to their various oxidation states and their high OSC [49].

5.3.1.2 THE DOCs

Catalysts for diesel combustion should be able to oxidize CO, unburnt HCs and NOy. The
DOCs are typically made of ceramics and fabricated as honeycomb monoliths. Figure 5.18
presents monolith made of LSCF.

Ceramic monolith has outstanding mechanical strength because it has low porosity,
however, its major downside includes a difficulty to disperse the active-catalyst on. For
this reason, often the active species will be coated on the ceramic support using wash-
coat method where the active catalysts will be disperse in the wash-coat solution. A high
surface area wash-coat solution can provide highly dispersed precious metal sites which
(1) increase the accessibility of the active species for the reactants and (2) lower the
amount of the precious metals needed, resulted in lower operational cost. The choice
of support highly effects catalytic performance of the overall catalyst system, including
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thermal stability, surface area, pore volume and surface reactivity. Al,03, ZrO; and La;03
were applied as wash-coat solution materials [10,11]. Precious metals such as Pt and Pd
had been largely applied as DOCs in the past decades [51].

Figure 5.18: Morphological images via SEM of sintered LSCF micromonolith: (a) whole
view, (b) active region, (c) cross sectional area of wall, and (d) outer surface of the
ceramic monolith [50].

Metal oxides as wash coat material for DOCs

Alumina is a common wash-coat material, offering higher specific surface area and
thermal stability. Zirconia is another option, providing high crystallinity although lower
surface area compared to the alumina [52]. An acidic (or electrophilic) wash-coat
support such as Al,03 and SiO; results in a lower electron density on Pt particles, when
compared with less acidic materials i.e. ZrO, or La;0s3 [53]. The acid strength was
reported to increase along with the changes in oxidation state of Pt. The acidic supports
were found to provide greater resistance to Pt oxidation which is undesired. This
resistance towards Pt oxidation is also increased because the catalyst has
electronegative additives incorporated into the formulation. Moderate strength of
acidity of supports was found to enhance catalytic performance of Pd towards methane
combustion, even if PdO was formed. This is because PdO is considered active for such
reaction.
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5.3.1.3 DIESEL NOx REMOVAL CATALYST TECHNOLOGY

Nitrogen oxides (NOy), include NO, NO; or N0, are the cause of acid rain, photochemical
smog, ozone depletion and the greenhouse effect. One of the most efficient methods to
abate NOy is SCR with ammonia; i.e. 4NO + 4NH; + O, — 4N, + 60,; for NO removal
[54,55]. Metal oxides such as V,0s (+WOs3 or Mo0Qs)/TiO, catalysts were recently
explored as the SCR catalysts, to replace the expensive, poison sensitive, and high
operating temperature required Pt. Such metal oxides offer lower cost and more
tolerance to poisons, especially to SO, [54]. However, the operating temperature can
still be as high as 250 °C [55]. Such temperature is considered slightly too high because
the downstream temperature is generally below 200 uch temperature is considered
slightly too high because the downstream temperature is generally below 200 °C, thus
the development of low-temperature SCR is crucial, to avoid unnecessarily reheating the
flue gas by more than 50 °C. Recently, researchers developed transition metal oxides;
such as NiSO4/Al,03, MNnOy/Al203, V,0s/activated carbon, and MnO,/TiO,, to lower the
operating temperature of the current SCRs [55].

Reaction mechanism of metal oxide-based catalysis for ammonia-SCR of NOy

There are extensive amount of previous works that investigated gas-solid mechanistic
reactions between the metal oxides and NOx. These works include the predicted
mechanism of (1) reaction between ammonium ion and adsorbed NO,, (2) reaction
between an amide and gaseous NO, and (3) reaction between coordinated ammonia
and a species generated by spillover of NO on the support [56-58]. A mechanism of low
temperature ammonia SCR of NOy in the presence of MnO,/Al,O3 had been determined
[56]. The adsorption of NHs on a Lewis acid sites was proposed to be initially occurred
and afterwards oxidized to an NH; function in which it reacted with gaseous NO via
Eley-Rideal mechanism partway (ER), simultaneously with nitrite intermediates on the
surface through Langmuir-Hinshelwood mechanism pathway (LH). Mechanistic pathway
in the presence of MnOx/CeO; catalyst was reported to be comparably similar [57].

>0z = Oga) (5.30)

2NH;g) — 2NHj (5.31)

NHj() + Oga) > NHzc) + OHg (5.32)

NO(g) + Oga) = NO3q) (5.33)

NHz@) + NO(g) = NH2NO@a) = Nag) + Hz0(g (5.34)
NH3(a) + NO2(a) = Na(g) + Hz0¢) + OHg) + (2) (5.35)
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ZOH(a) - HZO(g) + O(a) (536)

Where (a) represents acid sites of the solid catalyst. These reaction of NH, and NO, and
the formation of NH2NO are the typical SCR mechanistic pathways which were reported
for other metal oxides such as V.0s/TiO2, V.05-WO3/TiO2 and Mn-based oxides [59].
The low temperature SCR over a commercial V20s-WOs3/TiO, was proposed as illustrated
in Figure 5.19 [59].

NO+NH, Reduction N,+H,0
Stardard SCR
V=0 V-OH
¥%:H,0 %0,
Oxidation
NO+NH, Reduction N,+H,0
Fast SCR
V=0 2NO, V-OH
Szh,owo

NO,+N,+H,0 NH,

Oxidation

Figure 5.19: Comparison between the redox cycles of the standard SCR and fast SCR, in
the presence of V,0s-WO0O3/TiO; [59].

From Figure 5.19, the vanadium sites were reduced by reaction between NO and NH;3;
before being re-oxidized either by oxygen (for the standard SCR) or nitrates (for the fast
SCR, where the dis-proportionation of NO, was observed) [59].

Metal oxide-based catalysts for ammonia-SCR of NOy

1. Single metal oxide-based catalysts
Oxides of transition metals; i.e. Fe, Mn, Cr, Cu, V, Cr, and Co; were reported to
show excellent activities towards the low temperature SCR. Nano-MnOyx was
reported to be one of the most promising amongst these catalysts, due to its
outstanding catalytic performance [60-62]. Like every other catalysts, the
physical and chemical properties of MnOy; such as high specific surface area,
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3.

crystallinity or oxidation state of the MnOy; have a strong influence on its overall
catalytic performance. Various oxidation state of Mn allows the compounds to
be formed in many stable forms of oxides in which their reduction temperatures
are ordered as Mn304 > Mn;03 > MnsOg > MnO,. At low temperature, MnO;
showed the highest catalytic activity whereas Mn;0;3 offered the highest N;
selectivity [63]. It can be concluded that the NO conversion was usually increased
when the Mn*/Mn3* ratio was increased. In addition, N, selectivity decreased
when the temperature was increased. When the temperature was fixed
constant, N; selectivity was found to decrease with increasing NO conversion
[64].

Mixed oxide-based catalysts

While MnOx is undoubtedly one of the best metal oxide compounds for SCR,
however, its main disadvantages are its low specific surface area and low thermal
stability (leads to sintering and even lower surface area). The addition of other
metals has been reported to improve such problems [65]. Amongst all the
Mn-based mixed oxides, CeO,/MnOy was reported to show the best performance,
providing 100% N3 selectivity at 100 to 150 °C [66]. One remaining challenge of
the MnO,/CeO, application in SCR is its low activity and lower temperature, and
intolerance to SO; poisoning [67]. Partial substitution of Sn to the MnO,/CeO;
was found to ease such problem, even in the presence of H,0 [68]. The addition
of Sn was believed to increase the oxygen vacancy concentration in which it
probably facilitates NO oxidation to NO,, yet enhances Lewis acid sites, created
by surface sulfation during SCR in the presence of SO..

Supported metal oxide-based catalysts

Supports such as Al,03 and TiO; had been excessively applied for SCR, as well as
the supported transition metal oxides in which its catalytic performance, when
doped on TiO; are ordered as: Mn > Cu = Cr 2 Co > Fe 2 V >>> Ni. The activity of
Mn-based materials are proportionally related to the level of Mn loading and the
reaction temperature [69]. Mn species was proven to play an important role in
SCR as TiO; alone did not show any significant NO conversion. A model, as shown
in Figure 5.20, was proposed to interpret the effect of transition metals on the
activity of MnOy/TiO2 [70]. The addition of transition metals can segregate the
manganese oxides and titania particles. These particles were prevented from
sintering so that the MnOx was remained amorphous, leading to an increase in
catalytic activity of the overall catalyst system.
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Figure 5.20: Modeled illustrations for (a) Mn/TiO2 and (b) metal-Mn/TiO, structures
before and after calcination [70].

5.3.1.4 SIMULTANEOUS CONTROL OF DIESEL SOOT AND NOx EMISSIONS

One of the major challenges of DPFs is the back pressure in the system, created by a
blocked DPF. This therefore requires routine re-generation process to avoid to engine’s
damage. The trapped materials in the filter are generally consisted of carbon particles,
with some amount of adsorbed HCs. These particles can be removed from the filter using
2 techniques [71]:

(1) O2 combustion:

[C] + 0, > CO, (5.37)

(2) NO; combustion:
[C] + NO, — CO, + NO (5.38)

NO, combustion regeneration is a popular technique, recently. It is called continuous
regenerating trap (CRT), where Pt-doped catalysts are placed upstream in the filter. The
catalysts will oxidize the emitted NO to NO; which is the better oxidant compared to O,
and can be utilized for PM oxidation with a DOC at exhaust temperature (200 to 500 °C)
without having to reach the classical optimal temperature of soot combustion (600 °C
or more). One of the CRT’s downsides is the loss of NO, from the filter, thus the total
NOy removal efficiency is relatively low [45]. Both NOx and the diesel soot can be
eliminated simultaneously in a single catalyst bed using DPNR technology [72,73].
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The DPNR is a technology which combines the (1) NOy storage reduction (NSR) for NOx
removal with (2) combustion of soot; over the same type of catalyst in one reactor. The
schematic structure of DPNR can be illustrated as shown in Figure 5.21 [73].

|
Pana Y
/ /
_/ _/
~ ~
NO, \ \
PM > > N,
HC / / co,
7 7
/ | [~ - i -
— —
No, storage-reduction |
catalyst where PM can N
be adsorbed on DPF

(Diesel particulate filter)

Figure 5.21: DPNR catalyst system and its configuration [73].

From Figure 5.21, the internal porous surface of the DPF’s cell walls were coated with
the NSR catalyst. Under lean conditions, the NO is oxidized to NO; while the adsorbed
oxygen atoms were activated on the Pt active sites. Majority of NO, will be converted to
nitrate and/or nitrite species on the surface of the catalyst, whereas the residual NO;
and activated oxygen atoms will be reacted directly with the diesel soot. Nitrates and/or
nitrite species can be decomposed to NO; which will be further reduced by soot to N3,
HC and CO on the Pt sites, in an enriched atmosphere. In order to improve the efficiency
of NOx and soot conversion, operating conditions and reaction designs are crucial. One
of the first DPNR catalysts is CuO-based materials. Afterwards, more metal oxides such
as perovskites, spinel-type oxides and hydrotalcite-derived oxides have been being
applied as DPNR catalysts [74-78].

Contact conditions between soot and catalyst

The kinetics of soot oxidation depends on very much the degree of contact between the
soot cake and the catalyst [79]. The interaction between the two solids (soot and
catalyst) and the gas (NOy) strongly affects the catalytic activities of the whole process.
Two type of the contacts between soot and catalyst had been modeled to investigate
their possible mechanisms/behaviors. The two assumptions are [80]:
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1. Aloose contact condition:
This type of contact was experimented by gently mixing the catalyst and soot
together and stirred until sufficiently homogeneous. The mixture showed the
reproducible catalytic results, despite having been under this short procedure of
1 to 2 minutes. The surface oxygen species were reported to exist under this
loose contact conditions. The example of the materials include perovskites,
spinels and other mixed oxides.

2. A tight contact condition:
This type of contact was mimicked by ball milling the soot and catalyst together.
This method resulted in close contact between the soot and catalyst. It was
found that the number of contact points was maximized, enabling better
differentiation of the morphologies. However, this kind of contact may be less
representative of the actual contact conditions occurring during the real
reaction. Surface oxygen species over alkaline (Na, K, Cs) and alkaline earth metal
(Ca, Ba, Mg) oxides are categorized under this tight contact conditions.

Mechanism of oxygen transport

The following parameters are considered important to understand the behavior and
determine the performance of the catalyst for soot oxidation at lower temperature.
Oxygen transportation from the catalyst’s lattice to the soot is one of the key parameters
is one of the parameters that controls the intrinsic activity of the catalyst [81]. Figure 5.22
illustrates the basic oxygen transport phenomena of reaction between the metal oxides
and soot [52].

0,/0

\ Catalyst
\-iQ

2+2N{y

Figure 5.22: Illustration of basic oxygen transportation mechanisms between the metal
oxides and the soot [52].
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The three mechanism of the oxygen transfer were proposed as follows [52,81]:

1.

2.

Surface redox mechanism:

Surface oxygen of the catalyst will be transferred to the surface of the soot at
the soot-catalyst interface, where the gaseous oxygen can be filled the resulting
oxygen vacancies [82,83]. Example of the metal oxides that follow this
mechanism is Co30a.

Spill-over mechanism

In this case, the oxygen is initially absorbed and dissociated onto the surface of
the catalyst, generating active oxygen species. This gaseous oxygen species will
be further transferred to the surface of the soot. For this particular case, the
catalyst-soot contact is not necessarily required [83]. CeO, and Cr;0s are
considered having spill-over mechanism.

Redox mechanism

This mechanism is suggested when the catalyst was reduced by transferring bulk
oxygen to soot which was oxidized. Examples of the metal oxides are V,0s5 and
Fe,03 [83].

Mechanism for simultaneous NOx and soot removal

The idea of simultaneously soot and NOx removal was firstly proposed in 1989. The
widely accepted mechanism of such are divided into 2 main parts [84]: The predicted
mechanisms are illustrated as shown in Figure 5.23 [85].

c-[oH{o]- [ 1] ]-+co, NOg) > NOyg
N Cf+NO,4 — CN,0
No+~[ - ]->-[0][ ]- CN,0+NO, - CO, (&N, (E)(+C)
N N N C[N,0]+NO(g) = CO, (g)+N, (g)

| | |
NO+-[O]-[ ]-—-[0][0]-
CN,0+NO_4(+C;) — CO, (g)+CN,N

—[o]?]-[or'\l]—_mzm_[o].[ ]- C[N,N]—>C+N2(g}
N N NO(g)+120, <> NO,
_[6]'[6]__"\'2 +-[0]-[0]- NO,(g) <> NO,4 + 0,4
C[N'N] +0,4 = N,O(g)+C
(A) (B)

Figure 5.23: Two different mechanisms proposed for simultaneous NOx and soot removal [85].
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The mechanism demonstrated in Figure 5.23 can be detailed as described below:

1. Mechanism A:
Two adjacent oxygen vacancies will be created on the catalyst surface by soot
combustion before developing active sites for the chemisorption of two NO
molecules. The adsorbed NO will be dissociated to N(d) and Ogaqg), which will
generate further N,O or N,. However, these mechanism are not explaining the
positive effect of the oxygen because the oxygen would be expected to fill the
oxygen vacancies on the catalyst surface, leading to a lower reaction rate.

2. Mechanism B:
The positive effect of oxygen was included in this mechanism. Initially, C[N,O]
will be formed by the combustion of reactive free carbon (C¢) and adsorbed NO
molecules. The C[N,O] can be converted to N; by 2 possible pathways: (i) C[N,O]
reacts with another NO.q) or gaseous NO molecule or, (ii) C[N,O] is converted to
another reaction intermediate C[N,N], which afterwards decomposes into N.
The promoting effect of oxygen can be attributed to the formation of active sites
for NO chemisorption on Cr as a consequence of carbon combustion, or to easier
formation of NO;, which is more active than NO in the reaction with soot. .

Criteria of the catalyst materials

The best catalyst should provide a high rate of soot oxidation and NOy reduction at
relatively low temperature. Thus, the material should possess an excellent redox
property and allow establishment of good contact between the catalyst and solid
reactant, in this case, soot. The textural structure of the catalyst should be feasible to
capture soot particles, with its size larger than 25 nm [86].

Metal oxides as soot oxidation catalysts

Many of metal oxides have been found beneficial for soot combustion such as mono-
basic metal oxides, ceria-based catalysts, mixed metal oxide (MMO) catalysts, and
perovskites [87,88].

1. Monobasic metal oxide catalysts
This category of metal oxides include single metal oxide compounds i.e. CeO,,
Si0,, Al;03, TiO; and ZrO,. Amongst these materials, only ceria can generate
highly active oxygen species, resulted in its knowingly high OSC [52].

2. Ceria-based catalysts
Ceria has excellent redox property in which Ce3* and Ce** oxidation states allows
high capacity of atomic oxygen release/uptake. Foreign elements such as; Zr, La,
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Pr, Sm, K, Co, Ba-K, Cu-V, Ag or Cu; can be doped into the ceria, in order to
enhance its OSC, redox properties and thermal stability [89].
3. Alkali-metal oxides
One of the most popular alkali oxides is K-based oxide catalysts as they exhibit
relatively high activity towards the soot oxidation. This advantage is the result of
its ability to form low-melting point compounds with other catalyst components,
leading to improvement of surface mobility of the active species and thus
favoring the soot-catalyst contact [90,91]. K,Ti»Os is one of the best candidates
for the soot oxidation due to its high activity. Some metals i.e. Pt, Cu, Co or Ce
were doped into the K;Ti»Os catalyst system in which its synergistic effect on its
catalytic performance towards the soot oxidation had been being researched
[91-93].
4. Mixed metal oxides (MMOs)

MMOs are generally the oxides of rare earth, alkali, alkaline-earth and noble
metals; which possess layered double hydroxides (LDHs).LDHs are a class of ionic
lamellar compounds consisting of positively charged brucite-like layers with an
interlayer region containing charge-compensating anions and solvation
molecules. LDHs can be illustrated as shown in Figure 5.24 [40]. The general
formula of LDHs can be written as [MffXMf;*(OH)Z]X*(A“‘)X/n - yH,0, where
M?* and M3* are di- and tri-valent cations, respectively. The value of x is equal to
the molar ratio of M?*/(M?*+M3*) which is generally varied from 0.2 to 0.4,
A™ represents an anion. The chemical and physical properties of LDHs can be
tailored by changing the molar ratios of M?*/M3* and the type of interlayer

anions.
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Figure 5.24: Molecular structure of LHDs [40].

Various composition of LDHs and their structural properties make them versatile
and suitable for application in catalysis and adsorption. LDHs have (1) high
specific surface area, even with high temperature calcination, (2) good basic
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properties, (3) high metal dispersion and, (4) high thermal stability. Binary LDH
derived catalysts (such as CuAl or CoAl), ternary LDH-derived catalysts
(i.e. MnMgAl, CoMgAl and CuMgAl) and quaternary LDH-derived catalysts
(i.e. CoMgAICe) have been applied into the process of soot oxidation integrated
with NOx reduction [94-99].

Spinel-type oxides

Co-based spinel oxides are one of the best catalysts for simultaneous removal of
NO and soot, due to their high catalytic performance, their abundant and their
cost [100,101]. Addition of Ce in the spinel oxides i.e. Cep1C009Cr04 were
reported to improve the catalytic activity; giving 90% soot conversion and 69.8%
NO conversion, at 446 °C [102]. The addition of foreign elements was believed
to cause deformation of the spinel structure, leading to crystal defects which are
desirable as they increase the concentration of the oxygen vacancies. This
enhances oxygen mobility and the redox behavior of the cerium-modified cobalt
chromite catalysts.

Perovskite-type oxides

Perovskites have their advantages in cost, high OSC, high flexibility to be adjusted
and high thermal stability. The molecular structure of perovskites is illustrated
as shown in Figure 5.25, where A and B are two cations having very different
sizes, O is oxygen anion that bonds to both A and B.
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Figure 5.25: ABOs representing ideal cubic structure and framework [40].

La-based perovskites are one of the most popular recipe which are widely
applied into redox reactions [103-105].Co and K containing La-based perovskites
were found to have an improved mobility of the surface lattice oxygen, which
helps reducing the operating temperature of soot oxidation/combustion.
However, one of its downsides is its low surface area, ranging from 5 to 50 m?/g,
which often limits the choice of applications. Thus, one possible future
improvement for perovskites is to increase their specific surface area, perhaps
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by inventing a novel preparation method. Success so far was only to coat
perovskites on high surface area supports such as alumina or silica. Macro-
porous perovskites (pore size > 50 nm); e.g. three-dimensional ordered macro-
porous (3DOM) LaMni«Fex0s; were found to have higher catalytic performance
towards soot oxidation/combustion, compared to the nanoporous perovskites
(10 nm of pore size). This is due to the mass transfer limitation due to the size of
the soot (particle size > 25 nm).

Pathways to further improve the catalysis of soot combustion

Because the soot combustion is a reaction that occurs by 3 interfacial contacts between
the gaseous reactant (O, air, NOy), solid catalyst (MMOs, perovskites or others) and
solid soot (in form of particles or cake); thus not only the intrinsic kinetics is determining
the activity/performance of the overall process, but also the contact efficiency between
these phases. The well-ordered interpenetrating macro-porous structure allows soot to
go through the catalyst without having too much resistance, enabling easy access to all
the active species within the pores [106-111].

5.3.2SPECIFIC CATALYST PREPARATION FOR EMISSION CONTROL
TECHNOLOGIES

The following methods are generally applied for metal oxides that are utilized in
emission control: (1) solution combustion synthesis (SCS) method, (2) reactive grinding
method, (3) sol-gel method, (4) co-precipitation method, (5) incipient wetness impregnation
method, (6) ligated method, (7) impregnation method, (8) solid-state reaction method,
(9) complex combustion method, (10) colloidal crystal templating method.

5.3.2.1 PREPARATION OF METAL OXIDE CATALYSTS WITH NANOSIZED STRUCTURE

Common preparation techniques for soot oxidation/NOyx reduction include solution
combustion synthesis (SCS), reactive grinding and complex combustion because these
methods can provide nanosized catalysts [112-114]. Amongst these techniques, the
reactive grinding provides room temperature synthesis of pure perovskite-phase
materials without thermal treatment, thus, is considered as a high-energy mechanical
synthesis or mechanochemical synthesis. Besides, the mechanical abrasion reduces the
crystallite size to nanoscale, offering homogeneous mixture with excellent solid-state
diffusion [115]. When prepared using various grinding additives, perovskites can have
surface area as high as 150 m?/g, after calcination at 202 °C. For example, specific
surface area of LaCoOs, LaGaOs, LaCoOs3 and SrCoOs was reported at 100, 98, 110 and
150 m?/g, respectively [116-118].

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



190 | CATALYTIC APPLICATIONS OF METAL OXIDES

5.3.2.2 PREPARATION OF METAL OXIDE CATALYSTS WITH HIGH SURFACE AREA

The most popular methods for high surface area materials include sol-gel method,
co-precipitation method, microemulsion method, impregnation method and solution
combustion method. For example, 3DOM structured catalysts can be successfully
prepared using the following methods: (1) colloidal crystal templating method,
(2) a modified emulsifier-free emulsion polymerization method and (3) combination of
ethylene glycol ligation, solution combustion and calcination of LDHs. While the
impregnation method is well-known in catalysis, the calcination LDHs is much more
specific. The layered double oxides (LDOs) can be synthesized using calcination process
of LHDs, providing large surface area, high thermal stability and high catalytic activity.
When being heated, the water contained within the interlayer will be lost, accompanied
to a large extent by dehydroxylation and decarbonation, resulting in the formation of
hybrid oxides and three-dimensional (3D) networks [119].

Question 5.2
Why are researchers still developing catalytic converters when there are some
commercialized one already?

5.4 METAL OXIDES IN FUEL CELLS

Fuel cells are one of the most promising technologies to produce efficient, clean and
reliable energy, due to their high-energy conversion efficacy and their pollution free
emission. They can be considered as energy generation, energy storage and energy
delivery [120]. Within the fuel cells, the chemical energy, which stored in various fuels
combined with oxygen from the air, will be converted directly to electrical power by
electrochemical reactions occurring on electrodes. Fuel cells can provide high
theoretical/practical efficiencies compared to the conventional heat conversion
engines. Main components of fuel cells consist of 2 similar parts which are anode,
cathode and electrolyte. During the operation, fuels will be transported to anode and
oxidized, while the oxidant; i.e. oxygen or air; will be transported to the cathode to be
reduced. These phenomena occur under a certain conditions, with electrons being
transferred from the anode to the cathode while anions from the cathode to the anode,
as shown in Figure 5.26.

The overall reaction of a fuel cells which uses hydrogen and methane as a fuel was
shown as equations (5.39) and (5.40), respectively.

H, +20; > H,0 (5.39)

CH, + 20, — CO, + H,0 (5.40)
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The fuels, which was hydrogen and methane, are oxidized to H,0 and CO, respectively.
These reactions involves release and translation of electrons, releasing electrical energy
instead of heat. There are various type of fuel cells which are alkaline fuel cells (AFCs),
direct methanol fuel cells (DMFCs), proton exchange membrane fuel cells (PEMFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide
fuel cells (SOFCs). These fuel cells have different operating temperature and different
type of ions released. Figure 5.27 demonstrates operating temperatures/reactions/
processes occurring in different type of fuel cells.

Figure 5.26: Schematic of solid oxide fuel cells (SOFCs) using hydrogen as fuel and

oxygen as oxidant [121].
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fuel cells [122].
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5.4.1 METAL OXIDES IN SOLID OXIDE FUEL CELLS

5.4.1.1 ANODE MATERIALS

Anode can be also called the fuel electrode. It acts both as reaction sites and a catalyst
for electrochemical oxidation of fuels. Anode is initially fabricated from precious metals
(such as Pt, Ag) or transition metals (Fe, Co, Ni). However, these materials are easily
degraded by negligible ion conductivity, incapability of thermal expansion and low
porosity. During the past few decades, ceria and other high temperature metal oxides
i.e. perovskite have been utilized in fuel cells applications for catalytic performance
improvement.

Ni and its modifications

There are many advantages of using Ni as an active species for SOFCs such as its low
cost, high activity, and high stability even under reducing condition and/or high
temperature (as high as 1,000 °C). To prevent sintering or coagulation of Ni particles at
high temperature, Ni is normally dispersed on high surface area materials i.e. yttria-
stabilized zirconia (YSZ) [123-125]. YSZ is not only to support and spread the Ni particles,
but also to keep the thermal expansion coefficient compatible with cathode and
electrolyte. The catalytic performance and electric properties of Ni/YSZ depend on
microstructure and distribution of Niand YSZ phases [126-128]. It was reported that the
higher surface area of NiO is responsible for the higher shrinkage and the lower sintering
starting temperature [129]. The conductivity of Ni-YSZ is mostly ionic if the
concentration of Ni is lower than 30% by volume. In contrast, the conductivity of the
overall catalyst system is electronic when the concentration of Ni is higher than 30% by
volume, due to the fact that the metallic character of Ni becomes more dominant. The
electrical conductivity of the Ni/YSZ anode was reported to be maximized at 30% by
volume of Ni [130].

Ce0> and its modifications

Many HCs reforming catalysts are capable for applications in fuel cells due to their mixed
ionic and electronic conductivity (MIEC) properties [131-133]. Ceria is an outstanding
catalyst for this matter. It also has high resistance towards coke formation, allowing the
option of direct introduction of dry hydrocarbon fuels to the anode. Despite having high
activity and high conductivity, however, ceria has low electrical conductivity which
results in lower performance of the SOFCs. Thus, other metals; e.g. Ni, Co and Pt; can be
doped onto the ceria. This enables the C-H bonds in HCs to be easily broken [134-137].
Doping 40% of an equimolar Cu and Co into the ceria was reported to increase coke
formation, when methane was used as a fuel [138,139], in an intermediate temperature
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SOFCs. Besides, this bimetallic Cu-Co formation was proven to show higher catalytic
activity for methane oxidation, favoring charge transfer on the triple phase boundary,
yet presenting high potential sulfur resistance in which it is often contained in the
methane or biogas feed stream. Yttria and gadolinium were also found their uses in
mixing with ceria for fuel cell’s applications, due to their high ionic conductivity under
oxidizing conditions and sufficient MIEC under reducing conditions. These anodes can
be fabricated via spray coating with co-precipitation nanopowders. The anodes
demonstrated good structural stability in direct carbon fuel cells (DCFCs) [140].

Perovskites and their composites

One of the limitation of Ni is that it cannot tolerate much of the carbon deposition,
especially when the SOFCs is operated using dry HCs as fuel. The perovskites can ease
the problem because of its OSC which is beneficial for combusting coke, thus,
regenerating the material’s surface. Structure of perovskite, ABOs, can be schematically
demonstrated as shown in Figure 5.28.

Figure 5.28: Molecular structure of a general perovskite (ABOs) [121].

In general, the total charge of A and B is +6. The A-site cations; e.g. La, Sr, Ca and Pb;
normally have lower valences, thus are larger and coordinated to 12 oxide anions. The
B-sites cations; such as Ti, Cr, Ni, Fe, Co and Zr; would occupy much less space and are
coordinated to 6 oxide anions. PrBaCo,0s (PBCO) displayed excellent MIEC and fast
oxygen kinetics when applied as an oxygen electrode in SOFCs [141]. PrBaMn;0s.s
(PBMO) was as well reported to be successfully fabricated by in situ annealing of
ProsBaosMnOs.s under fuel conditions. The material showed high redox stability, high
coke resistance and high sulfur tolerance. SraFe1.sMo0o.506-5/Gdo.1Ce0.902-5 (SFM-GDC),
synthesized using low-temperature sintering assisted with wet-impregnation method,
was reported to demonstrate an excellent resistance towards the sulfur poisoning. It
can stand up to 100 ppm H,S [142]. Lao.75 Sro.25 Cro.sMno 503 (LSCM) was found to possess
an excellent resistance towards coke deposition, as an anode in SOFCs, even when
operated under low moisture content (around 3%H,0) using CH4 as a fuel [143].
Lao.755r0.25Cro.sFeo.503-5 (LSCrF) showed high activity towards methane steam reforming,
thus, was also applicable for SOFCs, which catalyzes stoichiometric methane oxidation
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and partial oxidation with its high OSC [144]. In terms of the importance of A or B
substitution degree, A-site deficiency can enhance the valence charge of B-site metals
and the formation of additional OSC. For instance, A-site deficient SrTiOs-based
perovskite with donor doping on Sr- or Ti- site could result in an increase of the
electronic and ionic conductivity [145]. LaxSrixMnQOs (LSM) was doped on YSZ and
utilized as a bi-layer structure cathode of a microtubular SOFCs whereas the anode and
electrolyte was made of Ni-YSZ and pure YSZ, respectively. The overall system was
fabricated and schematicalized as shown in Figure 5.29.
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Figure 5.29: An illustration of materials used as different component in a microtubular
SOFCs (a) and a schematic diagram of the SOFCs reactions and configurations when
having N>O as a source of oxidant [146].

The SOFCs’s performance was reported to be improved by 50% when using N,O as
oxidant, instead of air [146]. The high power output was produced by N;O
decomposition at moderate temperature of 750 °C, indicating a successful integration
between renewable energy production and greenhouse gas abatements. The
morphological images of multi-channel anode and electrolyte were illustrated as shown
in Figure 5.30.
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Figure 5.30: SEM images of (a) cross sectional anode, (b) cross-sectional electrolyte and
(c) outer surface of the electrolyte [146].
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The uniform channels of the anode were synthesized using an in-house designed
spinneret where the internal coagulant was split into three streams, several phase
inversion processes occurred simultaneously, leading to the formation of hierarchical
asymmetric structure possessing both microchannels and high porosity region. Figure 5.31
shows the spinneret or the extruder used to fabricate this microtubular fuel cells.
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Figure 5.31: Schematic diagrams and images of the extrusion process of multi-nozzle
spinneret [146].

The electrochemical performance of the microtubular SOFCs was tested using 30 ml/min
of Hy as the fuel, and 50 ml/min of N,O as the oxidant, where the results from open-
circuit potential differences (OCPDs) for various oxidant ranging from 1.15t0 1.17 V (set
as near-theoretical values) were obtained. The highest power density of 0.31 W/cm?
was achieved under operating temperature of 750 °C using N,O as the oxidant.
Lao.6Sr0.4Co0.2Fe0.803-5 (LSCF) was prepared as an orange-like ceramic-based membrane
(OPM) which could be applied in SOFCs or oxygen separation, illustrated as Figure 5.32
[501].
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Figure 5.32: Schematic diagram of the bio-inspired design of LSCF fabrication [50].
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5.4.1.2 ELECTROLYTE MATERIALS

Electrolyte is responsible for transportation of oxide ions from the cathode to the anode
where the oxygen can react with the fuel. The oxide ions are conducted by a thermally
activated oxygen vacancy hopping process. The crystal structure of a good solid
electrolyte should have large available interionic spaces to attain a high level of point
defect disorder and low migration enthalpy (normally < 1eV), to achieve high ionic
conductivity. Besides, the electrolyte needs to be dense, to sufficiently avoid the gas
permeation, yet has high chemical stability. Some high-temperature metal oxides i.e.
Zr0O,, Ce0,, Bi;0s3-based oxides and LaGaOs-based perovskites are considered to be
capable with the high operating temperature [147].

ZrO; and its composites

Zr-based materials are widely utilized as ion-conducting electrolytes in SOFCs because
of its high thermal stability. At ambient temperature, the pure ZrO; is a monoclinic
crystal which will be converted to tetragonal crystal at temperature above 1,170 °C,
before finally changed to cubic fluorite structure at 2,370 °C and remained stable in such
phase until up to its melting point at around 2,680 °C [148]. These structural phase
changes are reversible when the temperature is reduced, resulting in a large volume
change correspondingly. This dramatic change in volume causes material’s cracking due
to its low thermal shock resistance. Addition of Zr* ions with acceptor dopant cations
will stabilize tetragonal or cubic phase of ZrO; at room temperature. Y03 can as well
stabilize the cubic phase of ZrO; at temperature as high as 2,500 °C, as the valence of
Y3* dopant is relatively smaller than that of Zr*, thus, the oxygen vacancies are
generated. These oxygen vacancies not only stabilize the cubic phase of ZrO;, but also
enhance the ion conductivity [149]. 8% by mole of Y,03-ZrO, (8YSZ) was reported to
have the highest ionic conductivity of 0.1 S/cm at 1,000 °C which is the minimum ionic
conductivity required for a good electrolyte. Anodes of SOFCs, that use YSZ as an
electrolyte, are often made of Ni-base materials because of their thermal compatibility.
Lao.755r0.25CrosMno 503.5 was found its use as an anode to match the YSZ electrolyte in
SOFCs. YSZ is the most popular commercial electrolyte for SOFCs due to its high stability
under reducing condition, low cost, simple handling process (e.g. spin coating), although
it has relatively low electric conductivity when operated under low or intermediate
temperature ranges [150]. For its applications in SOFCs, at least more than 95% of
theoretical density should be achieved, thus the YSZ electrolyte can be considered as
dense. This dense YSZ demands high temperature sintering process, up to 1,400 °C [151].
The high temperature sintering is not always desired, as such high temperature could
encourage an unwanted reactions between the YSZ electrolyte and the cathode (e.g.
LSM or LSCF), producing undesired resistive compounds (e.g. La>Zr,07 or SrZrOs). The
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addition of sintering acids such as strontium gallate, copper and manganese can lower
the sintering temperature down to 1,200 °C [152-157]. Sc;03 doped ZrO; (ScSZ) is one of
the most promising candidates for electrolyte in SOFCs. 11% by mole of Sc;0s doped
ZrO; was reported to have the ionic conductivity at 1.5 and 3 times higher than 8YSZ,
at 850 and 1,000 °C, respectively [158], as shown in Table 5.4. In addition, ScSZ can offer
the lower operating temperature of SOFCs because it has high ionic transference (under
various temperatures and oxygen partial pressures) and excellent thermochemical
properties. Its downsides, however, include complex phase assembly, conductivity
degradation by time at high temperatures and poor accessibility [158].

Table 5.4: Properties of ZrO; based materials as electrolytes [158].

Composition Expansion Bend strength at 300 Conductivity at
(%by mole) coefficient (10°K?') K (MPa) 1,000 °C (S.cm™)
3%Y,05-2r0, 10.8 1200 0.05
8%Y,03-Zr0; 10.5 230 0.09
11%Sc,03-2r0, 10.0 255 0.30

Ce0; based materials

Despite having high OSC and large unoccupied octahedral sites (that provides a route
for rapid diffusion of oxide ions), ceria itself does not possess sufficient ionic
conductivity. To improve its ionic conductivity, additional oxygen vacancies can be
established into the structure by substitution of the host Ce** with acceptor cations such
as Gd3*, Sm3*, or Y3+ [159-163]. Gd was found to increase the ionic conductivity of the
nanocrystalline CeO; thin film with a decreased activation energy due to its decreased
grain size [164]. Sm and La doped similarly showed positive effects on ionic conductivity
of the CeO;-based catalyst system. Ceo.9sM00.102+5 demonstrated the highest electrical
conductivity amongst all the other different ratios of Ce to Mo [165]. Ce** in the doped-
ceria tends to be reduced to Ce3* under reducing condition or low partial pressure of
oxygen over a large range of operating temperatures. Despite having high ion
conductivity, high phase stability and high electronic conductivity; the doped ceria
materials exhibit poor mechanical properties, caused by the structure expansion (which
is the result of increased size of the Ce3* ions).

Bi;03 and its composites

Pure bismuth oxide (Bi»O3) has various phases including a B, v, and & [166]. Amongst
these phases, probably the face-centered cubic 3-Bi,Os possesses the highest ion
conductivity. The high-temperature fluorite structure of 04-Bi,Os provides a high
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concentration of intrinsic oxygen vacancies (25% of the oxygen sub-lattice site), thus
indeed offers high ionic conductivity. During a cooling down to 700 °C, from the higher
temperatures, Bi;0s’s phase will be transformed from the cubic (8) to the monoclinic (o)
phase and negatively influence its ionic conductivity, volume and structure. To maintain
the cubic phase, even at low temperature, metal oxide dopants i.e. Ca0O, Y,03, WOs3 can
be partly substituted into the Bi,Os catalyst system [167].

LaGaOs3 and its composites

For the LaGdOs electrolyte, substantial gallium deficits were commonly found on the
surface, when operated under reducing condition at high temperature. This was the
cause of high partial pressure of Ga oxides such as Ga;0. Sr was reported to enhance
the Ga depletion when added to the lanthanum sites, however, adding Mg to Ga sites
showed no changes. When doping the LaGaOs with Mg, the vapor pressure of metal
dopant i.e. Cr or Ga will not change the metal-deficient side. On the other hand, when
doping LaGaOs with Ca or Sr, the vapor pressure of M will change noticeably. The
correlation of actual diffusion coefficient and oxygen non-stoichiometry was tabulated
as shown in Table 5.5 [168].

Table 5.5: Compositional dependence of D and o [168].

Composition D (cm?/s) A (cm/s)

LaGaOs3 1.9 x 10 1.5x 101
LaGao.s Mgo.1 O2.95 2.6x107° 1.3x101°
Lao.sSro.1Gao.sMgo.202.5 1.3x10% 6.2 x 100

Nevertheless, Ga ions tend to be lost under reducing condition for all the above
materials. This results in the formation of new phases [169].

Oxyapatite and its composites

The general formula of oxypatite can be written as A10x(MQOa4)s02+5, Wwhere A stands for
rare earth or alkaline earth, M represents Si or Ge. It is considered as an interesting
family of oxide conducting solid electrolytes as its conductivity is comparable to the
popular YSZ, when operated under medium temperature. One of the example for
oxyapatite is Lag 33-0.67(Si04)602. The A-site deficiency has an effect on relaxation of SiO4
tetrahedral and resulted in a displacement of the anions from the channels to new
interstitial sites, therefore generating vacancies with stable oxygen content [170]. For
example, the ionic conductivity of Lag 33:x/3SisxAlxO26 Will be enhanced when aluminum
doping is balanced by A-site vacancies without a change in the oxygen content The

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



CATALYTIC APPLICATIONS OF METAL OXIDES | 199

conductivity was found to be maximized at x = 1.5. Some dense ceramics of apatite
demonstrate number of oxygen ion transference higher than 0.995.

5.4.1.3 CATHODE MATERIALS

Cathode is responsible for electrochemical reduction of oxygen where it should accept
electrons from the current collector. Cathode should have high electronic conductivity,
sufficient porosity, high catalytic activity, high stability under oxidizing condition, and
matching thermal expansion between electrolyte and the interconnect materials [171].
Perovskites were one of the first compounds finding their applications in fuel cells as
cathodes since 1960s. Afterwards, the doped lanthanum cobaltites and lanthanum
manganites were following the perovskites footstep in 1970s.

LaMnOs and its modifications

LaMnOs or lanthanum manganites has great compatibility with YSZ electrolytes [172].
Small amount of A site cations such as Sr** or Ca?* into the LaMnOs improves
performance of the overall catalyst system. Sr** was reported to be the most commonly
used for doping the LaMnOs, the compound is regarded as lanthanum strontium
manganite (LSM). Like other high potential materials, the LSM has high electrical
conductivity, high electrochemical activity, high thermal stability, and high compatibility
with YSZ, GDC and LSGM. These reasons made LSM one of the most common cathode
material with long durability.

LaCoOs and its modifications

Co-based perovskites have excellent electrochemical activity in oxygen reduction
reaction and, just like most mixed metal oxides described here, have high mixed
electronic and ionic conductivities. However, their major problem is that they have high
thermal expansion with coefficient values of more than 20 x 10°® K, plus, they can
interact with the YSZ (as an electrolyte) at temperature as low as 700 °C, leading to
formation of undesired products which act as insulators. To minimize the effect of their
thermal expansion, ceria can be doped into the catalyst system. Sr and/or Fe can be also
partly substituted into the LaCoOs to improve its ion/electronic conductivity [9,11,12,
173]. The ratio between A-sites and B-sites, together with optimal operating conditions
had been studied excessively.

A2B0O, and its modifications

A;BO4; e.g. Mn15C01.504, CoFe;04, LiNipsMn1.504, and Cui.2sMn1.7504; works as a cost-
effective spinel-structured oxide protection layers to prevent Cr poisoning in the Cr-
containing catalysts such as LaCr-based perovskites, which has its major advantage in
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being able to be operated under temperature ranging from 600 to 800 °C [174-178]. For
example, Mn15Co1504 can lower the contact resistance between the cathode and
stainless steel interconnect and simultaneously work as a mass barrier to hinder scale
growth on the stainless steel, yet to prevent the segregation of Cr through the outer layer
of coating [174-176]. CoFe,04 was reported to have electrical conductivity of 0.85 S.cm*
whereas its thermal expansion’s average coefficient was determined at 11.80 x 10 K,
from ambient to 800 °C. The dense and Cr-free CoFe;04 spinel layer could help eliminate
the Cr segregation, leading to an improvement in cell performance stability.

5.4.2 METAL OXIDES IN OTHER FUEL CELLS

The major role of metal oxides in other types of fuel cells relies on its ability to improve
the mechanical properties when added as an additive/support of such fuel cell’s
components, electrodes and electrolyte.

TiO; and its composites

TiO; is beneficial for PEMFCs. Addition of TiO; into Nafion membrane was reported to
increase its hydration performance which is helpful for high kinetics reactions occurring
within the PEMFCs. The high kinetics reactions occur when the PEMFCs are operated at
high temperature, resulting in a decrease in CO poisoning and increase the overall
efficiency of fuel cells. Nafion-Pt-TiO2, membranes were reported to exhibit higher water
uptake and lower fuel crossover than the un-doped Nafion [179]. Pt nanoparticles doped
TiO, were found to improve carbon stability and cathode performance of the PEMFCs
due to the reduced contact between Pt and C. TiO; can also be utilized in DMFCs as an
anode via photo-electro catalytic reaction. Ni doped TiO, showed good electro-catalysis
behavior, giving a maximum power of 48 uW using methanol as a fuel source [180].

SiO, and its composites

SiO; works the same way as TiO, described in the previous section. SiO can be
impregnated onto the Nafion via sol-gel processing of tetraethoxysilane and by
preparing a recast film. The synthesized material showed the excellent wettability at 80
to 140 °C [181]. SiO; is a hydrophilic compound that has an excellent application in
DMFCs. SiO; combined with sulfonated poly (arylene ether sulfone) exhibited high
proton conductivity, long membrane life time under oxidative conditions, good
dimensional stability, high single cell performance and minimized the methanol
crossover [182].
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WO; and its composites

One of the unique properties of WOs is its electro-chromic properties and its electro-
catalytic activities. WOs3 will be intercalating and de-intercalating ions i.e. H* into its
structure in the formation of tungsten bronzes such as H\WOs3 where x is more than 0
and less than 1 [183,184]. Pt doped on WOy were successfully applied in PEMFCs. It was
reported that Pt in the WOy system would increase the CO tolerance of the anode
catalyst [185]. When applied as cathode, Pt-WOs demonstrated high stability and good
response in single cells during the testing duration of up to 1,500 h. Pt-WQOs can be
combined with C and utilized in electro-catalytic and electro-oxidation of methanol in
DMFCs. WOs3 can be also fabricated as mesoporous WO3 microspheres with their sizes
averaging around 5 nm, using spray drying method. The Pt-WO3 based-materials were
reported to establish hood electro-catalytic activity and good stability during the
methanol oxidation [186].

Question 5.3
5.3.1 Give examples of businesses that use fuel cells in their applications
5.3.2 What are the challenges of fuel cells?

5.5 METAL OXIDES FOR HYDROGEN STORAGE

Most of the renewable and green energies are produced based on natural resources i.e.
wind, solar and water, which are abundant but somehow can be very inconsistent. As
the renewable energies are becoming more and more practical in the past decades, the
energy storage technologies are then required to handle the unpredictable availability
of the renewable energies correspondingly. When it comes to utilizing the renewable
energy, there is always the incompatible and unpredictable mismatch between the
renewable power generation and the load demand. Many energy storage applications
have been being researched excessively, including batteries, capacitors, compressed air,
flywheels, pumped hydro and many more [187]. Hydrogen storage is one of the most
attractive technologies as it has high efficiency and is environmentally friendly.
Hydrogen is not only well-known as a chemical feedstock which can be utilized further
to many chemicals such as ammonia or methanol, but also is a clean energy resource
that can provide low carbon industry, so called the hydrogen economy. One of the main
challenges in hydrogen storage technology is that hydrogen has a high gravimetric
energy density and a low volumetric energy density. It is light and it is large, under
ambient temperature and pressure. The selection criteria of choosing the right hydrogen
storage technology depends very much on its applications. For instance, in
transportation application, hydrogen storage will be preferably stored at high density in
a safe and light container. In contrast, if applied in a stationary applications, a high
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volumetric density will be finely accepted as it does not affect the efficiency of the
system.

Hydrogen can be stored using 2 basic approaches as (1) stored as a compressed gas,
(2) stored as a cryogenic liquid hydrogen and (3) stored as solid using advanced
adsorption materials. The first two methods are quite well-explored, whereas the third
method is still under research and development. The US Department of Energy (US DoE)
has gathered information regarding current status of the hydrogen storage
technologies, as tabulated in Table 5.6 [188].

Table 5.6: Targets and current status of H, storage technologies [188].

Storage targets Gravimetric Volumetric Cost USD/kWh
kWh/kg kWh/L (USD/kgH.)
(kgH2/kg system)  (kgH,/L system)

2017 1.8 (0.055) 1.3 (0.040) 12 (400)

Ultimate 205 (0.075) 2.3 (0.070) 8 (266)

700 bar compressed (type IV)* 1.5 0.8 17

350 bar compressed (type IV)* 1.8 0.6 13

Metal hydride (NaAlH,) 0.4 0.4 n/a

Sorbent (MOF-5, 100 bar) 1.1 0.7 16

*Projected H; storage system performance

The volumetric hydrogen storage capacity can be improved using the solid-state
hydrogen storage, thus, it is considered as a sustainable solution according to it
thermodynamic filling requirement time. The principle of this solid-state hydrogen storage
is based on either (1) physisorption, involving weak binder energies of 4 to 10 kJ/mol
(found in porous materials) or (2) chemisorption where the binder energies are
estimated around 50 to 100 kJ/mol (in metal hydrides). For the chemisorption process
over metal hydrides or complex hydrides, the gaseous hydrogen molecules will be
dissociated on the surface of the solid material before the hydrogen atoms will be
diffusing through the lattice of the metal [189]. Physisorption hydrogen storage is easier
to process, comparing to the chemisorption, due to its reversible reaction and fast
adsorption/desorption kinetics [190]. During the physisorption, the gaseous hydrogen
will be physisorbed on the surface of the pores of the high porous materials such as
zeolites, porous carbon structures and metal-organic frameworks (MOFs). The degree
of physisorption thus relies almost solely on the specific surface area, pore volume,
operating temperature and operating pressure. The physisorption hydrogen storage
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generally provides low hydrogen storage capacity (as low as 1 wt%) when operated
under ambient temperature and pressure of 50 to 100 bar. However, when the
physisorption hydrogen storage is operated under cryogenic operation (temperature of
-196 °C under high pressure), its hydrogen capacity becomes more acceptable. The
requirement for operating under the cryogenic temperature is not helpful as it needs to
be maintained using liquid nitrogen, causing unnecessarily difficulties to practically
process. Chemisorption is more straightforward. Hydrogen compounds occurred under
elevated pressure, releasing heat as it is an exothermic reaction. The pressure will be
reduced while the external heat will be applied, to release the gaseous hydrogen. When
operating under ambient temperature, some metal hydrides can be operated reversibly,
although offering only around 3 wt% of gravimetric hydrogen storage capacity [191].
However, 7 to 18 wt% of the gravimetric hydrogen storage capacity can be achieved
using MgH; and LiBHg4, respectively, if operated under relatively high temperature [192].
MgH: is considered one of the most popular materials for hydrogen storage technology
because it has high gravimetric hydrogen storage capacity, it is reversible and it is
inexpensive [193]. It disadvantages include its high decomposition/desorption
temperature and its low adsorption/desorption kinetics. Alloys, metal oxides, metal
halides, carbon materials, metal hydrides and transition metal oxides (TMOs) can be
mechanically milled with MgH,, in order to increase the hydrogen adsorption kinetics
[194-206]. Amongst these foreign compounds to be added, the TMOs was reported to be
the most effective because TMOs are able to encourage the dissociation/recombination
of hydrogen molecules and atoms, respectively. The oxygen in oxides is probably
contributed to improve the reaction kinetics by eliminating the resistance of MgO layer
formed on the surface of MgH; particles [192,207-209]. TMOs are interesting foreign
compounds to be add in MgH; system, due to its good electrical and ionic conductivity,
reversible capacity and mechanical stability. Nanostructured TMOs such as TiO;, ZnO,
Sn0,, Zn,V»07 hierarchical nanostructures (HNs) and hollow microflowers (HMFs) are
good candidates for hydrogen storage advanced materials [210].

In principle, hydrogen will react with some metals and alloys to form metal hydrides,
which has higher hydrogen storage capacity (6.5 H atoms/cm? for MgH>) than gaseous
hydrogen (0.99 H atom/cm?) or liquid hydrogen (4.2 H atoms/cm?) [211]. Thus, metal
hydride-based hydrogen storage is considered safe, volume efficient, and suitable for
on-board vehicle applications.

The hydration of metals could be categorized into 2 pathways: (1) direct dissociative
chemisorption and (2) electrochemical water splitting. The two reactions are described
as shown below.
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Chemisorption of direct dissociation:
M + %Hz & MH, (5.41)
Electrochemical splitting of water:
M+§Hzo+§e- <—>MHX+§OH‘ (5.42)
There M stands for a metal.

Metal hydrides are made of metal atoms that possess a host lattice and hydrogen atoms.
Two different kind of hydrides are normally formed within the metal hydride
compounds which are: (1) a-phase where only some hydrogen is being adsorbed and,
(2) B-phase at which hydride is fully formed. Performance of hydrogen storage depends
on many parameters i.e. type of metals, metal’s surface structure, metal’s purity or the
operating conditions [211]. Criteria for hydrogen storage material’s selection includes:
(1) high hydrogen capacity per unit mass and unit volume (depending on the
applications), (2) low dissociation temperature, (3) moderate dissociation pressure,
(4) low heat of formation in order to minimize the energy necessary for hydrogen release,
(5) low heat dissipation during the exothermic hydride formation, (6) reversibility,
(7) limited energy loss during charge and discharge of hydrogen, (8) fast kinetics,
(9) high stability against O, and moisture for long cycle span, (10) cyclibility,
(11) low cost of recycling and (12) high safety [189]. The light metals such as Li, Be, Na,
Mg, B and Al, are especially interesting because of its light weight and number of
hydrogen atoms per metal it can take, which is normally set around H/M = 2.

5.5.1 Mg-BASED METAL HYDRIDES

Mg and its alloy have been researched widely due to their high hydrogen storage
capacity by weight and low cost. Magnesium hydride, MgH,, is one of the most
promising materials because it has the highest energy density at 9 MJ/kg Mg. in addition,
it has high heat resistance, vibration adsorbing, reversibility and recyclability. The main
downside of MgH is the high temperature of hydrogen discharge/desorption (at 300 °C
under 1 bar of hydrogen) [212-214], slow desorption kinetics and a high reactivity
towards air and oxygen. Its optimal operating temperature is still too high to be
practically applied on-board [215-217]. As mentioned earlier, adding small amount of
foreign compounds can improve the overall catalytic properties of the MgH,. For
example, MgH,-ZrO, was reported to be successfully prepared by high power ball milling
[218] at the ratio of MgH, to ZrO, equaled to 99:1 and 95:5, respectively. ZrO, was
reported to be uniformly distributed within the materials with less than 2 um of particle
size. Grain size of the materials with the 2 different ratios of MgH, to ZrO, were revealed
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by TEM. The results concluded that the 5 mol% ZrO, addition gave the smaller grain size
(71.2 nm), compared to the one with 1 mol% (87.6 nm). Other TMOs; i.e. Nb;0Os, V,0s,
TiOy, Sc203, Cr03, Mn;03 and Fe;0s3; also have the same influence on grain size similarly
to the ZrO,. In addition, ZrO; was found to be evenly distributed throughout the Mg
matrix, leading to a near-ideal hydrogenation catalyst. ZrO; was found to increase the
kinetic rate efficiently. The use of nanoparticles was reported to be more
thermodynamically beneficial, than the bulk particles. Its thermodynamics are dominated
by the energy differences between the metal and its hydrides. Its grain size also plays
importance role in its efficiency. Table 5.7 demonstrates recent studies on Mg-based
hydrides by properties of hydrogen adsorption/desorption [189].

Table 5.7: Hydrogen adsorption and adsorption properties of Mg-based hydrides [189].

Materials Method T P Kinetics Cycling Max  Ref.
(°C) (bar) (min) ability wt%
Tabs  Tdes Pabs Paes  Tabs Tdes Hz

MgH2-5mol% BM 300 2-15 20 n/a 1.37 [196]
Fe>03
30wt%Mg-M BM 15 6 83 n/a 2.30 [219]
mNis—-x
(CoAIMn)x
Mg-5wt%FeTii2  BM 400 400 30 1 n/a n/a 9 cyg, 2.70 [220]

stable

after 4th
MgHz=-5mol% BM 250 15 1.6 n/a 3.20 [196]
V205
90Mg-10Al BM 400 400 15 12 2.7- 0.5- n/a 3.30 [221,

19 5.8
222]
Mg-50wt% BM 250- 300- 20 1 1 5 2 cyc, 3.40 [223]
ZrFe14Cros 350 350 stable
Mg-10wt% BM 300 300 11 0.5 60 60 5 cyc, 3.43 [224]
CeO, unstable
Mg-20wt%Mm BM (pellet) 300 480 10 1 10 5 n/a 3.50 [225]
(La, Nd, Ce)
Mg—40wt% BM 270- 1 15 2 cyc, 3.60 [226]
ZrFe1.4Cros 280 stable
La2Mgi17—-40wt% BM 250- 250- 4-7 4-7 0.45 4 20 cyc, 3.70 [227,
LaNis 303 303 unstable
228]
LaosNi1sMgi7 Hydriding 280- 280- 2.2- 16- 15 5 Unstable 4.03 [229]
combustion 400 400 11.3 155
(Continued)
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Table 5.7: (Continued)

Materials

Mg-50wt%
LaNis

MgH>—2LiNH,

Mg2CoHs

MgH>-5mol%
Al03

1.1MgH—2LiNH,

Mg—-20wt%TiO>
Mg-30wt%
MmNia.cFeo.a

MgH>-5wt%V

Mg-Fe—Mg,FeHe

MgHz—MngeHe

MgH-5wt%Ti
MgH>-5wt%Ni

Mg-30wt%
LaNi2.2s

MgH-5wt%V

Mg-10wt%
Fe>03

Mg-30wt%
CFMmNis

Mg-10wt%
Al,03

MgH-5wt%V

Method

BM

BM

Mixing

BM

BM

BM

BM (hexane

medium)

BM

Mixing

Mixing

BM
BM

BM

BM

BM

Mixing and
encapsulation

BM

BM

T
(°Q)
Tabs

200

450-
550

300

200

350

300

473-
552

350-
525

200
200

280

200

320

500

300

200

Tdes

250-
300

200

330-
350

300-
550

300

350-
525

300

300

300

500

300

300

(bar)
Pabs

10-
15

50

17-
25

15

30

20

1-3

85

3.6-
93.7

10
10

30

10

12

3-10

11

10

Pdes

10-
15

10

1-3

3.6-
93.7

0.15

0.15

0.15

3-10

0.5

0.15

Kinetics
(min)
Tabs Tdes
3.33
60
n/a n/a
67
30
2 10
30
2 10
90
90-
1,440
0.83 3.33
16.7 5
1.6
1.66 3.33
n/a n/a
40
60 60
4.2 33

Cycling
ability

Unstable

4 cyc,
stable
after 2nd

1,000 cyc,
stable

n/a

9 cyc,
stable

n/a
n/a
2,000 cyc,

stable

600 cyc,
stable

600 cyc,
stable

n/a
n/a

3 cyc,
stable

n/a

3 cyc,
stable

n/a
5 cyc,
unstable

n/a

Max Ref.
wt%

H;

4.10 [230]
4,30 [231,

232]
448 [233]
4.49 [218]
4.50 [234,
235]
4.70 [236]
5.00 [237]
5.00 [238]
5.00 [233]
5.00 [239]
5.00 [193]
5.00 [193]
5.40 [240]
5.50 [193]
5.56 [241]
5.60 [242]
5.66 [224]
5.80 [243]
(Continued)
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Table 5.7: (Continued)

Materials Method T P Kinetics Cycling Max  Ref.
(°C) (bar) (min) ability wt%
Tabs  Tdes Pabs Paes  Tabs Tdes Hz

Mg-10wt% BM 300 300 11 0.5 60 60 5 cyc, 5.87 [224]

Cr20s unstable

Mg/MgH-5wt%  Wet-chemical 230- 40- 4.0- 90 800 cyc, 6.00 [233]

Ni method 370 1.4 1.4 stable

MgH~5wt%Mn BM 200 300 10 0.15 1333 8.33 n/a 6.00 [193]

MgH2—-0.2mol% BM 300 300 1-2 1-2 6 10- 1,000 cyc, 6.40 [244]

Cr20s 35 stable

MgH2>—2mol%Ni BM 150- 1 150 2 cyc, 6.50 [245]
250 unstable

MgH2—1mol% BM 300 300 8.4 Vac. 2 6 n/a 6.70 [192]

Cr203

MgH: BM 300 350 3-10 0.15 12.5- n/a 7.00 [246]

50

3Mg(NH;),-8LiH  BM 140- 1 n/a n/a n/a 7.00 [247]
190

Mg—0.5wt% Mixing 300 300 8.4 Vac. 1 1.5 n/a 7.00 [235]

Nb20s

MgH—1wt%Al BM 180 335- 0.6 n/a 420 n/a 7.30 [248]
347

MgH-5wt%Ge BM 50- n/a n/a n/a n/a <7.60 [249]
150

Most researches on Mg-based hydrides are based on minimizing the desorption
temperature and increasing the rates of hydrogenation/dehydrogenation reactions on
the surface. The ball-milling (which is a mechanical alloying) described earlier, is one of
the method to mix the microstructure of the hydride with other metal compounds, in
order to improve the adsorption/desorption kinetics [250].

5.5.1.1 IMPROVEMENT ON SURFACE PROPERTIES AND MECHANICAL BALL-MILLING

Surface is the key factor for hydrogen adsorption by metals. Hydrogen molecules will be
dissociated on the surface of metal before the dissociated hydrogen atoms can be
transferred via solid-state diffusion within the bulk metal. For pure Mg, at the beginning
the chemisorption rate is the limiting step as it is slower than the diffusion rate, which
has no obstacle because no reactions occur in the first place, thus, no product layers to
be formed and acting as a diffusion resistance [251,252]. After a certain time of reaction,
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the hydride layer grows and becomes almost a near-impermeable layer. At this point,
the diffusion then becomes the limiting step during the hydride formation process.

Ball milling

The ball-milling process establishes new surface with rich properties [212]. The
objectives of ball-milling process is to increase the specific surface area, to form micro
and nanostructure, and to generate the desired lattice defects both at the surface and
within the bulk/interior. The defects are believed to ease the diffusion of hydrogen by
providing more sites with low activation energy of diffusion. The induced microstrain
helps diffusion by reducing the hysteresis of hydrogen adsorption and desorption [220].
The increased surface area enhances the kinetics rate of hydrogen transformation. The
properties of the storage solid material can be tailored to a specific requirement by
adjusting the composition of the alloys, altering the surface properties, adapting the
microstructure, nanocrystalline and grain size of the materials; using ball-miller. This
technique is affordable while minimizing the loss of storage capacity. The structural
differences between milled and un-milled crystalline MgH; were observed [246]. The
specific surface area of MgH, was reported to increase 10 times if milled. The milled
MgH. exhibited faster hydrogen desorption kinetics, reduced the activation energy
compared to the un-milled sample, as presented in Figure 5.33.

Hydrogen content, wt%

—A— 573K

-5 7] —8— 648K |
1 h. —m— 623K 1
i > —A— 573K ]
6 ; —DO— 623K 1

0 400 800 1200 1600 2000
Desorption time, sec

Figure 5.33: Desorption of hydrogen compared between milled and un-milled MgH;
under a hydrogen pressure of 0.15 bar [246].
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The activation energies for desorption were determined at 156 and 123 kJ/mol for the
un-milled and milled MgH, powders, respectively. The ball-milled Mg;NiHs thus showed
lower desorption temperature. The reduction of desorption temperature can be as
significant as 100 °C for MgH; and 40 °C for MgNiHs4, depending on the ball-milling
conditions [253]. The ball-mill powders was reported to be readily active, meaning that the
activation process is not required, unlike the conventional ones. The pressure-composition
(P-C) isotherms was not much affected by the grain boundary. This thermodynamic
aspects of hydrides formulation can be more visible using Van’t Hoff plot, demonstrating
the relationship between equilibrium pressure and changes in enthalpy and entropy, as
shown in Figure 5.34. The pressure of hydrogen desorption of the un-milled MgH; was
lower than that of the milled one.
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Figure 5.34: Pressure-concentration-temperature plots of the un-milled and milled
MgH> at 350 °C [246].

Performing the ball-milling procedure in an inert atmosphere was reported to reduce
the particle size of the alloys, and create fresh new surfaces, which leads to an increase
in hydrogen absorption rate. Besides, the hydrogen absorption rate was found to
increase when the milling time is increased [220], due to the large amount of phase
boundaries and the porous surface structure [230]. Nanocrystalline hydrides were
reported to increase the hydrogenation kinetics even at low temperature. The
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nanoscrystalline hydrides can be created by means of local change in the stable atomic
positions into the metastable configuration. LiNH,/MgH, was reported to have low
dehydrogenation at 200 °C, although it has low kinetic rate and low yield of hydrogen
uptake [231]. Smaller clusters of MgH, showed much lower desorption energy than bulk
MgH., leading to a lower temperature of hydrogen desorption. The hydrogen desorption
energy was found to decreased when the crystal grain size was decreased, especially if
it is lower than 1.3 nm. For example, MgH, with its crystallite size of 0.9 nm would have
the hydrogen desorption temperature of 200 °C, approximately. Nanocrystalline
particles with grain size smaller than 10 nm normally increase the density of grain
boundaries, resulted in easier activation [254,255]. The hydrogenation process was
found to be able to occur during the ball-mill process [256-258], which enhanced the
kinetics of formation of high hydrogen-content hydrides.

Adding foreign metals

Mg-10wt%Fe,0s3 can also be synthesized using the mechanical grinding method under
H> rich atmosphere [241]. The hydrogen absorption rate was found to increase, because
the increased surface defects (of Mg) are facilitating nucleation. Mg particle size was
also reduced, resulted in a shorter distance for hydrogen atoms to diffuse.

The addition of Ni demonstrated similar effects on MgH; performance. Ni was found to
lower the hydrogen desorption temperature of MgH; to 225 °C by ball-milling under
hydrogen atmosphere [257]. The alloying time had a significant effect on absorption
capacity of the hydrides. The reaction kinetics was improved when the milling time was
increased [258-262], as shown in Figure 5.35.

In research, the metal hydrides are generally fabricated as bulk materials, rather than
thin films. Although the thin film hydride gives much better performance. Pure Mg was
research on this fabrication choice, it was concluded that the thinner Mg sheet provided
faster kinetics of hydrogenation (completed MgH, formation). Hydrogen was found to
be able to transport within the solid material for around 30 um before it was stopped
[263]. Ball-milling process can generate powders in the range of 60 to 100 um in size
[262]. The smaller particle size of metal hydrides can eliminate the formation of hydride
layers that are thicker than 50 um [215]. Thus, thin film fabrication is useful as it can
ease the complication of transporting hydrogen over the thick layers of the already-
formed hydrides. Mg was found to be totally converted to MgH; at temperature lower
than 200 °C [264].

Nanocomposite three-layered Pd/Mg/Pd films were researched [261]. Pd layers was
found to accommodate only 0.15 to 0.30 wt% of hydrogen, whereas Mg films contain
5.0 wt% of hydrogen, post exposure under H, atmosphere at 1 bar at 100 °C. Desorption
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temperature was decreased when the degree of crystallization of Mg layer (in Pd/Mg
films) decreased. The degree of crystallization of Mg layer in Pd/Mg films can be
achieved by different sputtering conditions. The minimal crystallization of the film was
found to absorb 5.6 wt% of hydrogen and all the hydrogen was fully desorbed at
temperature lower than 190 °C in vacuum.
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Figure 5.35: Desorption profiles of Mg-0.1mol%Nb,0s when milled for 2, 5, 10, 20, 50
and 100 h at 300 °C and vacuum [261].

Organic solvent mechanical alloying

Organic solvents such as benzene, cyclohexane or carbon materials; can be introduced
during the ball-milling process [265,266], to improve the solid-material’s performance.
Benzene assisted ball-milled MgH, showed reversible hydriding/re-hydriding capacity
under 1 bar of hydrogen. Organic additives were proposed to be necessary for the
production of nanosize magnesium with high dispersion. Wet milling with toluene
seemed to pick up hydrogen and carbon, and also requiring much longer milling time
[267].

Ni addition

MgNiH4 is a promising material for solid-state hydrogen storage because it possesses
high capacity and unusual structural/bonding properties, yet is low cost, light weight
and low-toxicity [268-270]. Table 5.8 shows kinetics of hydrogen absorption/desorption
in the presence of Mg-Ni-based hydrides over various conditions.
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Table 5.8: Hydrogen absorption/desorption kinetics of Mg-Ni-based hydrides [189].

Material Method Temperature Pressure Kinetics Cycling Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes Pabs Pdes Tabs Tdes of H;
Mg:Ni-1wt% BM 200 15 27 4 cyc, 2.50 [271]
Pd stable
Mg2Ni BM 300 29 n/a 5 cyc, 3.20 [272]
unstable
Mg:Ni BM 300 11.6 10 4 cyc, 3.50 [271]
stable
Mg:Ni BM 280 280 1-2 n/a n/a 3.53 [273]
Mg-MgaNi BM 300 12 83 2 cyc, 3.60 [274]
unstable
Mg:Ni BM 280- 280- 1-15 1-2 1 1 n/a 4.10 [267]
330 330
70wt%Mg- BM 350 350 10 1.5 30 10 10 cyg, 4.66 [275,
30wt%LaNis stable 276]
65wt% BM 220- 220- 0.5 10 20 cyc, 5.00 [253]
MgH2— 240 240 stable
35wt%
Mg:NiHa4

Mg:NiHs was formed by hydrogenation of MgaNi [277]. Its chemical reaction can be
written as:

Mg,Ni+2H, - Mg,NiH, (5.43)

During the hydrogenation process, the Mg,Ni will react with 3.6 wt% of hydrogen and
becoming the Mg,NiHs. De-hydriding temperature was observed at 350-300 °C, at
desorption pressure of 2.1 to 3.0 bar [253,260,269,273]. Mg:Ni is advantaged over other
magnesium hydrides because of its high hydrogen capacity of 4 hydrogen atoms per
Mg:Ni and its light specific weight [278]. Nanostructure Mg;Ni can react with hydrogen
at room temperature whereas polycrystalline MgNi, needs the hydrogenation
temperature to be as high as 250 to 350 °C, under 15 to 50 bar [269].

5.5.1.2 CYCLIC ABILITY

Cyclic ability can be defined as how efficient/how much performances of the solid
materials are when being treated under cycling condition. Cyclic ability depends on
many factors i.e. its nature, additives, cycling temperatures, starting microstructure and
its intermediate phases. Mixed oxides; e.g. Cr.03, Al;03 and CeO;; were added into
magnesium hydrides as additives. All the compounds were found to lose its performance
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after the 5% cycle, due to the agglomeration of the particles during the process [224].
Misch metals (Mm); such as Ce, La, Nd and Pr; had been applied to increase to cyclic
ability [279]. However, the addition of Mm can have an adverse effect on hydrogen
storage capacity and its reaction rate [225]. Formation of the phase changes,
segregation, and disintegration can be observed in La;Mgi17+40wt%LaNis during the
cycling process at temperature of 350 °C. The hydrogen capacity of LagsNiisMgi7; was
decreased as the cycling proceeded [229].

Number of cycling as high as 1,000 or 2,000 cycles were researched [233,238] over metal
compounds-doped magnesium hydrides. Ni-doped Mg and Mg,CoHs were reported
near-stable even after 800 cycles with only small fluctuations in hydrogen capacity, as
shown in Figure 5.36 [233].
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Figure 5.36: Cyclic stability of Ni-Mg at 230-370 °C, under 4 bar, experimenting over 3 h
[233].

MgH,-5wt%V was studied over 2,000 cycles [238]. The material was reported stable
even when the hydrogen capacity reached 5 wt%. No change in isotherms or
disintegration was detected. For MgH>+0.2mol%Cr,03, the hydrogen capacity/hydrogen
storage of the material was found to even increase during the cycling process by 8%,
approximately, This was concluded to be the cause of structural relaxation and
crystallite growth [244]. Mg-2wt%Ni alloy was found to be losing its kinetics of
hydrogenation/dehydrogenation during its 4,300 cycles test, however, its hydrogen
capacity was found to remain the same, although it needs higher operating temperature
to reach the same level of uptake/release [280]. The nanocrystalline Mg,Ni showed a
decrease in hydrogen capacity by 15% after 2,100 cycles, due to the formation of
non-hydride phases [281].
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Feed impurities

The impurity tolerance is one of the main criteria for selection of solid-state hydrogen
storage materials. The influence of gaseous N, O, CO;, and CO were investigated on a
pure magnesium powder [282]. O, and N, was found to slow down the hydrogen
absorption, whereas CO and CO; inhibited the hydrogen uptake. H,O was reported to
increase the hydrogen storage capacity by 5% over MgH»-V-Ti, however, it desorption
characteristic was worsen due to the surface deterioration of the particles [283,284].

Question 5.4

5.4.1 What are the difficulties of H, storage?
5.4.2 Name techniques that are recently used/being developed for higher efficiency of
storing H,

5.5.1.3 CATALYST EFFECT

The intrinsic rate of hydrogen absorption in the solid-state hydrogen storage is governed
by (1) the rate of hydrogen dissociation on the surface, (2) the solid-diffusion of
hydrogen from the surface (covered by oxide layers) to the bulk solid metal, (3) the rate
of solid-diffusion of hydrogen from the surface (where hydride layers already formed)
to the bulk solid metal. Catalyst is therefore taken into account, as the effective catalysts
can encourage the formation of hydride in significant content.

Pd, Ni, Ge and V were applied into the magnesium hydrides. Amongst these catalysts,
Ni was probably showing the most impressive improvement by (1) increasing 50%
hydrogen storage capacity of the solid material, (2) yet decreasing the temperature of
the hydrogenation process from 275 to 175 °C [262], and (3) decreasing the temperature
of de-hydrogenation from 350 to 275 °C. Pd was also a good catalyst. Despite its cost,
the specialty includes oxygen tolerance, as palladium oxide, if formed, can be easily
decomposed afterwards. Pd was added into Mg:Ni, LaNis, and FeTi solid materials [271].
Pd was concluded to enhance the absorption rates at lower temperature and resistance
to air or oxygen exposure. The addition of Ge was found to decrease the hydrogen
desorption temperature, ranging from 50 to 150 °C, depending on the catalyst level.
Nevertheless, the performance of Ge-based material was reduced after a few cycles of
hydrogenation/de-hydrogenation [249]. V can increased the hydrogen storage capacity
by 5.8 wt% while the thermodynamics parameters of the process was maintained [243],
as illustrated in Figure 5.37.

Ti and V are useful for preventing the oxidation of the alloy surface, thus increase
desorption capacity over cycling process [284]. The addition of some metal oxides; e.g.
V,0s, Cr,03, Fe304 were found to improve the kinetics of MgH,. Amongst these metal
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oxides, Cr,03 was outstanding for fast hydrogen absorption, while V,0s and Fe304
render rapid hydrogen release [192,196,224,244].
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Figure 5.37: Hydrogen desorption profiles of ball-milled MgH,-5wt%V (hollow) and
MgH; (solid) under operating pressure of 0.15 bar [243].

In summary, efficient and inexpensive catalysts are still being searched for. New type of
compounds such as solium alanates and magnesium alanates have been demonstrated
in this application, as well as hydrogen generation/storage by hydrolysis [285].

5.5.1.4 CHEMICAL COMPOSITION

Composition has influences on properties of solid materials towards the hydrogen
storage performance. In the Mg/Al alloys, the hydrogen capacity was found to decrease
when Al level was decreased, although the kinetics was improved. The ball-milling
process allows combination of two or more phases having different hydrogenation
characteristics [221]. The ball-milling process enables an increase in solubility limit of
the foreign compound in the host material. Mg,FeHs-MgH> can have the maximum
amount of stored hydrogen of 5.0 wt% (around 30% less than the iconic MgH, which
that of was 7.7 wt%) Mg,FeHs-MgH> has low price of precursors, constancy of the heat
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delivery temperature by controlling the applied hydrogen pressure and absence of heat
losses with time. The intermetallic hydride, Mg,FeHs exhibits the high volumetric
hydrogen density of 150 kgH,/m3, more than 2 times of that provided by the liquid
hydrogen [221].

5.5.2 COMPLEX HYDRIDES

Complex hydrides are known as one-pass hydrogen storage system where hydrogen is
created by contact with water. Na, Li and Be are the only elements that are lighter than
magnesium and are able to form solid-state compounds with hydrogen [189]. The
hydrogen content can be as high as 18 wt% for LiBHa, although all the complex hydrides
have one common challenge — both thermodynamic and kinetic limitations. The
complex hydrides such as alanates (AlH4)", amides (NH2)" and borohydrides (BH4) were
studied. The hydrogen is generally located at the corners of a tetrahedron. Borates are
considered stable and decomposed only at high temperatures. Alanates have excellent
hydrogen storage capacity, although they are decomposed in 2 steps upon dehydriding
[286].

5.5.2.1 SODIUM ALANATES

Sodium alanates are the complex hydrides which are formed by sodium and aluminum.
Complex aluminum hydrides without other metal are not considered rechargeable
hydrogen carriers due to its irreversibility and low kinetics. However, when doped with
other transition metals or rare-earth metals, i.e. sodium, such complex hydrides become
reversible. Doping Ti compounds into the aluminum hydrides was reported to enhance
the reaction’s kinetics, reversibility under moderate conditions [287,288]. Sodium
aluminum hydrides (NaAlH4) is a good candidate for hydrogen storage application
because it has theoretically reversible hydrogen capacity of 5.6 wt%, is low cost and is
abundant. These complex hydrides release hydrogen via a series of decomposition
reactions. Such reactions in the presence of NaAlHa is shown below:

NaAlH, o Na;AlHg + Al + H, (5.44)
NaAlHg < 3NaH + Al + > H, (5.45)

NaAlHa (sodium tetra-hydro-aluminate) and NasAlHs (trisodium hexa-hydro-aluminate)
contain hydrogen of 7.4 and 5.9 wt%, respectively. During the overall decomposition
process, NasAlHs would be formed in the first step as an intermediate, together with
gaseous hydrogen and metallic Al. Afterwards, the NazAlHg will be further decomposed
to NaH, together with another set of metallic Al and gaseous hydrogen. The kinetics of
both reactions are relatively slow. These reactions are reversible which should be
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concerned as the evolved hydrogen could be converted back to the sodium alanates,
under severe conditions. By stoichiometric calculation, the hydrogen evolution of
equations (5.44) and (5.45) is theoretically estimated at 3.7 and 1.9 wt%, for a
theoretical net reaction of 5.6 wt% reversible gravimetric hydrogen storage [288]. The
first decomposition step (equation (5.44)) occurs at temperature ranging from 185 to
230 °C, whereas the second step of decomposition takes place at slightly higher
temperature of 260 °C, approximately. NaH, in fact, can be further decomposed, however,
at temperature as high as 425 °C. Thus, this high temperature decomposition step is not
generally taken into account as the reaction temperature is too high for any practical
(on-board) storage system. Some catalysts were reported to be added onto the sodium
alanates and successfully enhance the overall performance of the materials [289], as
demonstrated in Table 5.9.

Table 5.9: Characteristic and properties of sodium alanates when utilized as a solid-state
hydrogen storage material [189,289].

Material Method Temperature Pressure Kinetics Cycling Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes Pabs Pdes Tabs Tdes Of H2
NasAlHs Mechano- 200 1 150 n/a 2.50 [290]
chemical
synthesis
NaaLiAlHs BM 211 45 100 n/a 2.50 [291]
NaAlHs— BM 125- 125- 101- 101- 60 180 5 cyc, 3.00 [292]
2mol%Ti(Obun)a— 165 165 202 202 unstable
2mol%Zr(OPri )a
NaAlHs—4mol%Ti BM 120 150 120 1 60 600 8 cyc, 3.30 [293]
unstable
NaAlHs—2mol%Ti BM 25- 25- 20- 1 300- 40 n/a 3.80 [294]
193 160 120 720
NaAlHs— Mixing 120 180- 60- 60- 1,020 120- 25 cyc, 4.00 [288]
2mol%(Ti(Obun)a 260 150 150 300 unstable
NaAlHs— Mixing 120- 160- 130- 130- 330 90 33 cyc, 4.00 [287]
2mol%Ti(Obun)a 135 180 150 150 unstable
NaAlHs~2mol% BM 100- 83- 20 5 cyc, 4.00 [292]
TiCls 125 91 unstable
NaAlH:— Mixing 200 1 n/a 3 cyg, 4.00 [295]
2mol%Zr(OPr)a stable
NaAlH4 Mechano- 80- 80- 76- 76- 120- 300 2 cyc, 5.00 [296]
chemical 180 180 91 91 300 unstable
synthesis
(Continued)
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Table 5.9: (Continued)

Material Method Temperature Pressure Kinetics Cycling Max. Ref.
(°C) (bar) (min) stability weight
Tabs Taes Pabs Pges Tabs Tdes of H;
NaAlHs— Mixing 104 88 1,020 3 cyc, 4.00 [289]
ZmOI%(Ti(Obun)4) stable
NaAlHs:—~ Mixing 200 1 n/a Unstable  5.00 [297]
2mol%Ti(Obun)sc
NaAlHs~2mol% BM 104- 115- 30- 25 cyc, 5.00 [298]
TiN 170 140 1,200 stable

When adding the liquid alkoxides; such as Ti(OBu")s or Zr(OPr)s; into the sodium
alanates, the hydrogen release is often contaminated by hydrocarbon. The surface of
sodium alanates are also likely to be damaged by such catalysts, causing a decreased
number of cycles. On the other hand, TiCl; catalyst has a positive effect on the sodium
alanates [299]. It contributes to a reduced weight of the solid material and an increased
hydrogen storage capacity. The hydrogen release/uptake capacity of the TiCl; doped
NaAlHs was reported to increase around 50 times higher than the un-doped one. TiN
and ZrO; were also reported to have a positive influence of the overall performance of
the materials. Although ZrO; has less positive effect on the hydrogen storage capacity
and stability, compared to the titanium oxide group, however, it was better at
dehydriding the NasAlHs to NaH and Al. The state of Ti precursor was reported to be
have stronger influences in the hydrogen capacity, than the level of Ti. Smaller size of Ti
particles is responsible for an increase of the reaction rate [300]. However, Ti is not the
best catalyst for improving the kinetics, in some studies, it was reported that the
dehydrogenation desorption process could take up to 4,200 min [299]. Mechanical
alloyed NasAlHg was found to exhibit higher kinetics rate than NasAlHs which obtained
from the decomposition of NaAlH4 [301].

5.5.2.2 LITHIUM AND POTASSIUM ALANATES

Lithium alanates has even higher hydrogen storage capacity, compared to the sodium
alanates. However, its main drawback is its extremely high equilibrium pressure of
hydrogen at room temperature. This made lithium alanates considered as unstable
hydrides — meaning that even though desorption of hydrogen can occur easily, but it is
almost impossible to be re-absorbed [290]. Desorption of LiAlH4 occurs via 2 minor
decomposition steps, similarly to the sodium alanates:
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3LiAlH, — Li;AlH, + 2Al + 3H, (5.46)
Li;AlHg - 3LiH + Al + 2 H, (5.47)

The total hydrogen content of LiAlH4 and LizAlHg is 10.5 and 11.2 wt%, respectively. The
hydrogen released during the 2 reactions are calculated at 5.3 and 2.7 wt% at temperature
ranging from 160 to 200 °C. Nevertheless, after the reaction is completed, the 2.65 wt%
of total hydrogen remained in LiAlH4 was not released, but stayed in the form of LiH.
This amount of hydrogen can be only desorbed at high temperature, as high as 680 °C
[290]. Its chance of commercialization is therefore limited by its high temperature
operation and slow kinetics. The performance of Li-based materials are summarized as
shown in Table 5.10 [189].

Table 5.10: Absorption and desorption of hydrogen over the Li-base materials [189].

Material Method Temperature Pressure Kinetics Cycling Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes Pabs Pdes Tabs Tdes of HZ
LaNi3BH3 Arc melting 25 4 30 2 cyc, 0.84 [302]
unstable
LiaNH Mixing 200- 200- 7 1 10 300 15cyec, 3.10 [303]
230 230 unstable
LiNH>—LiH- BM 180 150- 30 30 3 cyc, 5.00 [304]
1mol%TiCls 250 stable
Li,O-LisN Partial 180 7 3 6 cyc, 5.20 [305]
oxidation stable
Li2MgN2H> Mixing 180 180 90 1 60 60 n/a 5.50 [232]
LisN Mixing 50 240- 0.5 1 20 n/a 6.00 [306]
270
LiNH Mixing 255- 255- 10 1.5 n/a n/a n/a 6.50 [235]
285 285
LisBN2Hs BM 250- 1 228 n/a 10.00 [307]
364
LiBHs-1/2MgH,~  BM 315- 315- 4.5- 2-3 240 240 3cyg, 10.00 [308]
2mol%TiCls 450 450 19 unstable

KAIH4 was also studied [309]. Hydrogen storage capacity was determined at 3.5 wt% at
10 bar of hydrogen at temperature ranging from 250 to 330 °C. In contrast to the NaAlH,4
and LiAlH4, KAIH4 offers an easy reversible reaction without any additional catalysts.
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5.5.2.3 LITHIUM NITRIDES

Lithium nitrides themselves might not be the best candidate for hydrogen storage
material because their operating temperature are normally just too high, under the
manageable operating pressure. However, researchers found that the study of lithium
nitrides are useful for developing metal-N-H system as they are proven to be a potential
pathway for reversible solid-state hydrogen storage material [235]. The reaction
between Li and hydrogen was proposed as shown below [189,310,311]:

Lis;Ni 4+ 2H, - LiNH, + 2LiH (5.48)

LisN can theoretically store 10.4 wt% of hydrogen. However, it has two plateaus in its
P-Cisotherm —meaning that desorption isotherm cannot return to its origin. LiNH2 could
be further decomposed to Li;NH, LiH and the evolved hydrogen of 7 wt%:

LiNH, + 2LiH — Li,NH + LiH + H, (5.49)

In addition, NH3 can be produced during the reaction and react with H, poisoning the
downstream processes. The presence of LiH can ease this situation by capturing the NHs.
This reaction has relatively fast kinetics, therefore, the further damage caused by NH3
reactions are prohibited, during the hydrogenation of LisN [312]. Many recent
researches had been reporting that partial substitution of different valence cations with
larger electronegativities, e.g. Mg, could help reducing the desorption temperature of
hydrogen in the Li-based complex hydrides [313].

5.5.2.4 LITHIUM BORO- AND BERYLLIUM HYDRIDES

LiBH4 provides a gravimetric hydrogen density of 18 wt% and was first synthesized in an
organic solvent, however, the hydrogen desorption temperature is as high as 470 °C
[314,315]. Its disadvantages include: (1) difficult synthesis, the synthesis of LiBH4 occurs
at temperature around 650 °C, under pressure of H, at 150 bar; (2) expensive [316].
Small amount of hydrogen (0.3 wt%) evolution occur at low operating temperature
whereas the larger amount of hydrogen (13.5 wt%) will be released at higher
temperature, with 4.5 wt% of total hydrogen remained as LiH, the final decomposition
product. Around 8 to 10 wt% of hydrogen can be reversibly re-stored at temperatures
of 315 to 400 °C, by adding MgH> and TiCls. Since Li and Be are the lightest hydride-
forming metals, thus their reversible hydrogen capacity are generally higher than other
known-hydrides [317]. In addition, LisBe;Hy7 is highly toxic [212].

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



CATALYTIC APPLICATIONS OF METAL OXIDES | 221

5.5.3 INTERMETALLIC COMPOUNDS

Intermetallic compounds are made of combination between an elements forming a
stable hydride with an element forming a non-stable hydride. Despite its long term
development since 20 years ago, the application of intermetallic compounds in solid-
state hydrogen storage is still struggling with their high weight (especially for on-board
applications) and low hydrogen storage capacity [318]. Another type of intermetallic
compounds are categorized by their crystal structure i.e. AB, (Laves phase), ABs typed
phase, Ti-based body centered cubic phase or BCC (body centered cubic). The properties
of these intermetallic compounds are summarized and tabulated as shown in Tables
5.11and 5.12 [189].

Table 5.11: Absorption and desorption of hydrogen over various intermetallic
compounds [189].

Material Method Temperature Pressure Kinetics Cycling  Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes Pabs Pdes Tabs  Tdes of H;
MgS BM -196 50 n/a n/a 0.50 [319]
Lap.90Ce0.0sNdo.04Pro.01Nis.635N0.32 Melting 100 25 2-10 0.24 6.6 6.6 n/a 0.95 [320]
Zr(CrosMoy2), Induction 120 30 n/a n/a 0.99 [321]
melting
Mlg.g5Cag.15Nis RF melting 25 10 60 100 cyc, 1.10 [322]
stable
LaNij gSno Arc melting 80 80 3-4 n/a 1,000 1.16 [323]
cycle,
stable
Lag.ssYo.45Nis Induction -20 3.5 n/a 5 cycle, 1.30 [324]
melting stable
Tio.9Zro.1sMny 6Cro Vo2 RF melting 25 10 60 100 cyc, 1.30 [322]
stable
MnNigAlg 4 Melting 25 25 25 5 11 cyc, 1.30 [325]
stable
MnNiggFeq s Melting 25 25 35 15 11 cyc, 1.44 [325]
stable
Mg 75Cag.25Nis RF 20 100 6.8 n/a n/a 1.45 [326]
levitation
melting
80wt% TiCry Vo o—20wt%LaNis Melting + 30 30 17 0.5 n/a n/a 1.50 [327]
BM
Tio.972r0.03Cr1.6MnNo4 RF 20 100 81 n/a n/a 1.55 [326]
levitation
melting
Lag.7Mgo.3Niz.65Mng.1C0Og.90 Melting 30 30 5 0.33 n/a n/a 1.56 [328]
(Continued)
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Table 5.11: (Continued)

Material Method Temperature Pressure Kinetics Cycling  Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes Pabs  Pdes Tabs Taes of H:
Zro75Tio.25Cr15Nig.s Arc melting 40 47 n/a n/a 1.75 [329]
Tiy1CrMn Arc melting 23 23 33 1 1 5 1,000 cyc, 1.80 [330]
stable
FeTi BM 25 100 n/a n/a 1.92 [331]
V=7.4%Zr-7.4%Ti-7.4%Ni Arc melting 40 10 1 n/a 10 cyc, 2.00 [332]
unstable
Vo.375Ti0.25Cr0.30MNg 075 Arc melting 30 30 50 0.2 n/a n/a 2.20 [333])
TigsZrsgNis7 Quasicrystal BM 300 427 80 1,200 n/a 2.23 [334]
powders
Ti-V—Cr Arc melting 40 40 100 n/a n/a 2.80 [335]
Ti-10Cr-18Mn-27V-5Fe Magnetic 60 30 1 8.3 n/a 3.01 [336]
levitation
melting
Ti-10Cr-18Mn-32V Magnetic 60 30 1 8.3 n/a 3.36 [336]
levitation
melting
TiCry1Vos Melting + 30 30 17 0.5 n/a n/a 3.50 [327]
BM
TiszsVaoFess Arc melting -20 300 100 10 20 50 cyc, 3.90 [337]
stable
Ti-V—Cr-Mn Magnetic 247- 30 0.03 n/a n/a 3.98 [338]
levitation 472
melting
La; gCap,Mg1aN13 BM 27-327 27-327 40 1 15 10 6 cyc, 5.00 [339]
unstable

Table 5.12: Hydrogen absorption and desorption properties over LaNis-based
compounds [189].

Material Method Temperature Pressure Kinetics Cycling Max. Ref.
(°C) (bar) (min) stability weight
Tabs Tdes  Pabs Pges Tabs Tdes of H,
LaNis BM 20 20 1.6 8 cyc, 0.25 [340]
unstable
Lag.56C€0.29P0,03Ni2C0Og 45 Twin-rolling 60 10 0.6 n/a n/a 1.27 [341]
Mng.asAlo3
LagoCeq1Nis Co surface 0-100 25 50 1.8 20 cyc, 1.40 [342]
treatment stable
LaNis Co surface 0-100 25 50 13.6 20 cyc, 1.44 [342]
treatment stable
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When these materials are applied under ambient temperature and pressure, their low
energy density per unit weight is very much a disadvantage. For example, the hydrogen
storage capacity of the most popular LaNis-based alloys does not give 1.4 wt%, if
operated under moderate temperature. Figure 5.12 represents the major outputs from
a number of studies on ABs type compounds for their application in solid-state hydrogen
storage.

The performance of LaNis compounds, in terms of hydrogen storage capacity, was
reported to be improved by adding other metals [322]. AB, type compounds are derived
from the Laves phases crystal structures. One of the high potential materials in this
group is Ti and Zr (as A-site) based materials. The B elements can be various 3d atoms
such as V, Cr, Mn, and Fe. Most of these materials possess faster kinetics, longer life
span, and lower cost; compared to LaNi5 related system. Nevertheless, these materials
are too stable at room temperature [343] and more sensitive to gaseous impurities than
ABs based compounds. BCC based materials were reported to be able to absorb more
oxygen than the conventional intermetallic compounds, for instance, Ti-based BCC.
However, its downside includes its high cost. The quasicrystals have a new type of
translational long-range order, presenting non-crystallographic rotational symmetry.
These kind of materials contain high amount of interstitial sites. The absorption of
hydrogen between the layers of multi-layered walls of nanotubular TiO, was reported
to take place at 195 to 200 °C under pressure up to 6 bar, where the hydrogen can be
intercalated within [344].

5.6 NANOSTRUCTURED METAL OXIDES IN LITHIUM-ION
BATTERIES

Nanoscaled and nanostructured metal oxides are becoming one of the key-component
to develop the lithium-ion battery which is becoming more popular for its on-board
applications, since its first-time development in 1991 by Sony [345]. The Li-ion had been
widely applied in many portable devices e.g. laptops or digital cameras; and expanded
its uses in the more modern applications such as aerospace, smart grid system and
automotive. Li-ion batteries are advantaged in (1) its highest energy density amongst all
types of rechargeable batteries; (2) its low self-discharge rate. Lithium-ion batteries
nowadays are being developed based on the following criteria/concerns: (1) energy
density, (2) discharging and charging rate (power density), (3) safety feature, and
(4) cycle stability. These parameters are governed by characteristics of the selected
electrode i.e. its nature and structure. The safety issue can be improved by
selecting/developing a non-flammable electrolyte or even solid electrolyte to replace
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the current liquid electrolyte which mostly contains highly flammable organic solvents.
Overall performance of the Li-ion batteries can be enhanced by using nano metal oxides
as anode, cathode or electrolyte additives. A lithium ion (Li-ion) battery diagram can be
schematically illustrated as shown in Figure 5.38.

The typical cell consists of LiCoO; as a cathode, graphite as an anode, whereas the
electrolyte can be a solution of lithium salts such as LiPFs or LiBF4 dissolved in an organic
solvent such as a mixture of propylene carbonate or diethyl carbonate. During the
charging step, Li atoms in LiCoO; will become ions, transporting to the graphite anode
through the electrolyte and intercalate within the gaps between graphene layers.
Similarly, the intercalated Li atoms in the graphene layers will be released as ions,
migrating back to the LiCoO; cathode and intercalating within the layers of octahedral
lattices formed by Co and oxygen atoms. The intercalation can be defined as
lithiation/delithiation mechanism which is referred to all the ‘topotactic reactions’
where the structures are not limited to be layers.

P2
{
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.
LixCS Ll* Li-xM02
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| |
Electrolyte Separator

Figure 5.38: Discharging Li-ion battery with a graphite anode, LixMO; cathode [345].

Reversible redox reaction of metal oxide such as Li/Li* is considered another type of
lithiation/delithiation and is regarded as ‘conversion reactions’, where the lithiation
occur via reduction of the metal oxide by Li to produce metal and lithium while
delithiation will take place via the oxidation of the formed metal by lithium oxide. In
addition, for the intermetallic AB compounds, Li will reversibly substitute A to form LixB
in which it has a strong structural relationship with the parent AB compound. This
phenomenon is regarded as ‘displacement reactions’. AlImost all metal oxide materials
can be working as any of these three reactions, except SnO;-based materials which its
lithiation/delithiation combines the conversions and alloying reactions.
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Nanoscaled metal oxides have many advantages in Li-ion battery applications: including
(1) its smaller size, which could reduce the Li-ion/electron transport pathways and
enhance phase transformation; (2) its large surface are, which can increase the
charge/discharge kinetic rates, due to the increased contact with the electrolyte; (3) its
low density, allowing itself to accommodate the associated volume changes of the
transferred species during the lithiation/delithiation process, leading to an
improvement in its cycle stability. Nevertheless, its strong points are also the weak
points. Its drawbacks include: (1) the nanoscaled and/or nanostructured materials will
lower the packing density, causing an increase in the cell’s volume, therefore, resulting
in a low overall energy density; (2) the large surface area enables higher chances of
unwanted reactions between the electrode and electrolyte, due to its larger
contact/interface area.

Question 5.5
Li-ION batteries are considered less harmful to our environment. Why?

5.6.1 NANO METAL OXIDES FOR ANODE MATERIALS

5.6.1.1 INTERCALATION METAL OXIDES

Choice for electrodes in Li-ion batteries are generally based on layered materials (e.g.
graphite for anode and LiCoO; for cathode), but not limited to [346]. Tunnel-structured
materials such as spinel (AB2O4 where A = Li) can find its use in Li-ion battery as Li-storage
host with intercalation mechanism. LisTisO12 and TiO, are the most promising anode
materials amongst all the metal oxides. LisTisO12 is a ceramic material which has a defect
tunneled structure (Li1/3Tis;304) which can be lithiated over the composition range of
Liz+xTisO12 (0 < x < 3), giving a potential of 1.55 V versus Li/Li*, approximately, whereas
its theoretical lithiation capacity is estimated at 175 mAh/g [347-350]. Although the
LisTisO12 has only moderate lithiation capacity, however, it is considered a zero-strain
intercalation material where the defected Lii/3Tis;304 framework exhibits minimum
volume change during the intercalation/deintercalation process. This leads to an
importance characteristic which is the cycle stability. The potential of 1.55 V of LisTisO12
is also advantaged for eliminating the formation of solid electrolyte interface (SEl) film,
caused loss in efficiency, because the 1.55 V lithiation voltage if higher than the
decomposition voltage of the organic solvent in the electrolyte. Yet, the higher lithiation
voltage would reduce the chance of lithium metal plating over the anode, resulted in an
enhanced safety. On its downside, using LisTisO12 sacrifices the full cell working voltage
due to its higher lithiation voltage compared to graphite which values at 0.1 to 0.2,
against Li/Li* [345]. The benefit of using nanaoscale LisTisO12 is that its Li
intercalation/deintercalation is significantly increased. The average Li-ion diffusion time
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(t) in an ideal anode particle can be described using the below equation, where the
Fickian diffusion is assumed:

L2
2D

t= (5.50)

Where L stands for diffusion distance, D is for the Li-ion diffusivity in the material. This
equation clearly illustrates that the shorter distance of diffusion, by the smaller particle
size, will result in the shorter diffusion time. Because LisTisO12 is an electric insulator, its
electronic conductivity would be increased during the lithiation reaction from the outer
surface directing inward. This problem is not unmanageable as Li*/e” transport already
occurs at the outer layer. During the delithiation, Li will be released while the
conductivity begins to decrease from the outer layer of the LisTisO1;’s particle. This, the
kinetics rate of delithiation process will be lower than that of the lithiation. Reducing the
Li*/e” transport pathway by using nano LisTisO12 will encourage faster separation of Li*
and e, resulting in the desired high rate of the charge/discharge.

Nanorods LisTisO12 was successfully prepared for the Li-ion battery [351]. Their
diameters were estimated at around 100 nm as shown in Figure 5.39 (a). Its high rate of
discharging is very beneficial for the application. Figure 5.39 (b) illustrates that the
reversible first discharge capacity was determined at 165 mAh/g under a cycling rate of
0.1 C (16 mA/g), with no noticeable capacity fading up until 30 cycles between 1 and 2.5
V. The initial capacity at 0.5 C was exactly the same as that at 0.1 C. Small capacity was
seen to be decreased when the current increased, which were observed at 5 and 10 C
(1,600 mA/g) rates. The capacity retention was read at 95 and 934, respectively, showing
157 and 155 mAh/g. This can be concluded that LisTisO1; with 700 nm diameter has
lower performance. This fact implies that nanoscaled materials will increase the kinetics
of charge transfer.

0.5C

Cell potential (V)

0O 20 40 60 80 100 120 140 160 180

Capacity (mAh/g)

Figure 5.39:(a) TEM image of LisTisO12 nanorods, (2) rate capacity of the LisTisO1; at
different cycling rate [351].
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TiO; also has high theoretical lithiation property/capacity, although has slow kinetics.
The Li intercalation reaction to TiO2 can be described as below:

xLi* + Ti0, + xe~ © Li,TiO, (5.51)

Full lithiation would result in the formation of LiTiO, (x = 1) with 335 mAh/g. Because
this reaction occurs under the operating voltage of 1.5 to 1.8 V, thus, the anode
passivation film (caused by the reaction between the electrode and electrolyte) can be
avoided, leading to an increase in the better safety operation. Four types of TiO; had
been applied in battery applications: rutile, brookite, anatase, and bronz (TiOz(B)).
Amongst these polymorphs, rutile is the most common and that’s why it’s the most
thermodynamically stable form of TiO,. Anatase and brookite can be converted to rutile
by calcination under temperature ranging from 700 to 1,000 °C. The basic physical
properties of these TiO; are gathered and tabulated as shown in Table 5.13 [352].

The major challenge for using TiO; as an anode is its poor Li* and its poor electron
conductivity. This leads to a prohibited reaction kinetics of Li lithiation/delithiation
process [352]. The kinetics of intercalation/deintercalation process was reported to be
governed by its structural properties such as site occupation, local coordination and
energy [353-355].

Despite all the advantages of nanoscale TiO; for improvement of Li-ion batteries, some
of their major challenges include the fact that the fuel cells with TiO, anode and typical
cathode are subjected to lower cell voltages due to its relatively higher lithiation
potential versus Li/Li* [356].

Other intercalation metal oxides are the oxides of group 5B metals (i.e. V and Nb) and
group 6B metals (such as Mo and W) [357]. These oxides are utilized in Li-ion battery
applications because of their outstanding layered lattice structures. Binary vanadium
oxides with octahedral (or distorted octahedral) coordination have their large variety of
oxidation from V°*to V?*. In addition, they are feasible as a cathode due to their high
voltage of intercalation/deintercalation, except for VO3(B) which has monoclinic
metastable shear structure which is more likely to be used as an anode (for aqueous
electrolyte Li-ion batteries, due to its appropriate electrode potential of 2.5 V versus
Li/Li* [358]. Flower-like VO2(B) was successfully synthesized and tested as an anode
material when having LiMn,04 as a cathode. The flower-like shaped material showed
better performance compared to the same materials in the form of nanobelt and
carambola-like nanoparticles [359]. Apart from the VO3(B), other vanadium oxides were
also applied in the battery applications such as LiVO,, LiV30s, MnV,0s, RVO4 (When R =
In, Cr or Fe) and LiMVO4 (where M = Cd, Co, Zn, Ni, Cu or Mg) [360-364].
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Table 5.13: Physical properties of various phases of TiO; [352].
Type Density (g/cm3)  Unit-cell data (hnm)  Molecular structure
Rutile 4.13 a=0.459
c=0.296

Brookite 3.99 a=0.917
b =0.546

c=0.514

Anatase 3.79 a=0.379
c=0.951

Bronze TiO,(B) 3.64 a=1.216
b=0.374
c=0.651
B =107.29°
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To sum up, these intercalation metal oxides have either layered or tunneled structures
which can accommodate lithium ions. These lithiations/delithiations always occur with
associated volume expansion which has negative effect on the cycling stability. The
lithiation capacity of intercalation metal oxides is limited by the availability of lattice
sites and hindered by the redox competition with other phases. One main obstacle for
obtaining the full capacity and fast rate of charge/discharge is the slow ion or electron
transport kinetics. The nanoscale materials definitely can enhance surface area, thus
shorten the transport partway between Li* and electron. The capability to store Li in
nanoscale materials can be encouraged by increasing the grain interfaces. Main
challenge for the intercalation metal oxide anodes is the irreversible capacity — which is
currently soothed by coating it with conductive later or doping with conductive
composite [345].

5.6.1.2 CONVERSION METAL OXIDES

The new mechanism of lithiation and delithiation was proposed in 2000s [365] for the
storage of Li in transition metal oxides. The mechanism is demonstrated in the equation
below:

2xLi + MOy & M + xLi,0 (5.52)
Where M can be Fe, Ni, Co, Cu, Mn, Cr, Ru or Zn

In this case, the lithiation process is therefore the chemical reduction reaction of metal
oxide by lithium at a particular potential. Similarly, the delithiation process is the
chemical oxidation reaction of metal oxide where the metal is oxidized by Li,O and
returned back to its original valence state. This mechanism is referred to as a ‘conversion
reaction’.

For example, Li and MnO; together is acting as a pair of anode/cathode for primary Li
battery. The lithiation process of this pair was reported to result on 2 to 5 nm metal
grains embedded in an amorphous Li;O matrix [365]. The transport pathway between
the Li* and electron is therefore shorten by this nanostructure material while the
movement of Li* through the Li,O phase and the movement of electron through the metal
phase are also facilitated by nanostructure materials. Such proven phenomena allows the
reversible lithiation/delithiation process. However, the fully lithiation/delithiation is not
achieved in this case. It was found that the delithiation capacity is mismatch with the
lithiation capacity, leading to the conclusion that there is some significant amount of
irreversible capacity since during the first cycle. A complexity of this type of metal oxide
anode is that it has large voltage profile of hysteresis of charge/discharge while it
actually should have as low as possible voltage profile of hysteresis, in order to maximize

HETEROGENEOUS CATALYSIS: FUNDAMENTALS AND APPLICATIONS OF METAL OXIDES



230 | CATALYTIC APPLICATIONS OF METAL OXIDES

the energy density efficiency. However, the potential hysteresis can be lowered by
making the particle size of the metal oxides smaller [366].

The typical metals in this type of metal oxides include Fe, Co, Ni, Cu, Mn and Cr. Instead
of synthesizing these metal oxides as nanospheres, these compounds can be fabricated
as other nanoshapes i.e. nanotube, nanowire, nanoflakes, nanospindles, flower-like,
hollow-sea-urchin-like nanoparticles and mesoporous structures [367-384]. For example,
Mn203 nanowire could be prepared using a combustion process [385], as shown in
Figure 5.40.
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Figure 5.40: Mn;03 prepared using a combustion method assisted an in-house
technique [385].

Although these materials have many advantages, their disadvantages include (1) they
have high lityhiation potential of above 1 V against Li/Li* which results in low overall cell
voltage, (2) the delithiation capacities of these metal oxides can be achieved in a wide
window of potential, ranging from the lower limit of near-zero to the upper limit of
maybe 3 V. These drawbacks are not practically applicable in real-life utilization [386].

5.6.1.3 DISPLACEMENT METAL OXIDES

Displacement mechanism is when one metal A from a binary intermetallic AB by lithium
reduction. AP was reported to be a host framework for the lithiation for A and
delithiation for Li, respectively. By this method, the extreme change in volume can be
limited, resulted in an increase of the battery life cycle. One outstanding metal oxide in
this group is Cuz.33V4011[387]. During the displacement, Cu is inserted in (V4011)n layered
structures. Around 5.6 Li per Cu;33V4011 would be reversibly substituted and released
into the layered structure through the reaction of displacement. Cu,33V4011 provides
total capacity of around 270 mAh/g, but its lithiation potential is as high as 2.5 V which
makes this material more feasible as a cathode [345].
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5.6.1.4 TIN DIOXIDES-BASED ANODE MATERIALS

The lithiation and delithiation process of SnO; is hard to be categorized as one of the
above, as it is a combination of the conversion mechanism and alloying/dealloying
mechanism, described by chemical reactions below:

The conversion mechanism: the lithiation reaction where SnQ; is irreversibly reduced to
metallic Sn by Li:

4Lit + 4e~ + Sn0, — 2Li,0 + Sn (5.53)
The alloying/dealloying mechanism:
xLit 4+ xe™ + Sn & Li,Sn (5.54)

Sn has high lithiation capacity. 4.4 Li can be inserted in 1 Sn. This property will prevent
the pulverization, caused by severe volume change. In addition, Sn is an electronic
conductor which can facilitate high capacity and fast rate of charge/discharge process.
This, the use of SN0, can improve the cycle stability of the anode, but at its cost of one
big portion of irreversible capacity during the first cycle. Morphology of SnO;
synthesized as porous-sphere thin film is presented as shown in Figure 5.41.

Figure 5.41: Morphology of thin film SnO, based porous spheres, captured by SEM
technique [345].

5.6.2 NANO METAL OXIDES FOR CATHODE MATERIALS

The most promising cathodes in the Li-ion battery applications are either lithium
transition metal oxides or lithium transition metal phosphates. When the lithium metal
is applied as an anode in the battery cell, some metal oxides i.e. MnO; or V.05 can be
utilized as cathodes. By reducing the particle size of the materials by micro- to nano-
scale, the power and cycling capability of this low-potention cathodes would be
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extremely enhanced. This is because of its shorter length of diffusion, high
electrode/electrolyte surface contact, and rapid phase transformation. Nevertheless,
the high surface contact has its drawback, as the SEl later can be produced via the
decomposition of electrolyte, leading to the shorter life cycle of the battery, particularly
when used at elevated temperatures. For the cathode that is made of Li-Mn-0O, the use
of smaller particles results in the higher degree of undesirable dissolution of Mn,
In addition, surface coating with nanolayer of inert oxides such as SnQ;, Al,O3, MgO or
Zr0O; can ease the Mn dissolution and the minimize the SEl formation, however, it also
decreases the rate of reaction [387-389].

5.6.2.1 NANOSCALED CATHODE MATERIALS

Nanotube and nanowire structures of V,0s and LiCoO, were reported to have a positive
influence on the rate, performance and the cycling stability of the Li-ion batteries [390-
392]. For example, a high quality single crystalline cubic spinel LiMn;04 was synthesized
using Naop.2aMnO; nanowire as a self-template [393]. These materials offer high thermal
stability, outstanding performance at high rate charge/discharge and excellent cycle
stability. Another example is a low-cost nano-LiFePOs; cathode in which it has a
gravimetric capacity of 170 mAh/g, plus it has high thermal/chemical stability, less
reactivity with electrolyte (due to its low potential), and flat discharge potential profile.
These characteristic makes nano-LiFePOs a good candidate for cathode material,
especially for the popular hybrid electric vehicle batteries.

5.6.2.2 NANOSTRUCTURED CATHODE MATERIALS

Despite the fact that the power of cathode is increased when it is made of nanoscale
material, the tap density and energy density will decrease dramatically when the particle
size decreases [394]. The use of nanoscale materials benefits high power, but leads to
low volumetric energy storage. To optimize this, the nanostructured cathode materials
can be applied, in order to (1) avoid low volumetric energy density and high reactive
surface and (2) to remain all advantages of the nanoscales. For example, nanostructured
LiMnO; cathode was reported to be successfully prepared [395]. It was found that the
lattice stress caused by Jahn-Teller distortion can be hosted more easily if it was a
nanostructure. The material is able to change between cubic and tetragonal structures
instantly during the lithiation/delithiation process.

5.6.3 NANO METAL OXIDES IN ELECTROLYTES

Usually a Li salt solution, as an electrochemical stable organic solvent, will be a perfect
electrolyte for Li-ion batteries. It is advantaged in high Li-ion conductivity, but
unfortunately is undermined by its flammability, causing a concern for users. Aqueous
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electrolyte, solid ceramic electrolyte, ionic liquid electrolyte and solid polymeric
electrolyte were proposed to sort the problem [396]. Solid polymeric electrolyte is a
solvent free membrane, synthesized from Li salts and polymers. The most well-known
membranes are generally based on poly (ethylene oxide) (PEO) and some Li salts i.e.
LiPFs and LiCF3SOs3 [397]. The polymeric electrolyte is interesting because it can simplify
the manufacturing process, engineering process and transportation process.

The addition of nanosized metal oxides such as TiO;, Al,03 or SiO, was reported to
improve the conductivity of PEO, as shown in Figure 5.42 [398]. These metal oxides are
believed to act as a plasticizers, leading to the lower degree of the polymer crystallinity.
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Figure 5.42: Kinetics study presents the Arrhenius plot of the conductivity of non-
plasticizers PEO-LiClO4 and of nanocomposite PEO-LiClO4 [398].

5.7 SUMMARY AND PERSPECTIVES

This chapter gathers the important and interesting processes which use metal oxides as
the main component of the catalyst system. Most of the processes are the current
interest of the world such as thermochemical cycles of water splitting, emission control,
fuel cells, and hydrogen storage and lithium ion batteries. All the processes focuses on
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green technology where the environment impact is strongly considered. The application
of metal oxides on the mentioned processes should consider its sustainability, efficiency,
and definitely the environmental impacts. However, the challenges and limitations of all
the applications are based on economic feasibility, thermodynamic limitations, and
regulations for implementation i.e. solar thermal technology is forbidden in some areas
such as around airports. To overcome this obstacles, the thermodynamic limitations
should be firstly eliminated, by coupling the technologies with green source of energy
such as solar energy, wind energy etc. The incentive policies should render the economic
feasibility of each technology too. The detailed challenges and scientific limitations of
individual technologies were summarized in the context. The current trends in applied
heterogeneous catalysis and possible new family of catalysts have been also included in
this chapter. Main topics to be studied further in the future include (1) water and
temperature tolerant solid-acid catalyst, multifunctional metal oxides with acidic and
basic or redox properties, theoretical calculations e.g. DFT of the surface sites and
reaction mechanism could be beneficial in searching for appropriate novel catalysts.
Application of the metal oxides in heterogeneous catalysis will however definitely
extended for future studies.
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TPR temperature-programmed reduction
0sC oxygen storage capacity

LSM La1:xSrkMnQs.s

LSCF Lao.3Sro.7Co0.7F€0.303

TPSR temperature-programmed surface reaction
BF BaFeOs.s

E, activation energy

ko pre-exponential factor

BLF Bao.gsLag.osFe03.s

PTC photo-thermochemical cycles
SO; sulfur dioxide

VOCs volatile organic compounds
NOy nitrogen oxides

PM particulate matter

soot solid carbon

HC hydrocarbon

TWCs three-way catalysts

DOCs diesel oxidation catalysts

DPFs diesel particulate filters

SCR selective catalytic reduction
LNT lean NOy trapping

DPNR diesel particulate NOx reduction
TOF turnover frequency
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LH

CRT

NSR

MMO

LDHs

3DOM

SCS

LDOs

SOFCs

AFCs

DMFCs

PEMEFCs

PAFCs

MCFCs

Ysz

MIEC

PBCO

PBMO

SFM-GDC

LSCM

LSCrF

LSM

Eley-Rideal mechanism partway
Langmuir-Hinshelwood mechanism pathway
continuous regenerating trap

NOx storage reduction

mixed metal oxide

layered double hydroxides
three-dimensional ordered macroporous
solution combustion synthesis

layered double oxides

solid oxide fuel cells

alkaline fuel cells

direct methanol fuel cells

proton exchange membrane fuel cells
phosphoric acid fuel cells

molten carbonate fuel cells
yttria-stabilized zirconia

mixed ionic and electronic conductivity
PrBaCo20s

PrBaMn;Os.s
SraFe1.5M00.506.5/Gdo.1Ce0.902-5

Lao.75 Sro.25 Cro.sMno.503
Lao.755r0.25Cro.5F€0.503-5

LaxSri1-xMnQO3
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OCPDs open-circuit potential differences
LSCF Lao.65r0.4Coo.2Fe0.803-5

OPM ceramic-based oxygen permeation membrane
8YSZ 8% by mole of Y>03-ZrO;

ScSz Sc,03doped ZrO;

LSM lanthanum strontium manganite
MOFs metal-organic frameworks

TMOs transition metal oxides

HNs hierarchical nanostructures
HMFs hollow microflowers

pP-C pressure-composition

Mm Misch metals

BM ball-milling

BCC body centered cubic

Li-ion lithium-ion

SEl solid electrolyte interface

PEO poly (ethylene oxide)
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