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Chapter 1: Introduction

1.1 Introduction

Increase in industrial activity and heavy transportation lead to contamination of air by
pollutants, which is a major concern towards the public health. Since several decades, gaseous
pollutants such as oxides of nitrogen (NOy), carbon monoxide (CO), hydrocarbons (HC), etc.
are released into the atmosphere causing different health hazards and environmental issues [1,
2]. In automobiles, exhaust contributes towards major part in releasing air pollutants.
Potentially, exhaust system should prevent any gaseous pollutants. But this happens only
when there is complete combustion with high efficiency of the fuel. Generally, partial
combustion of fuel takes place and it tends to generate harmful pollutants like NO,, CO, HC
etc. [3]. According to the study, over 80% of the total world population is getting exposed to
the air pollutants beyond the recommendation level set by the World Health Organization
(WHO) and also millions of death have been claimed due to air pollution [4, 5]. In this regard,

eliminating such air pollutants is very important before they enter in the environment.

The pollutants like nitrogen oxide (NO) and carbon monoxide (CO) are the colorless
gases generally produced and released into the environment by the transportation and
industrial processes. Nitric oxide is not harmful till a certain concentration, but when it
combines with O in the exhaust system it forms NOx which is more toxic. Acid rain and
photochemical smog are the consequences of the reaction of NOy in the environment. The
exposure to CO leads in poisoning in humans and animals as it attacks the hemoglobin from
the blood, thus depriving supply of oxygen to different organs [6, 7]. Thus, conversion of NO
and CO into N, and COs is essential to overcome such issue. With respect to the final products
from the conversion of CO and NO i.e. N; and CO;, CO; is an ingredient of air and required
for the growth of plants but in higher concentration it is considered as greenhouse gas which
develops issues like global warming. The presence of CO; cannot harm the human health as
concerned due to non-toxicity of CO; and can readily associate and dissociate from
hemoglobin while CO cannot. Oxygen has lower affinity towards hemoglobin than CO, as a
result CO binds to hemoglobin in higher amount as that of O, which causes very little
transportation of O in the body. Also, CO being poisonous, colorless and odorless it is
impossible to detect when emitted from various sources such as industries and automobiles.

This is a main reason why the extensive research is being carried out to develop improved
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catalysts to convert these toxic gases to non-toxic products before being released into the
atmosphere. Although, lot of study has been carried out with respect to conversion of NO
using ammonia, urea etc. [8—11] and conversion of CO with O, [12—14], the simultaneous
conversion of NO with CO is considered as an efficient way, wherein both the pollutants can
be detoxified at one step. In these detoxification processes, catalyst plays an important role in

converting such toxic gases like NO and CO to its nontoxic N; and CO; forms, respectively.

Heterogeneous catalytic system has a wide scope on the account of engineering benefits
by designing/modification of the catalysts. For this reason, a heterogeneous catalyst is one
such significant tool which is financially very helpful from industrial application point of
view. Catalytic oxidation of CO by oxidizing gases and catalytic reduction of NO by reducing
gases are widely studied over different types of heterogeneous catalysts such as doped oxides,
mix-metal oxides and supported oxides. Transition metal oxides are important candidates for
such catalytic detoxification reactions. Among them, oxides of manganese, cobalt, copper,
iron, and chromium in combination with precious metals are extensively used in oxidation-
reduction of these pollutants [15-22]. Also, oxides of aluminum and cerium are widely

studied for such types of gas phase reactions [23-29].

The performance of catalytic reaction is greatly associated with the probable
mechanism which is acting during the CO oxidation and NO-CO redox process. Since,
heterogeneous catalysis deals with the solid catalyst, Langmuir - Hinshelwood and Rideal —
Eley are the two widely accepted mechanism which can take place during the catalytic process
[30-32]. Besides these, Mars van Krevelen (MvK) mechanism is also widely accepted
mechanism for oxidation of carbon monoxide in oxidizing environment. When, CO gets
chemisorbed on the catalyst surface which desorbs leaving behind the vacant oxygen site and
this vacant site is stabilized by O, or NO. This is what exactly happens when a reaction path is
followed via MvK mechanism. Oxides of Cr, Mn, Co, Cu are some of the non-precious
catalyst that has been known for high oxygen mobility and have good impact in CO-O; and
NO-CO reaction [20, 31, 33-37]. Although, transition metal oxides offer good catalytic
performance but cannot compete with that of precious metals due to its unique electronic
property. Such unique property of precious metal, when combined with transition metal

holding redox pair, can create a high synergy which contributes a major impact in catalyzing
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exhaust related reactions [38-40]. Such combining can be opted as support, doping, etc. to

non-precious catalytic oxide system.

1.2 Highlights of the Thesis

e Preparation of Monophasic chromium oxide and cerium oxide catalysts using
combustion method and sol-gel auto-combustion methods.

e Preparation of composite oxide catalysts via combustion, sol-gel auto-combustion,
impregnation and physical grinding routes.

e Characterization of these prepared catalysts using various characterizing tools such as
powder XRD, IR spectroscopy, TG-DTA, SEM, TEM, XPS, BET, H,-TPR, CO-TPD,
NH;-TPD, CO,-TPD and CO pulse titration techniques.

e C(atalytic oxidation of carbon monoxide using oxygen over prepared catalyst was
studied.

e Simultaneous NO - CO conversion reaction over the prepared catalyst and also,
reaction stability and recyclability studies over he prepared catalyst has been

discussed.

1.3 Organization of thesis

Chapter 1: Introduction

Chapter 2: Literature Studies

Chapter 3: Experimental Part

Chapter 4: Thermal, Diffraction, Spectroscopic and Microscopic studies
Chapter 5: Surface and Catalytic Studies

Chapter 6: Summery and Conclusion




Chapter 2: Literature Studies

Literature Studies
2.1 Nitrogen monoxide (NO)

Nitrogen monoxide, also known as nitric oxide (NO) is a neutral gaseous molecule which
is paramagnetic in nature. It has a melting point of -164 °C and boiling point of -152 °C. The
unusual nature of nitrogen monoxide results from an unpaired electron which is present in
HOMO (highest occupied molecular orbit). The molecular orbital diagram of NO is given in
Fig. 2.1., where in it can be observed that nitrogen possesses 5 valence electrons and oxygen
possesses 6 valence electrons. Thus, nitric oxide (NO) holds a total number of 11 valence
electrons as seen from Fig. 2.1. According to the molecular orbital theory (MOT), nitric oxide
contains 3 fully occupied bonding orbitals and 1 unpaired electron in anti-bonding 7 orbital.
The weakening of overall bonding is a resultant of 1 unpaired electron. Thus, oxygen and

nitrogen are held together by the bond order of 2.5 [41, 42].
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Fig. 2.1: The molecular orbital diagram of nitrogen monoxide.
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The incomplete combustion of the fuel leads in the production of nitric oxide in today’s
industrial era. Also, in nature it forms by natural calamities like lightning, earthquake, etc. In

the laboratory, nitric oxide can be synthesized by various methods as follows:
NaNO, + H,S0, + Nal = NO + H,0 + Na,S0, + 1/2 2 W — (2.1)

3Cu + 8HNO3 — 2NO + 4H,0 + 3 Cu(NO3)y wocvvveen..... 2.2)
2NaNO, + 2H,S0, + 2FeS0, — 2NO + 2H,0 + Na,SO, + Fe,(S0,)s ......(2.3)

When nitrogen oxide (NO) is produced in the exhaust system, it reacts with oxygen present
in the system and forms NO; (NOx). However NO is not considered as harmful at ambient
concentration, whereas NOy can be toxic at ambient concentration. Also, it has negative effect

on vegetation, it damages the leaf and reduces growth rate.
2.2 Carbon Monoxide (CO)

Carbon monoxide was discovered in 1799 by Priestley, and was found to be toxic for
humans. It has been proven that CO directly attacks hemoglobin and causes slow poisoning.
This is because of affinity of hemoglobin towards CO is 250 times higher than that of O [43].
Carbon monoxide is a colorless gas having molecular formula CO. It is odorless and toxic gas
and can be fatal in higher concentration. It is having a molecular weight of 28.01 g/mol with a
melting point (M.P.) of -205 °C and boiling point (B.P.) of -191 °C. In CO, carbon is bonded
to oxygen with a triple bond, which is known to be strongest chemical bond. Detailed
understanding of the electronic structure of CO is given in energy level diagram and presented

in Fig. 2.2.

Carbon monoxide is considerably weak Lewis acid and has ability to donate 2 electrons
towards metals from transition series to form metal carbonyl. This property makes carbon
monoxide an influential molecule in the field of coordination and organometallic chemistry.
Among the different molecules present, CO is one of the commonly and vastly studied
molecules in the organometallic chemistry. When CO is bonded to transition metal there is
decrease in bond order of CO from 3 (C= O) to 2 (C=0) through phenomenon called back

bonding. In the purification of nickel, CO plays an important role wherein Ni can be purified
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by coordinating it with CO. This process is known as the carbonyl process, discovered by

Ludwig Mond in 1890 for the extraction of nickel from its ore.
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Fig. 2.2: The molecular orbital diagram of carbon monoxide.

Carbon monoxide is produced when carbon species are incompletely burned. Carbon
monoxide has always been present in the air before urbanization. In nature, existence of CO is
a consequence of volcanic activities, bushfire, etc. In the present scenario, the increase in the
carbon monoxide in the ambient air is from automobile exhaust. The increasing level of CO in
the atmosphere creates a major issue toward human health and environment. When internal
vehicle engine is unable to burn fuel completely, it produces CO along with other pollutants.
Also combustion of biomass equally contributes in the raising level of CO in the atmosphere.
In laboratory, CO is produced by reacting formic acid with sulfuric acid wherein formic acid

is disproportionate to CO and H,0.
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2.3 Catalysis

The process of catalysis has been employed for many centuries. In 1835, the concept of
catalysis was first recognized and discussed by Swedish scientist called Berzelius. The
industrial catalytic field began with the huge scope in sulfuric acid production using platinum
catalyst in the year 1875. In 1903, Ostwald produced nitric acid by oxidizing ammonia on
platinum gauge. Another significant advancement was proposed by Mittasch, Bosch and

Haber in 1908- 1914 where they synthesized ammonia with iron based catalyst.

Catalysis is a process wherein the rate of chemical reaction is enhanced by the addition of
an external substance called as catalyst. A catalyst is one which accelerates the rate of a
chemical reaction. Catalyst primarily forms a bond with the reactant and reacts with it to give
a product, which can be later detached from the catalyst surface by leaving behind unaltered
catalyst. In fact, catalytic process is a cyclic event wherein catalyst reacts in initial step and in
final stage it gains its original structure as demonstrated in Fig. 2.3. It can be observed from
the Fig. 2.3 that the two reactants, ‘A’ and ‘B’ in catalytic reaction reacts together to yield
product P. The catalytic cycle starts with bonding of a reacting molecule (A and B) to the
catalyst. The reactant A and B then forms a product which is attached to the catalyst. Later in
the final step of catalytic process, product (P) gets separated leaving behind the catalyst in its

original structure.
@

—-— -
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Fig, 2.3: The pictorial representation of a catalysis process.

Thermodynamically, activation energy plays an important role in a chemical reaction. Fig.

2.4 displays a comparison plot of activation energy in presence and absence of a catalyst. If a
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reaction is carried out without catalyst, than it requires large amount of activation energy to
complete the reaction, but in the presence of catalyst the energy required to activate the
reaction is much lesser. The fundamental favorable circumstance of catalysis is that you get
the preferred product quicker, utilizing less assets and creating less waste. Based on the types

of catalyst, catalysis is divided into two categories i.e. Homogenous and heterogeneous

catalysis.
Activation energy required
in absence of catalyst
A Activation energy required
in presence of catalyst
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Fig. 2.4: The plot of activation energy v/s rate of the reaction for a reaction carried out in

presence and absence of catalyst.

2.3.1 Homogenous Catalysis

In a catalytic reaction, when the catalyst is in the same form as that of reactants than the
reaction is called as a homogeneous catalytic reaction. Commonly, the catalyst and reactant
are either in gaseous form or in liquid form. In most of the industries, the homogeneous
catalytic reactions are performed on liquid system. For example, catalytic conversion of
methanol to acetic acid, production of polyethylene using organometallic compounds as a
catalysts and also some of the enzymatic reaction wherein enzyme act as catalyst, etc.
Similarly, in atmospheric chemistry decomposition of ozone by chlorine is common example

where reactant and catalyst is in gaseous phase. The reaction is given as follows:
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CL+ 03 — ClO5 ~(2.4)
ClO; = ClLO + 0, "~ (2.5)

ClO+0 » 0,4+ €L~26)

Under the influence of sunlight the ozone gets decomposed but in the presence of CI the rate

of decomposition tremendously increases [44].

Homogeneous catalysts are very advantageous due to factors like high activity and
selectivity. Also, Catalytic mechanism and chemistry involved in homogeneous catalysis can
be studied in better aspect and because of this it is very helpful in controlling and
manipulating the parameters of the process. However, homogeneous catalytic processes are
associated with some major drawbacks. Sometimes homogeneous catalysts are very sensitive
towards pH, temperature, etc. which intern can spoil the catalytic performance of the reaction.
Since the homogenous catalysts are molecularly dispersed by getting homogenized with that
of reactant and product, the separation of catalyst becomes difficult or sometimes expensive.

Similarly, in many cases it is very difficult to recover the catalyst for reusing in next reaction.
2.3.2 Heterogeneous Catalysis

Heterogeneous catalysis is a reaction where catalyst is present in different physical phase
as that of reactant and product. Mostly heterogeneous catalyst are composed of inorganic
materials like metal salt, metal oxides, metals, MOF, zeolites etc. but it can be also from
organic materials like enzymes, ion exchanger, etc. Heterogeneous catalysis is very efficient
in converting raw materials into valuable substances in eco-friendly manner. Ease of catalyst
separation is one of the significant benefits of heterogeneous catalysis over homogeneous
catalysis. In gas - solid catalytic systems the catalyst can be easily separated and cleaned
giving heat treatment, whereas in liquid - solid catalytic systems both can be easily separated
by simple filtration method. This makes heterogeneous catalysis a crucial for world’s

cconomy.

It has been found out that more than 50% of chemical processes are dependent on

heterogeneous catalysts. Heterogeneous catalysis finds importance in several industrial




Chapter 2: Literature Studies

applications such as in automobiles, food production, petrochemical industries,
pharmaceutical industries, etc. One of the common examples is synthesis of ammonia, where
iron based catalyst, elemental nitrogen and hydrogen are combined to yield NH; Similarly,
Heterogeneous catalysis is gaining importance in new areas such as green chemistry, fuel
cells, nanotechnology, etc. Moreover, the wide range application of heterogeneous catalysis

makes it highly interdisciplinary in nature.

Adsorption is a key step involved in the catalytic process. In adsorption process, the
reactant binds to the catalyst surface via physical or chemical bond. Based on the type of
bonding, adsorption can be divided as physisorption type (weak bonding) or chemisorption
type (strong bond). In physisorption, a reacting molecule is attracted towards the catalyst
surface by weak forces like van der Waals forces. While in the chemisorption, the molecule
bounds to the catalyst surface by sharing the electron. The energy required to desorb the
physisorbed molecule is very less, whereas for chemisorbed species a huge amount of energy

is needed as it bonds strongly toward the surface.

Discussing the principals involved in heterogeneous process is complicated as wide range
of catalyst applications covers different surface chemistries. Most of the catalysis processes
are carried out on the metal surface of the catalyst, but not all the heterogeneous processes
take place on surfaces of metal. One of the common examples is zeolite, which is an excellent
material used as solid-acid catalyst. The Zeolite structure is mainly developed from aluminum,

silicon, titanium and oxygen.

2.3.2.1 Heterogeneous catalysis for environment

The existence of environmental pollution was known from centuries but its intensity
provoked drastically with industrial revolution. Varieties of processes are employed to convert
raw material into fuels and chemical goods which are essential to modern life. However, it
results in increased stress on the environment through pollution as most efficient processes
which have been used in day today life result in pollution as by-products. This slowly took
major part in contamination of soil, water and atmosphere. Therefore to overcome this
situation, catalysis played a key role by giving realistic solution towards many environmental

related issues. With respect to the pollutant type, both homogeneous and heterogeneous

10
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catalysts are being used for reducing the pollutants. More than 80% of the catalytic practices
are often observed in heterogeneous catalysis route. Although, homogeneous catalysis assists
in detoxifying the pollutants, it is sometimes less eco-friendly and found less efficient as

compared to heterogeneous form.

During 1970s, oxide of titanium and zinc gained attention in field of water and soil
pollution research due to their enhanced chemical stability, high photo-catalytic property, low
toxicity, etc. Similarly, other transition metal oxides were also in demand during mid-1970s
for air cleaning purpose. The perspective of those heterogeneous catalyst is to eliminate the
gaseous pollutants like CO, NOy, HC, etc., which is formed in the course of the fuel

combustion.
2.3.2.2 CO and NO detoxification by heterogeneous catalysis

Atmospheric pollutants like carbon monoxide (CO), oxides of nitrogen (NOyx) and
hydrocarbon (HC), the chief byproducts which originates from different industrial and
automobile activities, are very harmful to the environment and human health. Thus, the most
appropriate solution for reducing emissions at the exhaust outlet with the help of catalytic
converter composed of heterogeneous catalyst. Heterogeneous catalysis process is one of the
most effective techniques used to control air pollution. In heterogeneous catalytic process,
nano-sized or porous materials are more abundantly used as they possesses good surface

areas or pores, compared to bulk materials.

Three-way catalytic convertor is used to convert these pollutants to non-toxic CO,, N and
H>O products before releasing in the atmosphere. Wide literature is available on low
temperature oxidation of CO by O, [45, 46] and reduction of NO using H, and NHj as
reducing agent[47-49]. Selective catalytic reduction of nitric oxide with ammonia (NH3-SCR)
[50, 51] and selective catalytic reduction using H, (H>-SCR) [52, 53] are widely studied over
different types of oxide catalysts (Doped Oxides, mix metal oxide, supported oxide). In NH3-
SCR, main drawback is observed in the form of NH; slip, incomplete combustion of NOy [54,
55] also Ho-SCR gives less selectivity and tends to generate more N»O than Ny [54, 56]. Thus,
Reacting nitric oxide and carbon monoxide via redox pathway is significant route to convert

nitric oxide - carbon monoxide (NO-CO) simultaneously [20, 57]

11
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As both CO and NO exist in exhaust, simultaneous elimination of these pollutants is
economical technique which is extensively studied by researchers[S8—60]. Engineering an
economical catalyst for low temperature detoxification of NO and CO is challenging objective
worldwide because the stability of NO increases above 300 °C. Below are the reactions
demonstrating the detoxification of CO and NO over the heterogeneous catalyst system.

Catalyst

2CO+0, > 2005 S Oxidat'ion a0 s (2.7)
With O,

200+ 2NOZ2L S 2COs+ N,

Or Simultaneous NO-CO ... (2.8)

Catalyst Conversion

CO +2NO —> CO,+ N,0
CO + N,0 =25, 2 CO,+ N,

In early 1970s, a major query was identifying the catalyst materials which would be
appropriate to drive the detoxification reaction. At the time, platinum group metals such as
platinum (Pt) and palladium (Pd), were known for its excellent oxidation performance. Later,
it has also been observed that exhaust system gets rich in reducing gases like CO and HC,
which results in lowering of exhaust catalyst performance. This is the reason why ceria (Ce)
or ceria-zirconia (Ce-Zr) enters the picture as they are good oxygen reservoir and depending
on size and type of lattice dopants, Ce or Ce/Zr can alter its lattice oxygen storing capacity
[61]. Similarly, transition metals are highly preferred as heterogeneous catalysts for
detoxification of exhaust pollutants. Due to variable oxidation states, oxides of manganese,
cobalt, copper, iron, and chromium are extensively used in oxidation reduction of these
pollutants [60, 62, 63]

Later, for developing an effective catalyst at low price for emission control, the concept of
dilution of precious metal in transition metals or metal oxides came in existence like
Pd/Co0304—CeO; [64], Pd/LagyBag 1A10;3 [65] Au/CeO,-Al;0; [66], Mg 05C02.9504 (M = Rh, Pd
& Ru) spinel [20], etc.
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2.4 Mechanism in heterogeneous catalysis

As Known earlier, catalyst is the one which takes part in the reaction, however is not
getting consumed within the reaction. During the reaction, the catalyst reacts with the reactant
in first step of mechanism and also with product in the last step of mechanism. In this way the
catalytic cycle continues and the catalyst can be used again and again. Several reaction
mechanisms are found, which discusses the reaction pathway of a chemical reaction based on
experimental result observed. Two types of reaction mechanisms had been proposed for the
heterogeneous catalysis, which are known as Langmuir- Hinshelwood mechanism and Eley-

Rideal mechanisms [67].

In 1921, Langmuir came up with the idea of the adsorption of molecules on the solid
surfaces, which later correlated by Hinshelwood to explain the reaction between two reacting
molecules over the surface of a heterogeneous catalyst. In the Langmuir— Hinshelwood (L-H)
mechanism, the two reacting molecules are primarily chemisorbed on the surface of the
catalyst before the occurrence of the chemical reaction. The steps involved in the L-H

mechanism are as follows

1. Adsorption of the reacting molecule on the catalyst surface.
Dissociation of reactants on the catalyst surface

Reactions between adsorbed molecules

Bow

Desorption of the product from the catalyst surface.

In the Eley—Rideal mechanism, only one reacting molecule reacts with the catalyst surface
directly (Chemisorbed) and other one reacts with the chemisorbed molecule without getting

adsorbed on the catalyst surface. The steps involved in the E-R mechanism are as follows:

1. Adsorption of one of the reacting molecule on catalyst surface.

2. Dissociation of adsorbed molecules at the catalyst surface.

3. Reactions between adsorbed molecules and the molecule present in gaseous phase in
reaction stream.

4. Desorption of the formed product.
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Another mechanism which is widely accepted for the oxidation reaction in heterogeneous
catalysis is Mars Van Krevelen (MvK) mechanism, where it deals with the lattice oxygen. In
Mar van Krevelen mechanism, reactants gets adsorbed on the catalyst surface, and reacts with
the lattice oxygen of a catalyst and get desorbed as a product. Later, this oxygen vacancy is
stabilized by oxidizing species present in the catalytic stream and thus regenerating the

catalyst for next cycle.
2.4.1 Mechanism involved in CO-0; reaction

Mostly, Oxidation of carbon monoxide may occur on the metal surface via either the
Langmuir-Hinshelwood (LH) mechanism or the Eley-Rideal (ER) mechanism. When
oxidation of carbon monoxide proceeds with the Langmuir-Hinshelwood (L-H) mechanism,
the chemisorption of CO molecule and chemisorption of O; (dissociative) on surfaces of the

catalyst takes place [68, 69].

In the Eley—Rideal (ER) mechanism, the O; molecule gets chemisorbed and dissociates on
the catalyst surface which later directly reacts with CO molecule to yield CO; [70, 71]. The
schematic representation of CO oxidation via L-H Mechanism and E-R Mechanism are given

in Fig. 2.5 and Fig. 2.6.
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Fig. 2.5: The Schematic representation of Langmuir—Hinshelwood (L-H) mechanism.
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Fig. 2.6: The Schematic representation of Eley—Rideal (ER) mechanism.

Literature shows an alternative mechanism which is projected for CO oxidation over
various heterogeneous catalyst called Mars van Krevelen mechanism (MvK) [33, 72]. Oxygen
storing material like Ce, Zr, transition metals, etc. tends to hold huge amount of oxygen in its
lattice which thereby acts as good exhaust catalyst. According to MvK mechanism, lattice
oxygen takes part in oxidizing the CO and creates oxygen vacancy on the catalyst surface
which is replenished by oxygen from the reaction stream. The schematic representation of CO

oxidation via Mars van Krevelen Mechanism is given in Fig. 2.7.
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Fig. 2.7: The Schematic representation of Mars van Krevelen Mechanism (MvK) mechanism.
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Recently, Bing Han and others presented a promising effect of Rh/CeO; catalyst for CO
oxidation [72]. With several experimental findings they proposed reaction pathway via Mars
van Krevelen (MvK) mechanism for low temperature CO oxidation. Studies by Katsaounis
and others demonstrated the key importance of lattice oxygen in oxidation reaction [73] and
the report of He et al. gave the evidence of increasing lattice oxygen for enhancing the
catalytic performance [73]. It cannot be neglected that the CO oxidation can also be proceeded
via a Langmuir— Hinshelwood (L—H) mechanism as well as Mars—van Krevelen mechanism

depending on the surface character [74, 75].
2.4.2 Mechanism involved in NO-CO reaction

Predicting the NO-CO catalytic pathway over the catalyst surface is considered to be a
difficult task as many channels could be possible if a catalyst is composed of complex
material. S. Carlotto et al. proposed four mechanisms for NO-CO reaction based on Mars van
Krevelen assumption [31]. These four mechanisms are presented below as (a) Mechanism I,

(b) Mechanism II (c) Mechanism III, and (d) Mechanism IV.

In mechanism I, both the reactant gets adsorbed on the surface of the catalyst following L-H
mechanistic approach. Primarily, he showed formation of CO to CO; by surface O species
creating a vacant site. This site is later occupied by NO and finally N, gets released giving

oxygen to the vacant Site.

O, + CO(g) — Vp + CO,(g) (al)
Vo + O, + CO(g) — 2V, + CO,(g) (a2)
2V, + NO(g) — V, + [V,—NO] (a3) = (a) Mechanism I
Vo + [Vo—NO] + NO(g) — 2[Vo—NO] (ad)
2[Vo—NO] — Ny(g) + 20, (as)

Mechanism II is reported based on E-R pathway wherein only one species gets
chemisorbed on the surface and in this case NO was the chemisorbed species. CO from the

reaction atmosphere reacts to O from the catalyst surface creating a vacant site for NO. This
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vacant site in final step was stabilized by oxygen from NO. Also N,O formation was

accounted from N>O; species.

O, + CO(g) = V, + CO,(g)

Vo + O, + CO(g) = 2V, + CO,(g)

2V, + NO(g) = Vp + [Vo—NO]

Vo + [Vo—NO] + NO(g) — Vo + [Vo—N,0,]
Vo + [Vu—N,0,] = [Vb—N,0] + O,

[Vo_Nzo] = Nz(g) + 20,

(b1)
(b2)
(b3)
(b4)
(bs)

(b6)

~— (b) Mechanism I1

While in case of mechanism III, first three steps were adapting mechanism to form COx.

Wherein, the adsorption of NO molecule gets dissociated into N and O to stabilize the

previous oxygen vacancy. In second step of NO adsorption, adsorption of NO takes place on

surface incorporated N (nitrogen) to yield N,O species. Finally this N>O decomposes to N

gas and then desorbed back in gaseous phase.

O, + CO(g) = Vo + CO,(g)

Vo + O, + CO(g) — 2V, + CO,(g)

2V, + NO(g) = Vo + [Vo—NO]

Vo + [Vo—NO] - O, + N,

N, + NO(g) — N,0O(ads) (N-down)
N,O(ads) (N-down) — N,O(ads) (O-down)
N,O(ads) (O-down) — N,(g) + 20,

(c1)
(c2)
(c3)
(c4)
(cS)
(c6)
(<7)

—— (b) Mechanism III

In mechanism IV, the vacancies generated after CO oxidation strongly supports the NO

reduction where dependency was seen with NO reduction and formed vacancies. Also, partial

reduced surface and equal NO/CO ratio dependency with N>O formation was discussed
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O, + CO(g) — Vo + CO,(g) (d1)
V, + NO(g) — [Vo—NO] (d2)
— (b) Mechanism IV
[Vo—NO] + NO(g) = [V,—N,0,] (d3)
[Vo—N,0,] = N,0(g) + O, (d4)

M. Esrafili reported NO reduction to N,O via dimer mechanism, wherein two NO
molecules were attached to get (NO), dimer. Later this dimer dissociates into O and N»O
possessing an activation energy of 0.39 eV. Also, he showed unfeasibility in direct NO
dissociation to N, and O, as it requires very high activation energy at ambient condition [76].
A K. Ladavos et al. showed two reaction pathway wherein in one case NO-CO gets
decomposed to N and O (occurs at higher temperature) whereas in second route the reaction
proceeds via N,O formation (occurs at lower temperature) as shown below in route 1 and
route 2 [77].

Route1:2NO+2C0O = N, +2C0, (2.9)
Route 2 : 2NO + CO — N,O + COyp (2.10)
2.5. Preparative routes of catalyst material

Over the years, catalyst development has become a center of attraction in the catalytic
research around the globe. A variety of nano sized materials are found in the literature which
has been synthesized with different synthesis routes [78, 79]. Since the catalyst size and
morphology plays a significant impact on their performances, selecting a specific method for
catalyst preparation is very important. Depending on the type of synthesis, it has been divided
into wet chemical methods and solid-state methods. Some of the preparative methods are been

discussed in the following sub-sections.
2.5.1. Co-precipitation method

Co-precipitation is a simple method for the preparation of pure or mixed metal oxide
nanoparticles using metal salt and precipitating agent. Here, metal salt such as metal nitrate,
metal chloride, metal sulfate, etc. are dissolved in distilled water and then precipitated by

adjusting basic pH using sodium hydroxide or ammonium hydroxide. After precipitating the
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metal hydroxide, it is then filtered and calcined above metal hydroxide decomposition

temperature to yield metal oxide.

Pure metal oxide or mix metal oxide nanoparticles composed of Fe, Cu, Co, Ni etc. are
conveniently synthesized with respective metal salt and base [50, 64, 80]. Min li et al.
prepared AIPO4 using co-precipitation route for Rh support and the interaction of metal
support was evaluated over NO-CO reaction [81]. Additionally, Behrens et al. studied
magnetic and catalytic properties of ternary transition metal oxide composed of Cu-Fe-Mn

produced by co-precipitation route and calcined above 500 °C [82].
2.5.2. Sol-gel method

The Sol-gel synthesis is a useful technique for the production of metal oxide nanoparticles
possessing an interesting catalytic property [83, 84]. This preparative method is considered as
an effective method in modifying the catalyst surface. The basic of sol-gel method is inorganic
polymerization reaction including hydrolysis, poly-condensation, drying and thermal
decomposition [85]. After the condensation of a solution, the formed gel is kept at calcination
temperature to decompose the gel to metal oxide. The rate of condensation and hydrolysis are
the important phenomenon which decides the surface property of the metal oxides. Formation
of smaller particle size in sol gel method is mostly due to controlled hydrolysis process. This
method was used for preparation of various metal oxides such as Co,.xFexWQOg, CeO,, TiO,
Ce0,-AlL0;3, etc. [86-89]. Recently, Syvorotka et al. investigated the structural and
photoluminescence behavior of Yb doped Y3;Als0i2 which has been synthesized via citrate
sol-gel method [90].

2.5.3. Combustion method

Combustion synthesis method is also called as self-propagating high-temperature synthesis
(SHS) which is economical and effective method for the preparation of various kinds of metal
oxide nano particles. In combustion synthesis, the oxidant and fuel is combined to form
mixture which is later combusted by providing little heat to produce metal oxide. Combustion
gives huge amount of heat during the process which helps in combusting the metal precursor
to metal oxide. The oxidant such as nitrate and fuel such as glycine, urea, and citrate are the

essential component to carry out this reaction.
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Several complex metal oxides were prepared with combustion method. T. Nien et. al.
synthesized CuCrO; [91] in which mixture of copper, chromium nitrate and glycine was
dissolved in minimum amount of water and then was heated at 175 °C at which self-ignition
takes place to give CuCrO,. The fine powder was obtained due to evolution of gas during the

combustion process and it also helped in preventing the particle agglomeration.
2.5.4. Impregnation method

Impregnation is a method commonly used to prepare supported catalyst where the active
species is placed on the substrate as a support. In this method, the support material is
immersed in the metal precursor solution. Metal precursor is directly adsorbed on the surface
of the substrate or can be precipitated by adjusting the pH of the solution. This is further dried
and heated to desired temperature to yield supported catalyst. For example, Rh/SiO; is
prepared by mixing silica and rhodium nitrate in aqueous solution. The solvent is dried and
heated in reducing atmosphere to yield supported catalyst [92]. Similarly Platinum supported
on alumina (Pt/Al>O3) were conventionally prepared via wet impregnation route, where Pt salt
is dissolved in aqueous solvent and alumina is dipped into that solution which was further

processed to get Pt/Al,O5[93].
2.5.5. Ceramic method

Ceramic method is an oldest known method for the synthesis of metal oxide. The ceramic
method is a solid state method where metal oxides are prepared with solid material such as
oxides, carbonate, sulfate, etc. where solid powder are mixed by means of mortar-pestle or
ball milling and heating at a desired temperature. However, in this route maintaining a
uniform homogeneity is a challenging task and due to this reason chemical methods are more

favorable.

Many researchers have already shown a successful preparation of a desired material with
the solid state method [94-97]. Report from Rajadurai et al. showed the preparation of Las.
S1yCuOy via ceramic method and applied for the oxidation of CO [98]. Main agenda for
development of a material using solid state method is for generating new defects. Also, this

method is considered as an environmentally viable in synthesizing new material.
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2.5.6. Hydrothermal method

Hydrothermal synthesis is a technique where materials can be synthesized in presence of
high temperature and pressure. Generally, this process deals with the heating of a reacting
sample at high pressure and temperature. These reactions are carried out in special unit called

autoclave at a temperature between 100-300 °C.

Synthesizing a zeolite is the most important application of hydrothermal method. Zeolites
can be synthesized by heating the precursor of aluminum and silicate gels in hydrothermal
unit. Single crystals of GeO,, Si0, (quartz), etc. was grown with the help of hydrothermal
method for piezoelectric application [99]. In past decades, a wide variety of nano-
sized catalytic materials has been synthesized through hydrothermal methods such as CuO-
CeO; [100], MnM,04 (M=Co, Ni, Cu) [32], Fe and Co binary metal oxide [101], Na—SSZ-13
[102], etc.

2.6. Metal oxide catalyst

Metal oxides are cited as successful heterogeneous catalysts that has countless benefits for
society and the environment. Oxides of transition metal are observed as one of the important
candidate for NO-CO redox reactions [20, 103] and CO oxidation by O; [14, 104, 105] due to
their variable oxidation state, easy availability and low cost. Most of the time, these oxides are
strategically modified by doping with alternate metal ion to improve the performance of the
catalyst. Literature also shows the alternative catalyst modification such as composite oxide
catalyst, metal/metal oxide supported catalyst for improving the oxidation-reduction property
of the catalyst [73, 82, 86, 93, 100].

2.6.1 Single phase metal oxide catalyst
2.6.1.1 Chromium (IIT) Oxide (Cr,03)

Chromium (III) oxide is known to be a remarkable material which has potential application
in pigment and material industries. Mineral eskolaite is a naturally occurring form of
chromium oxide and has rhombohedral corundum structure. In 1797, the French Chemist

named Louis prepared Cr203 by reacting the PbCrOy (crocoite) with hydrochloric acid (HCI).
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Although Cr,0; has been widely used in pigment and semiconducting devices, it has also

shown a prominent effect in catalysis.

With concentrating on chromium oxide, it has been observed that, considerably fewer
reports are detected with respect to exhaust related reactions. During 1968, M. Shelef and co-
worker studied the oxidation of CO using NO and O; on chromium oxide catalyst, where they
reported Tso for CO oxidation at 220 °C (with NO) and 265 °C (with O;) [106]. Yu Ren et. al.
reported 50% CO conversion at 151 °C over Cr,O; (pretreated at 200 °C) and further
enhancement was produced which showed Tsq at 147 °C by pretreating Cr,O3 at 400 °C [107].
Nasr E. et al. reported that formation of redox couple (Cr*/Cr'®) on the surface of a-Cr,03 is
accountable for the high activity for CO oxidation [108]. Parameters such as oxygen mobility
and active surface for adsorption-desorption process majorly decides the catalytic activity of
these catalyst [109]. In respect of CO oxidation on Cr,0; surface, the presence of two oxygen
species was demonstrated by Masayoshi Kobayash et al. [110]. Here they reported the

involvement of mobile oxygen for immediate conversion of CO to CO; as that of labile one.

Various sources have reported that the copper containing systems are one of the probable
species for increasing the catalytic activity. When copper interact with the surfaces like CeO,,
Z10,, AL O3, Fe;03, it increases the surface oxygen mobility and surface reducibility was seen
[111]. Mixture of Cu-Cr oxide [112] and supported Cu-Cr [113] are also known to generate
active surface with high oxygen mobility for oxidation-reduction of carbon monoxide and
nitric oxide. Such catalytic enhancement follows when different active sites from Cu and

Cr,0;3 synergistically contributes in the process of CO conversion [114].
2.6.1.2 Cerium (IV) oxide (CeO,)

Cerium is a most commonly used rare earth metal as oxidation catalyst from the lanthanide
series. Cerium in oxide form can exist in both +4 and +3 oxidation state giving CeO; and
Ce;0;3. The most stable form of cerium oxide is considered to be CeO, which adopts fluorite
structure. Cerium dioxide has a wide application in oxidation catalysis, hydrogen production,

oxygen sensing unit, solar cell, exhaust catalytic unit, etc.

From the literature it is observed that, among the various catalysts, cerium has generated a

wide attention due to its electronic and redox property, which makes it a good oxygen
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exchanging candidate [115, 116]. Cerium when modified with appropriate substituent cation,
it can behave as oxygen efficient or oxygen deficient material. This substitution directly alters
the redox nature of ceria, which disturbs their Ce"*/Ce™ redox cycles. In spite of extensive
studies on cerium, it is still gaining continuous attention in recent detoxification studies.[115,

117, 118]

Cerium is known for its very good oxygen storing property, which can be easily made
available during the reaction period with the help of redox nature of Cel g™ Additionally,
use of transition metal in CeO, can further be used to improve the oxygen storing —releasing
property and to generate active sites for the reactants like CO which intern helps in triggering

the CO oxidation reaction at much lower temperature.

It has been reported that the addition of metals like Ag, Ru, Pd, Pt, Rh, Cu, Mn, Co and Fe
leads to enhancement in oxygen storage capacity and improved catalytic performance of a
material. Recent literature shows variety of research on cerium based catalyst wherein its
redox character is improved by addition of another oxide system such as CeO»-CuO,[119—
121] Co304-Ce03,[122—124] Ce-Zr-0O, [125, 126] M/CeO; (M=Au, Pd, Pt) [125, 127] etc. for
CO and NO detoxification. A series of Fe;03;-CeO, composite prepared by Huizhi Bao et al.
showed that coupling of oxides of iron and cerium provides a good platform for oxidizing CO
than individual oxides [128]. Among the precious metals, Pd substitution in cerium oxide
shows the highest amount of exhaust gas conversion at a lower temperature. S. Roy and
Hegde reported 100% catalytic conversion of NO and CO over CegosPdy 207 [129]. They
also observed that performance of Pd on catalytic conversion was much higher than that of Rh
and Pt substituted CeO,. Also, enhanced redox nature formed by addition of transition metal
was observed by incorporation more than one type of metal ions. Such multi doping has
greater impact in converting CO compared to singly doped. Hongjian Zhu et al. reported that
the co-doping Mn/Cu in CeO, solid solution can produce much better conversion by
synergistic interaction as compared to Mn or Cu doped CeO- alone.[117] Salker et al. studied
carbon monoxide oxidation with oxygen over Cu, Mn, Ag substituted CeO; and found that the
catalyst composted of tri-metallic substitution showed higher activity than the catalyst
containing only one dopant [130]. However, oxidation of CO to CO; requires material which

has active sites and high oxygen storing-releasing capability to complete the oxidation process
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more efficiently[131, 132]. A strategic way for developing a catalyst for both active sites and
enhancing redox character can be achieved by using a small amount of precious metal in co-
doped oxide system. Therefore incorporation of precious metal is believed to improve the CO

adsorption on the surface and also helps in stabilizing the active host surface.

2.6.1.3 Copper (1I) Oxide (CuO)

Copper (II) oxide is an inorganic compound with monoclinic crystal structure. Copper
oxide (CuQ) is black to brownish powder which is found in nature as melaconite, tenorite and
paramelaconite mineral. In laboratory, it can be prepared using various methods like
precipitation, combustion, sol-gel, etc. CuO is used in several technological fields, such as,

gas sensor, catalytic processes, solar cell application and so on.

Copper oxide is extensively studied catalyst for the exhaust related catalytic reaction, more
specifically detoxification of CO, NO and HC due to its high catalytic property. Even though
copper oxide possesses a lower activity than Pt, Pd, Ag and Rh, it is much cheaper and is
abundantly present as that of precious metals. From the Literature, it has been observed that,
CuO when combined with CeO; [15, 119, 133-135], Al,O3 [136-138] and TiO> [139] can
have higher catalytic conversion as compared to pure copper oxide. Such collective
performance between Cu and other host metal provides high surface area and excellent
oxygen mobility. In addition, when precious metals like Rh and Pd mixed with metal oxides,
they exhibit a superior CO adsorption capacity and improve the conversion of NO and CO
[27, 134, 140, 141] Recent investigations on Pd and Rh substituted CuO showed improved
performance in CO-0, and NO-CO redox reaction [142].

In many reports, increased concentration of Cu in CuO-CeO; composite is seen to have
enhanced its catalytic activity for detoxification reactions. Cu acts as promoter and improves
the adsorption of CO due to its electron rich nature. Pristine CuO shows lower catalytic
activity compared to metallic Cu or cuprous oxide [143]. However, it is well known that
metallic Cu and Cu;O tend to oxidizes as CuO [144]. Cu loading on TiO; is found to be
effective for NO reduction to N, [145]. Cu dispersed on inert support like silica is also
reported to increase the catalytic performance for nitric oxide reduction [145-147].

Substitution of Cu in transition metal oxides enhances the catalytic activity due to better CO
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chemisorption property. Cu®" substituted in Co30y4 is found to increase the oxygen mobility in
it [148]. Recently, A. Glisenti and coworkers studied NO-CO redox reaction over LaCo;.
xCuxOs prepared by sol-gel method and observed that Cu substitution enhances the catalytic
activity [149]. Promotional effect of Cu on detoxification of CO is also evident from the
recent investigation of J. Gao et al., where they studied the effect of various transition metal

like Fe, Co, Ni, and Cu substituted in MnO, [150].

2.6.2 Composite metal oxide

Metal oxides are considered as one of the most potential heterogeneous catalysts employed
in different industrial applications. Most of the metal oxides holds both redox and acid-base
character which is a significant property of superior catalyst. Generally, performance of the
single metal oxides catalyst are comparatively low and due to this reason a foreign impurity is
added to it for enhancing the performance of the catalyst. Recently, development in metal
oxide composite catalyst has gain a huge importance all around the globe for generating high
catalytic performance. In concern with environment, plenty of research is going on for
developing a stable and highly efficient catalyst using various composition of transition metals
along with precious metals to remove toxic gases like NO and CO [20, 27, 151-153].

Transition metal oxides and the metals composed of more than one oxidation state are
important candidate for NO-CO redox reactions [20, 103] and CO oxidation by O, [14, 104,
105, 154] due to variable oxidation states, easy availability and low cost. Therein, manganese
oxide [14, 155] and cobalt oxide [18, 20] have received considerable attention because of their
redox capability. Studies showed that the system containing more than one metal have
tendency to generate more conversion activity by increasing surface oxygen mobility. In
recent research, Zang et al. studied NO conversion over CoOy/Al;O3 system at 350 °C
wherein it can reach less than 30% conversion; further bimetallic oxide supported aluminum
oxide (CuO-Co0,/Al,03) was able to achieve 100% conversion at 350 °C [136]. Jiang et al.
studied the CeO,-M003-WO3/Ti0; system, which showed the excellent catalytic performance
for the NO conversion due to its high redox property and stronger adsorption property
generated by strong interaction among Ce, Mo, W and Ti [156]. Similarly, studies on the

composite system also showed that the addition of copper to CeO,—Fe,O3 mixed metal oxides
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produced a more significant impact on NO and CO conversion as that of Cu containing CeO,
or Fe;O3[19].

Although, metal oxides like manganese, chromium, copper and cobalt offer excellent
catalytic performance but most of the time cannot compete with that of precious metals due to
unique electronic property possessed by precious metals. The work of Lui et al. on Cu-Mn
composite shows the requirement of 250 °C of temperature to achieve 100% NO conversion
[157]. However, main disadvantage is the requirement of high temperature to convert NO
efficiently, as stability of NO increases at higher temperature. Therefore developing a catalyst
for lower temperature reaction is specifically significant. Loading Precious metal in the host
oxide system can increase the efficiency of the catalyst material at lower temperature [158,
159] Mergler et al. showed that the addition of Pt to CoOy-Si0; composite system boosts the
surface property of the catalyst which promotes the redox reaction [160]. Due to this reason,
precious metals are combined with transition metals that contributes a significant impact in
catalyzing exhaust related reactions [38—40, 161, 162]. From the literature, it has been also
observed that instead of using single type of precious metal if pair of precious metal is used it
can provide more synergy which can therefore enhance the catalytic process [163, 164].

Another way to enhance the catalytic performance of the composite catalyst is a method of
catalyst preparation. Several types of approaches have been found in literature to prepare
composite oxide catalyst for detoxification of CO, NO etc. such as hydrothermal method [135,
165, 166], self-template method [167], co-precipitation [15, 168], impregnation method [169—
171] etc. In addition, ceramic method is also known to develop the insoluble inorganic materials for
such catalytic processes [97, 172]. Kamolphop and others reported a comparison study on the
silver/aluminum catalyst prepared via mechano-chemical method and silver/aluminum
catalyst prepared via wet impregnation method for NOy reduction [173]. They observed that
the catalyst prepared with mechano-chemical route produced a significant activity at a lower
temperature as compared to catalyst prepared via wet impregnation method. Jentoft et al.
prepared the mixed metal oxides via mechano-chemical method and observed active for NOx
reduction [174]. Recently, Salker et al prepared Ce-Cu nano-composite oxide catalyst via
simple grinding method where they observed a superior activity in CO oxidation [175]. Such
catalyst designing is a green and promising way for enhancing the catalytic performance

towards a catalytic redox reaction as it helps in altering surface property and oxygen mobility.
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3.1 Preparation of the catalyst
3.1.1. Preparation of monophasic oxides
3.1.1.1 Cr;,Cu,O; (x =0.00, 0.04, 0.08 and 0.16)

Combustion method was employed to synthesize the nano-sized CrjCuO; (x = 0.00,
0.04, 0.08 and 0.16) catalysts. Weighed amount of Cr (NO3);-9H,0 (Sigma Aldrich) and Cu
(NO3)2-2.5H,0 (Sigma Aldrich) were dissolved in double distilled water and stirred for 15
minutes. Stoichiometric amount of glycine (metal nitrate: glycine, i.e., 1: 0.5) (Thomas baker)
was added to the above solution with stirring. The resultant homogeneous solution was then
slowly evaporated, which resulted in viscous gel. Further, the gel was heated in electric oven
at 200 °C which resulted in auto-ignition to form foamy oxide. This oxide was then collected,

grinded and calcined at 550 °C for 5 hours.
3.1.1.2 Ce1xMO0; (M = Mn, Cu and Ag)

CeO; and Mn, Cu and Ag doped CeO, were prepared via tartaric acid assisted solution
combustion method. The preparations were carried out by dissolving the stoichiometric
amount of Ce(NH4)2(NO;)s (Sigma Aldrich) and respective metal nitrate salts i.e. AgNO;
(Sigma Aldrich), Mn(NO;),-4H,0 (Sigma Aldrich) and Cu(NOs),-3H,0 (Sigma Aldrich) in
double distilled water. Weighed amount of tartaric acid was added to this mixture with
constant stirring and heating on a hot plate cum stirrer and then was kept at 80 °C in an
electric oven. The formed gel was than heated at 220 °C for 2 h and then calcined at 500 °C

for 4 h to get the respective metal oxides.
3.1.1.3 Ce;,Ru,0; (x =0, 0.01, 0.025 and 0.05)

In this case also the tartaric acid assisted solution combustion preparative route was
employed to synthesize Ru substituted CeO; series. First and foremost, a stoichiometric
amount of Ce(NH4)2(NO3)s (Sigma Aldrich) and RuCl; (Sigma Aldrich) were dissolved in
double distilled water. To the resultant mixture, weighed amount of Tartaric acid was added
which was further kept on hot plate equipped with stirrer. Obtained gel was than combusted at
220 °C and kept at 500 °C for calcination for 4 h to produce 1%, 2.5% and 5% Ruthenium

substituted Cerium oxide.
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3.1.2. Preparation of composite oxides
3.1.2.1 CoOx-MnOy —X% PdO (X =0, 1, 3 and 5)

Composite oxides with mole % Co:Mn ratio 1:1 (MM’) and palladium-containing Co-Mn
oxide (MM'-X% PdO, where X = 1, 3 and 5) were prepared via the glycine combustion
method. In this method, required amount of pure Co(NO3z);-6H,O (Sigma-Aldrich),
Mn(NO3),-4H,0 (Sigma- Aldrich) and PdCl, (Sigma-Aldrich) were dissolved in pure double-
distilled water. The glycine solution was initially prepared by dissolving weighed amount of
glycine (Thomas baker) in double-distilled water and added to the metal—salt solution with
constant stirring and heating. This mixture was then stirred for 4 h at 60 °C. Further, the
solution was kept in electric oven at 80 °C for 8 h and then combusted at 200 °C. Combusted

product was than calcined in muffle furnace at 500 °C for 4 h in air to obtain the final oxide.
3.1.2.2 CoO-MnOy X% Ag — y% Rh (X =0 and 5; y=0 and 1)

CoOx-MnOy composite system was prepared by combustion method using glycine as a
combustion fuel. CoOx-MnOy with 1: 1 weight ratio of Co: Mn and CoO,-MnOy containing
5% Ag and/or 1% Rh was prepared by following method. Metal salts such as Co(NO;), 6H,0
(Sigma-Aldrich), Mn(NO3)2;-4H,O (Sigma-Aldrich), Ag(NO;) (Sigma-Aldrich) and
Rh>(OOCCH;3)s was used as a source of Co, Mn, Ag and Rh, respectively. A known amount
of respective metal salts were dissolved in double distilled water and to it appropriate amount
of glycine (Thomas baker) was added. The mixture was heated with constant stirring for 2 h
on hot plate cum stirrer and was then kept in oven at 80 °C for removing excess of water and
further heated at 200 °C for 2 h where it gets combusted. Obtained product was then again
heated at 500 °C for 4 h to remove any unburned species. The prepared CoOx-MnQOy, CoOy-
MnOy-5%Ag, and CoOy-MnOy-5%Ag-1%Rh were denoted as MM’, MM'-5%Ag, and MM'-
5%Ag-1%Rh.

3.1.2.3 CuO-MnOy —-X% ALOj; -y% Pd (X= 0 and 10; y = 0 and 2.5)

The series of aluminum and palladium containing composite oxide of copper — manganese
were prepared by glycine combustion method. A required amount of Cu(NOj3)2-3H,0 (Sigma
Aldrich), Mn(NO3),-4H»0 (Sigma Aldrich), AI(NO3)3;-9H»0 (Sigma Aldrich) and PdCl, as a
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source of Cu, Mn, Al, and Pd were dissolved into the double- distilled water. The obtained
solution mixture was then added to the previously prepared glycine solution which was then
subjected to heating and stirring. After 1 h of stirring, the solution was kept at 80° C in an
electric oven to remove excess of water. Later, the metal nitrate-glycine gel was combusted at
200 °C for 2 h followed by calcining at 500 °C for 4 h to get the desired composite oxide. The
composite catalyst CuO-MnOy, CuO-MnOx-Pd and CuO-MnO,-AlLO3-Pd were named as CM,
CMP and CMAP, respectively.

3.1.2.4 CoOx-CuO- X% Mn (X=0, 10, 20, and 30)

A Similar glycine assisted combustion method was employed to prepare the cobalt- copper
— manganese composite oxide by varying the amount of manganese. Metal source such as
Co(NO3),'6H,0 (Sigma Aldrich), Cu(NOs);-3H,O (Sigma Aldrich) and Mn(NO3), 4H,0
(Sigma Aldrich) were used. The respective metal salts were dissolved using double distilled
water, thereafter weighed amount of glycine was added with stirring and was then kept on hot
plate cum stirrer. The mixture was then dried at 80 °C which was further kept at 200 °C for
combustion process. Finally, the obtained oxide was heated to 500 °C for 4 h in muffle
furnace. CoOx-CuO, CoOx-CuO- 10% Mn, CoOx-CuO- 20% Mn and CoO,-CuO- 30% Mn are
abbreviated as Co-Cu, Co-Cu- 10% Mn, Co-Cu- 20% Mn and Co-Cu- 30% Mn, respectively.

3.1.2.5 Pd-Based metal Oxides

Co.95Pdg0sCr,04 was synthesized using glycine as a combustion fuel. The calculated
amount of Co(NO3)2-6H>O (Sigma Aldrich), Cr(NO3);-9H,O (Sigma Aldrich), and PdCl,
(Sigma Aldrich) was dissolved in double distilled-water. Glycine (Thomas Baker) was added
to the above-prepared metal nitrate mixture and kept for heating with stirring for 4 h. Further,
the above mixture was allowed to heat at 80 °C in an electric oven to form a gel which was
then combusted at 200 °C followed by heating at 500 °C for 4 h to get Pd substituted Cobalt

Chromite.

The PdO (2.5%) supported Cog95PdosCr204 (PdO/Cog95Pdo0sCr204) was prepared using
simple impregnation method. Weighed amount of PdCl, dissolved in the double-distilled

water was added to the tartaric acid solution. Further, prepared Cog9sPdy 0sCr,04 was added to
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Pd-Tartaric acid solution. Then the prepared sample was dried in an oven for 8 h at 90 °C and
calcined at 400 °C for 4 h.

Similar glycine combustion method was employed to prepare the Mn, 9sPdyp4O; using
Mn(NOs);-3H20 (Sigma Aldrich) as source of Mn ion. A weighed amount of metal salt and
glycine (Thomas Baker) was dissolved with distilled water and kept for heating and stirring.
Above mixture was allowed to form a gel which was then kept in an oven at 200 °C for 2 h.

The obtained product was then calcined at 500 °C for 4 h to get Mn; 9sPdg 04O3.

Preparation of MnPdOx/PdO/CogysPdyosCrOs was carried out by introducing
PdO/Co0.95Pdg0sCr204 powder in Mn-Pd-glycine solution, which was further followed by
combustion route. The calculated amount of Mn(NO3);-3H,O, PdCl; and glycine were
dissolved in double-distilled water and kept for heating with stirring at 70-80 °C. To the above
mixture, previously prepared PdO/CogosPdyosCr2O4 powder was added with continuous
stirring. The mixture was then kept at 80 °C to remove excess water. This precursor was then
subjected to 200 °C for 2 h followed by heating at 500 °C for 4 h to produce MnPdOx
/PdO/Cog.95Pdg,0sC1204.

Series of all the -catalysts prepared are Cog9sPdoosCra0O4, PdO/Copo9sPdosCraOy,
Mn; 96Pdg 0403 and MnPdOx/PdO/Coy95Pdy0sCroO4 which are denoted as PdR 1, PdR2, PdR3,
and PdR3-PdR2, respectively.

3.1.2.6 AlgO_; modified Cllu_gspdu_uso

Nano sized Pd substituted copper oxide (CuggsPdoosO) were prepared by glycine
combustion method. Cu(NO3),-3H,O (Sigma Aldrich), PdCl, (Sigma Aldrich) and glycine
(Thomas Baker) were used for obtaining the desired metal oxide nanoparticles. Suitable
amount of Cu(NO3),:3H,0 and PdCl, were dissolved in double distilled water followed by
addition of glycine with a vigorous stirring and heating on hot plate. Obtained mixture was
then subjected to 80 °C in an electric oven and then formed gel was heated at 200 °C for 2 h.

Finally, the oxide was calcined at 500 °C for 5 h.

20% Al,03/CuposPdposO was prepared using aluminum nitrate and previously prepared

Cug95Pdo 05O powder. Weighed amount of aluminum nitrate was dissolved in double distilled
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water, to it 2 g of CugosPd 05O powder and citric acid (1:2 ratio of Al : Citric acid) was added.
Above mixture was then kept on heater cum stirrer and removed once the water gets
evaporated completely. Obtained solid mixture was later heated at 200 °C for 3 h followed by
heating at 450 °C for 4 h to yield 20% Al;03/Cug¢sPdo 050

Later, glycine combustion method was employed to prepare 10%Al,03-Cu095PdgosO
composite oxide wherein previously prepared 20% Al;O3/CuggsPdoosO powder was used.
Cu(NOs);-3H,0 and PdCl, were dissolved in water and to that glycine and 20%
AlO3/Cug.95Pdo.0sO were added. This mixture was then heated to 200 °C and later heated at
500 °C for 4 h to produce 10%A1,03—Cug95Pdo050.

Series of all the catalysts prepared are CuggsPdoosO, 20% AlLO3/CugosPdoosO and
10%A1,03-Cu0 95Pd0sO which are denoted as CugosPdoosO, 20A1/CugosPdgosO and 10Al-
CugosPdy 05O respectively.

3.1.2.6 Ce-Cu Composite oxide

Cerium oxide was prepared using solution combustion method using tartaric acid as a fuel.
Ammonium Cerium (IV) nitrate (Sigma Aldrich) was used as a source of cerium salt which
was dissolved in double distilled water. To above solution, tartaric acid (Thomas baker) was
added with constant stirring and heating. Further, the formed mixture was kept at 80 °C for 12
h and then it was combusted at 200 °C. Finally, calcination was done at 500 °C for 4 h to yield
CeQ..

Copper oxide was prepared from its nitrate precursor via glycine combustion method. The
calculated amount of copper (II) nitrate (Sigma Aldrich) and glycine (Thomas baker) were
dissolved in double distilled water and then above solution mixture was kept for heating with
stirring. After saturation of the solution, it was then kept at 80 °C in electric oven until it
forms a gel. Obtained gel was then heated at 200 °C for 2 h. Further, the obtained compound
was kept at 500 °C for 4 h to yield CuO.

The CeO,-CuO nano composite was prepared by physical grinding of previously prepared

Ce0; and CuO. The weighed amount of CeO; and CuO (1: 0.25) were ground using mortar
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and pestle for 1 h. After grinding, the mixture was kept at 300 °C for 1 h to get CeO,-CuO

nano composite oxide.
3.1.2.7 CeRu - CuPd composite oxide

Ceg.95Ru 05O, prepared via tartaric acid combustion method and Cug 9sPdg 5O prepared by
glycine combustion method, was used to prepare the CeRu-CuPd composite oxide.
CeposRug.0502 and Cug9sPdg 05O were taken with a weight ratio 1: 1 and grounded with mortar
and pestle for 1 h. The grinded oxide was then kept at 300 °C for 1 h in muffle furnace to

obtain CeRu-CuPd nano-composite oxide.
3.2. Preparation of the Gases
3.2.1. Preparation of the carbon monoxide (CO)

A chemical reaction is given as follow:

HpS04
HCOOH CO_I_ HZO ..................... (3-1)

CO was prepared by reacting formic acid and sulfuric acid in a controlled manner through

dehydration process. When suitable amount of formic acid reacts with sulphuric acid, CO gets

released which was passed through various traps to remove any impurity formed. Finally, it is

stored in air tight glass bottle.
3.2.2. Preparation of the Nitric oxide (NO)

Nitric oxide (NO) is a colorless gas which is produced by using sodium nitrite, ferrous
sulphate and sulphuric acid. Appropriate amount of ferrous sulphate is added to the sulphuric
acid in two-neck round bottom flask. To above mixture, sodium nitrite solution was added
with a calculated flow rate. The NO gas generated were passed over appropriate trap to yield

pure NO gas which was later stored in an air tight glass bottle
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3.3. Characterization Techniques
3.3.1. Powder X-ray diffraction (XRD)

The X-ray diffraction technique is a powerful tool which is used to characterize the
crystalline materials. This technique is also useful in identifying the phase purity, average
grain size, strain, crystal defect and crystal structure. The X rays generated by cathode rays,
when interact with the electrons from an atom, gets scattered which gives the information
regarding the electronic distribution within the material [176]. Constructive interference
produced by the interaction of incident rays with the sample satisfies when it fulfills the

Bragg’s law:
A —Sdemg 0202020202020 eesscssesases (32)
Where
n is an integer,
A is wavelength of the X-rays,
d is the inter planner spacing and
0 is diffraction angle

The X- rays when bombarded on target material, the characteristic diffraction spectra is

produced as intensity v/s 2 theta.

RIGAKU Ultima IV (X-Ray diffractometer) was employed to study the prepared oxide
catalyst using Cu Ko as a target source having A= 1.5418 A. All the samples were recorded

from angle 20° to 80° with a scanning step of 0.02.
3.3.2. Thermogravimetry/Differential Thermal Analysis (TG-DTA)

Thermal studies are an important study which provides the information regarding the
structural changes with respect to temperature. Thermo- gravimetric analysis (TG) is mostly
used to understand the thermal stability of material and is stated as change in the mass of

sample as a function of temperature.
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Another thermal method used is Differential Thermal Analysis (DTA) which has wide
application to understand the material’s structural behavior such as crystallization,
sublimation, glass transitions and melting. The processes like melting shows endothermic
peak due to positive AH value whereas when AH is negative exothermic peaks are observed

(such as oxidation) [177].

To understand the decomposition behavior of the metal precursor and the stabilities of
prepared oxide catalyst TG-DTA were performed. All the analyses were carried out on

NETZCHSTA 409PC instrument at heating rate of 10 K min™ in air atmosphere.
3.3.3. Infrared Spectroscopy (IR)

IR spectroscopy is a vibrational spectroscopy and is used to identify the various functional
groups in a compound. In metal oxide system, it gives vibrational bands below 1000 cm™. In
the preparative methods such as sol-gel, combustion, co-precipitation etc., formation of the
metal oxide can be monitored by comparing the metal precursor and final metal oxide as metal
oxides has a characteristic vibration bands below 1000 cm™. For IR analysis, SHIMADZU
FTIR Prestige-21 spectrophotometer was used to record the IR spectra of the prepared
samples. Oxide samples were previously ground with potassium bromide (KBr) and mounted

in the instrument where IR radiations will interact with the sample to produce the spectra.
3.3.4. X-ray Photoelectron spectroscopy (XPS)

X-ray Photoelectron spectroscopy (XPS) studies is performed in vacuumed chamber
wherein non-monochromatic source (X-Ray) is used. The XPS analyses are done to
understand the chemical state and surface composition of the element. PHI 5000 Versa Probe
I instrument were used to record the XPS spectra of the catalyst to examine the oxidation

states of the elements present.
3.3.5. Scanning Electron microscopy (SEM)

SEM is a common tool to inspect the surface morphology of material. In principle,
Scanning is processed by focusing a beam of light to the surface of a material which interacts

with the sample surface to give surface morphology and elemental composition.

34



Chapter 3: Experimental Part

Scanning electron microscopic studies were performed on Zeiss evol8 instrument for
morphologic view of the prepared catalysts. Samples were well dried before analysis at 150
i o4

3.3.6. Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) 1s a powerful tool for understanding the particle
shape and sizes of sample in the field at a nano-scale level. Here, a beam of energetic light is
passed through the thin sample which later interacts with the analyzing sample to produce

image.

Philips CM 200 instrument was used to record the TEM images and the HR-TEM studies
were carried out on Jeol/JEM 2100 instrument operating at 200 kV.

3.3.7. BET (Brunauer—Emmett-Teller) Surface area studies

Surface area of a catalytic material is an important method which can be determined by
physisorption of a gaseous molecule on a solid. It is observed that the catalyst with a nano size
shows a high surface area as compared to the material in bigger size which makes nano size
material highly reactive. Brunauer-Emmett- Teller (BET) theory extends Langmuir adsorption
theory for adsorption of inert gases on the surface of solid. Absorption isotherm is given by

inert gases like N, Ar, CO; etc. at a low pressure.

N,-sorption studies were performed on the QUANTACHORME AUTOSORB iQ-MP-C
instrument at liquid nitrogen temperature. The samples were degassed at 200 °C for 2 h to

remove any adsorbed molecule from analyzing sample.
3.4 Temperature Programmed studies
3.4.1 Temperature Programmed Reduction studies

Temperature programmed reduction (TPR) is a material characterization technique used to
examine the surface reduction pattern of a catalyst under various thermal conditions. This
experiment is performed by placing fixed amount of catalyst in quartz tube. A reducing gas

such as hydrogen is passed over the prepared bed by varying the temperature and results are
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recorded. TPR pattern always depends on the surface oxygen mobility as more mobile oxygen

can shift the TPR pattern to a lower temperature.

H,-TPR was performed on Quantachrome Autosorb i1Q-MP-C instrument for determining
the oxygen mobility from the prepared catalyst. The samples were degassed at 250 °C under

inert atmosphere (He) prior to the analysis.
3.4.2 Temperature Programmed Oxidation studies

Temperature programmed oxidation (TPO) is a technique to examine the oxidation
character of a sample with respect to the temperature. Oxidizing gas like oxygen is used to
study the surface oxidation of the material. Here, suitable amount of catalyst was loaded in

quartz tube and oxidizing gas, like O,, was passed to carry out the measurement.

0,-TPO studies were conducted on Quantachrome Autosorb i1Q-MP-C instrument from 50-

500 °C on prepared catalyst. The acquired data was plotted as TCD signals v/s temperature.
3.4.3 Temperature Programmed Desorption studies

A temperature programmed desorption (TPD) process has been focused particularly in the
field of catalysis as it allows one to understand the interaction between the solid catalyst and
adsorbate which makes it a powerful tool to study the active sites present on the surface of the
catalyst. TPD experiments are performed by placing a calculated amount of catalyst in
analyzing tube. After cleaning the catalyst surface under inert atmosphere, the gases are
adsorbed on its surface and later their desorption pattern were recorded with respect to
temperature. To analyze the surface acidity, basic gases like NH3 is used whereas CO; is used
to monitor the basic sites present on the surface. Also many other desorption profiles can be
studied depending upon the type of the information required such as CO-TPD, NO-TPD, NH:-
TPD, CO;,-TPD etc.

All TPD studies were performed on Quantachrome Autosorb iQ-MP-C instrument and the
data in the form of TCD signals v/s temperature were recorded. For CO/NO/NH3/CO,-TPD
studies respective gas was adsorbed on the catalyst and later desorption profile was recorded
with linear increase in temperature. All the catalyst sample were activated before TPD run at

250 °C under inert atmosphere to remove any previously adsorbed species.
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3.5 CO Chemisorption

A phenomenon wherein strong interaction occurs between adsorbate and adsorbent is
known as chemisorption. Chemisorption occurs when any gaseous molecule irreversibly
bound to the solid surface which cannot desorb at an ambient temperature. Amount of gas
adsorbed is directly proportional to the active site present on the catalyst surface and when
those active sites are consumed no further gas can chemically get adsorbed on the surface.
Experimentally two types of chemisorption pathways can be used to study the chemisorption
behavior i.e. static and dynamic. In static chemisorption, gas is adsorbed by as a function of
pressure at constant temperature which gives two isotherms. One for amount of gas adsorbed
and other one is irreversible adsorption. In dynamic chemisorption, a fixed amount of gas is
passed over catalyst surface and amount of gas adsorbed can be detected via thermal

conductivity detector.

CO Pulse titration method was used for CO chemisorption study on same Quantachrome
Autosorb instrument. 100 mg catalyst was sandwiched between two quartz wool plugs in a

reactor. After degassing the sample, 250 uL. of CO was used for one pulse.
3.6 Catalytic Activity Measurement
3.6.1 CO oxidation Study using O,

The catalytic detoxification of CO was carried out using continuous flow fixed bed reactor.
0.5-1.2 g of catalyst was packed in between glass wool plugs. Prior to analysis, catalysts were
heated at 100 °C in inert atmosphere to remove any adsorbed species. Later, the reactor loaded
with catalyst was placed in an electric furnace and the reaction temperature were measured
using thermocouple placed just above the catalyst. The gases like N», O, Hs required during
the analysis were used from commercial source whereas the CO gas was prepared in the
laboratory using standard preparative route. The feed gas for CO oxidation comprised of 5%
CO and 5% O, in 90% of N, with a flow rate of 5000 mL h™'. The reaction was monitored
using online gas chromatography over molecular sieves 13x column for CO/O; and Porapak Q
column to detect CO,. The detail schematic representation of CO-O, reaction is presented

below in Fig. 3.3.1.
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Fig. 3.3.1: Schematic representation of CO-0O; catalytic reaction set-up.

3.6.2 NO-CO redox reaction study

The NO—CO reaction was studied in continuous flow fix bed reactor. The schematic
representation of NO-CO redox reaction set-up is presented in Fig. 3.3.2. Both carbon
monoxide and nitric oxide were prepared in the laboratory using standard preparative method;
appropriate trap was used to purify the gases. Nitrogen (99.9%), oxygen (99.8%), hydrogen
(99.9) and argon (99.99%) were used from pure commercial source. Catalytic redox reaction
of NO-CO was studied using 5% NO and 5% CO in an argon atmosphere at the rate of 5000
ml h—1. About 0.5 - 1.2 g of the catalyst powder was sandwiched between glass wool plugs.
Prior to the reaction, the catalyst was heated at 200 °C for 1 h in N, atmosphere. Further, the
reactor was kept in electric oven to study its activity with respect to temperature. The feed gas
and obtained product were monitored using online GC equipped with TCD detector over

molecular sieve 13x and Porapak Q columns.
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Fig.3.3.2: Schematic representation of NO-CO catalytic reaction set-up.
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4.1 Thermal Studies (TG/DTA)

The TG/DTA technique was employed to study the thermal decomposition pattern of the
precursor synthesized during the preparation of the oxide. Based on the produced data
combustion temperature was determined of this precursor. Also, the thermal stability of some
compounds was studied, as the thermal property is an important property in exhaust catalytic

system.

TG-DTA studies was performed to examine the decomposition temperature of the prepared
metal-tartarate precursor and also to study the temperature stability of the prepared oxide. TG-
DTA of the Cerium-tartaric acid precursor has been shown in Fig. 4.1(a), which showed the
complete decomposition of the precursor at around 220 °C. Endothermic (Endo) peak in the
DTA studies at around 100 °C reveals the removal of water molecules from the precursor and
the strong exothermic (Exo) peak at around 220 °C corresponds to the decomposition of
carbon moiety from the system. In Fig. 4.1(b) a straight line in TG concludes the stability of
CeO; till 800 °C. Also no phase change was seen from the DTA plot.
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Fig. 4.1: TG/DTA plots of (a) Ce-tartarate precursor and (b) CeQ),.

The TG-DTA study was performed on the cobalt-manganese-glycine precursor and the
trace of the same is shown in Fig. 4.2(a). From TG plot, it can be interpreted that the first drop
in weight is due to dehydration of the precursor mixture. The second drop in weight at around
200 °C can be attributed to the loss of organic matter. This precursor shows the two peaks in

DTA plot, wherein dehydration process showed a broad endothermic peak at around 100 °C
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and a rapid combustion of precursor produced sharp exothermic peak at 160 °C. In Fig. 4.2(b)

a straight line in TG up to 550 °C concludes the stability of Co-Mn composite oxide and

further loss in weight observed can be due to conversion of Mn™ to Mn"™.
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Fig. 4.2: TG/DTA plots of (a) Co-Mn-glycine precursor and (b) Co-Mn composite oxide.

A representative metal glycine precursor was studied from the Al and Pd containing

copper-manganese series and presented in Fig. 4.3(a). Thermal decomposition of the Cu-Mn-

Glycine precursor showed several steps.
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Fig. 4.3: TG/DTA plots of (a) Cu-Mn-Glycine precursor and (b) Cu-Mn composite oxide.

An initial loss in weight can be attributed to the removal of water from the precursor which
can be confirmed from the endothermic peak observed in the DTA curve. Second drastic

weight loss observed as a consequence of combustion process was evident from exothermic
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peak in DTA curve. In Fig. 4.3(b) a straight line in TG concludes the stability of Cu-Mn
composite oxide till 800 °C. Also no phase change was seen from the DTA plot.

Thermal studies were carried out from 30 to 800 °C on Pd containing Cu-Glycine precursor

and depicted in Fig. 4.4(a).
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Fig. 4.4: TG/DTA plots of (a) Cu-Glycine precursor and (b) 1041-Cug 9sPdy 50O composite

oxide.

Here in Fig. 44 (a), DTA showed an endothermic peak below 150 °C which can be
attributed to the dehydration process. Further, loss in weight above 160 °C and exothermic
peak explains the combustion process wherein decomposition of a metal precursor occurs.
Additionally, a straight line from 300 to 800 °C suggests no weight loss concluding the
excellent thermal stability of the final oxide. In Fig. 4.4(b), stability of 10A1-Cug¢sPdysO was
reported, where a straight line in TG concludes the stability of 10A1-Cug 9sPdgsO till 800 °C.

Also, no phase change was seen from the DTA plot.

The thermal pattern of the Ceg9sRups02- CuyosPdoosO (CeRu-CuPd) composite oxide is
shown in Fig. 4.5. Initial thermal loss in weight was observed in the composite oxide, which

corresponds to the loss of adsorbed water molecule. This further can be confirmed from the

endothermic peak at around 150 °C in DTA profile.
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Fig. 4.5: TG/DTA plots of CeRu—CuPd composite oxide.

Thus, result suggests the excellent thermal stability of a composite oxide as no weight loss

was observed till 800 °C.
4.2 X-ray Diffraction studies

Figure 4.6 shows the X-ray diffraction (XRD) pattern of Cr,03 and series of Cu containing
Cr,0;. X-ray diffraction pattern substantiates the formation of monophasic rhombohedral
Cr,0;, which is confirmed with the JCPDS data file (01-084-1616) [178, 179]. X-ray
diffraction pattern of Cr} 96Cup.0403 shows no characteristic extra peaks of Cu, CuO, and Cu;0O
whereas CuO impurity was observed with the increase of Cu content in Cr»Os3. X-ray
diffraction technique was carefully run to check for any impurity peak at selected 20 values.
Peak magnification of Cr; 96Cug 0403 depicts a small shift in peak position (in all major peaks),
which was not observed in higher concentration of copper-substituted biphasic Cr20s, thus
confirming the copper incorporation in chromium oxide. Also, no extra reflection was

observed in XRD on slow scanning.
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Fig. 4.6: XRD pattern of Cu substituted Cr>O;z (Cr>Cu.Os (x=0, 0.04, 0.08, and 0.16)).

Average crystalline particle sizes of CroxCuyOs (x = 0, 0.04, 0.08, and 0.16) were
calculated using Scherrer's equation and the same is given in Table 4.1. Result showed the

decrease in the crystallite size from 35 to 33 nm as Cu was incorporated into the Cr,Oj3 lattice.

Table 4.1: Average crystallite Size of Cr,Cu,O3 (x=0, 0.04, 0.08 and 0.16).

Catalyst Average crystallite size (nm)
C[‘203 35
Cr1.96Cu 0403 33
Cr1.92Cu0503 33
Cr1.84Cup 1603 33

The XRD pattern of the prepared Mn, Cu and Ag substituted cerium oxides are displayed
in Fig. 4.7. The crystallographic planes observed at ~ 28.51° (111), ~ 33.01° (200), ~ 47.55°
(220), ~ 56.23° (311), ~ 59.23° (222), ~ 69.33° (400), ~ 76.75° (331) and ~ 79.06° (420) are
matched with the JCPDS data card no. 00-034-0394 showing the characteristic plans of CeOa.
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Fig. 4.7: XRD pattern of CeO; and Cu, Mn and Ag substituted CeQ..

On carefully matching the peaks, the absence of extra reflections of impurity was observed,

implying the incorporation of Mn, Cu and Ag in the CeO, lattice. Thus, confirms the

formation of monophasic cerium oxide, which can be perfectly indexed to a cubic structure

[180, 181].

Table 4.2: Average crystallite Size of Mn, Cu and Ag substituted CeQ..

Catalyst Average crystallite size (nm)
CeO2 10
Ceg.95Mng 0502 8
Ce0.95Cu0.0502 7
Ce0.95Ag0.0502 13
Ceo.95sMng 05Cu0.02AL0.0102 41

Average crystallite size of Mn, Cu and Ag substituted CeO, were calculated using

Scherrer’s formula and the same is tabulated in Table 4.2. Result showed decrease in average
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crystallite size with addition of Cu and Mn while with the addition of Ag, it was found to

increase.

The powder X-ray diffraction pattern of Ru substituted CeO, are depicted in Fig. 4.8.
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Fig. 4.8: XRD pattern of CeO; and Ru substituted CeQ, (Ce; Ru, O, (x=0.01, 0.025 and 0.05).

The peaks at 26= ~ 28.51°, ~ 33.01°, ~ 47.55°, ~ 56.23°, ~ 59.23°, ~ 69.33°, ~ 76.75° and ~
79.06° is an indication of the typical CeO; phase (JCPDS 00-034-0394).

Table 4.3: Average crystallite Size of Ce Ru,O, (0, 0.01, 0.025 and 0.05).

Catalyst Average Crystallite size (nm)
CeO» 10
Ce.99R 10,0102 8
Ceo.975RU0.02502 8
Ceo.95Ru0.0502 9

The absence of crystalline phase of Ru in studied XRD pattern confirms the monophasic

CeO, formation. The average crystallite size calculated using Scherer’s equation for series of
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Ru substituted CeO, was in the range of 10 nm to 8 nm. The data pertaining to the same is

given in Table 4.3.

XRD studies were carried out to examine the phases present in the Co-Mn composite oxide
system and the results of MM’, MM'—5% PdO are exhibited in Fig. 4.9. XRD peaks of low
crystalline sample resulted in weak diffraction pattern. Since the catalyst is a composite
mixture, the representative oxides will be always there and because of their fine particle size
all the diffraction peaks will not emerge; however, the constituent oxides will be always
present. The standard JCPDS data cards for MnO,, Mn,0; and Co304 are 00-002-0567, 00-
002-0909 and 01-080-1540, respectively.
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Fig. 4.9: XRD patterns of MM' and MM"-5% PdO.

The X-ray diffraction pattern of MM' and MM’-5%Ag-1%Rh composite catalysts were
recorded to understand its crystallinity behavior and phases present in the system. The

diffractograms of composite system is given in Fig. 4.10.
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Fig. 4.10: XRD patterns of MM'" and MM'-5%Ag-1%Rh.

The presence of Co3z04, MnO; and Mn,O3 phases were detected which were matched with
the standard JCDPS data 01-080-1540, 00-002-0567 and 00-002-0909, respectively. The low
crystalline nature of the composite exhibiting broad peaks indicates the nano nature of the

prepared composite catalyst.

The crystallographic data of the Cu-Mn and Cu-Mn-Al-Pd composite oxide were studied
through X-ray diffraction tool (XRD) and their spectra are depicted in Fig. 4.11. The spectrum
of Cu-Mn composite oxide shows well-defined peaks, which indicates the formation of
different types of phases in composite oxide system. By carefully observing diffraction peaks
of composite oxides, the occurrence of CujsMn; 504, CuO and Mn,O3 was confirmed with
JCPDS data 00-035-1171, 01-080-0076 and 01-089-2809, respectively. Additionally, some
more peaks of Al,O; were detected (JCPDS card No.00-010-0173) in Cu-Mn-Al-Pd oxide
system and observed to be merging with the Cu-Mn oxide peaks. Further, a broad XRD peak
and decrease in the intensity of diffraction peaks was seen by addition of Al and Pd in Cu-Mn

composite as that of Cu-Mn composite oxide. This result confirms the nano nature of the Cu-

Mn-Al-Pd composite oxide.

48



Chapter 4: Thermal, Diffraction, Spectroscopic and Microscopic Studies

—— CuMn
— CuMn-A-P
=
=
L
=
20 30 ' 40 ' 50 ' 60 ' 70 ' 80
2 theta (degree)

Fig. 4.11: XRD patterns of Cu-Mn and Cu-Mn-A-P composite oxide.
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Fig. 4.12: XRD patterns of Cu-Co, Cu-Co-10Mn and Cu-Co-30Mn composite oxide.

XRD pattern of Mn containing Cu-Co composite oxide series prepared by glycine

combustion route are shown in Fig. 4.12. The strong diffraction peaks of cobalt oxide (Co304)
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and Copper oxide (CuO) were distinctively confirmed with JCPDS No. 01-080-1540 and 00-
048-1548, respectively. As Mn is added to Cu-Co composite oxide system, a slow
disappearance of some peaks has been observed. This can be attributed to the formation of
extra phase of Mn in the Cu-Co-10Mn and Cu-Co-30Mn composite oxide. Furthermore, poor
crystallinity in all the prepared series demonstrates the nano nature of the composite oxide

catalysts.

XRD pattern of PdR1, PdR3 and PdR3-PdR2 are shown in Fig. 4.13. The formation of
monophasic Mn; 96Pdo 0403 was confirmed by the XRD pattern, which shows the absence of

any impurity phase with the highest intensity peak at 32.93 ° [182, 183].
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Fig. 4.13: XRD patterns of PdR 1, PdR3, and PdR3-PdR2.

Further, its phase formation was confirmed by matching 2 theta values with JCPDS data
card No 00-041-1442. Similarly, a phase of Co¢.95PdoosCr20s was carefully matched with
JCPDS data card No. 00-022-1084 with the main peak at 35.62° [184]. No extra reflections
were observed, thus confirming monophasic Cog9sPdy ¢sCr204. A well designed Pd containing

manganese oxide engineered cobalt chromite showed the presence of CoCr,O4, Mn;O3 and
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MnO, (JCPDS data card No. 00-044-0141) phases. Poor crystallinity by the XRD data

attributes to the nano nature of the prepared samples.

The X-Ray diffraction pattern of Pd doped copper oxide and Al modified CugosPdposO are
displayed in Fig. 4.14.
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Fig. 4.14: XRD patterns of Cug.osPdy.osO and Al modified Cug 95Pdg 950.

The peak intensity of CugosPdoosO is observed as less intense which may be due to the
poor crystallinity of the sample. Although, the peaks are poorly diffracted in XRD pattern of
CugposPdogsO, no extra reflection of Pd is seen. This has been confirmed by comparing the
diffraction pattern of CuggsPdyosO with the standard JCPDS card no. 01-080-0076. While in
Al modified CugosPdg 05O, the intensity of the peak is slightly enhanced and also a small hump
has been observed at 35°, which occurred due to the formation of Al,O3 (JCPDS card no. 00-
010-0173) in the composite oxide system.

The XRD patterns of the prepared CeO,, CuO and CeO,-CuO nano composite are shown
in Fig. 4.15. The cubic structure demonstrated by CeO, [185, 186] and the monoclinic
structure by pure CuO has been displayed in the powder patterns [187, 188]. Respective
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phases was also matched with the JCPDS data card No. 00-034-0394 for CeO, and 00-048-

1548 for CuO.
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Fig. 4.15: XRD patterns of CeQ,, CuO and CeO,-CuQ composite oxide.

Ce0,-CuO composite oxide showed the presence of both the phases of CeO; and CuO in
the XRD pattern indicating the presence of cerium oxide and copper oxide. Although, the
composite were prepared by grinding for 1 h and heating at 300 °C for 1 h, extra impurity

phases were not detected as can be ascribed from the XRD data.

4.3 IR spectroscopy studies

IR spectra of the metal precursor and the prepared oxides were recorded. The IR spectra of
metal-oxygen vibrations observe below 1000 c¢m™. Thus, comparing the IR spectra of

precursor with that of metal oxide helps in confirming the complete decomposition of metal

precursor to their respective metal oxide.

Infrared spectra of metal-glycine precursor and CryxCuxO;z (x = 0.04, 0.08 and 0.16) are

shown in Fig. 4.16. The metal precursor shows the IR bands which are the characteristics of
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glycine. The peaks observed in the 3000 — 3500 cm ' region of IR spectra is attributed to the

presence of moisture and N-H group [189].
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Fig. 4.16: IR spectra of Cr-glycine precursor and Cr;,Cu,O; (x=0.04, 0.08 and 0.16).

The disappearance of the organic peaks after the combustion of metal precursor was

observed which can be seen from the given chromium oxide spectra. The IR bands appear

below 600 cm™. These are the characteristics vibrations of the metal oxides. The spectrum

shows 2 strong peaks at 624 and 572 cm ' due to Cr-O stretching vibration (symmetric and

asymmetric) and 2 sharp bands of O” displacement in lattice at 445 and 415 cm ', which

confirms the presence of Cr,O3 phase [190-192].

Figure 4.17 shows the IR spectra of metal-tartaric acid precursor, cerium oxide and metal

substituted (Mn, Cu, and Ag) cerium oxide. IR spectra were recorded in the region from 400

to 4000 cm™. Typical IR vibrations were observed for prepared precursor which can be

assigned for IR bands of tartaric acid. IR spectra of tartaric acid showed various peaks in the

studied region. Final compound produced after combustion of precursor showed absence of

tartaric acid peaks and showed only metal-oxygen vibration as reported for cerium oxide [193,

194].
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Fig. 4.17: IR spectra of Ce-tartrate precursor and Cu, Mn, Ag containing CeQO.
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Fig. 4.18: IR spectra of metal precursor and palladium containing cobalt-manganese

composite oxide.
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The IR spectra of the palladium containing cobalt-manganese composite oxide series
(MM’) and glycine precursor are presented in Fig. 4.18. IR spectra were recorded in the region
from 400 to 4000 cm’'. Characteristic glycine peaks are observed for the metal-glycine
precursor. Decomposition of this precursor at 200 °C leads to disappearance of these peaks

and formation of new metal-oxygen vibrations as depicted in IR spectra in Fig. 4.18.

The IR scanning for all the composite oxides were carried out from 4000 to 400 cm™. The
characteristic IR vibration bands of mix metal oxides are presented in Fig. 4.19. The IR peaks
which observed in finger print region are not found in metal oxide system, which mostly
arises in metal precursor. When metal precursor gets decomposed, all the carbon species gets
oxidizes leaving behind the metal oxide. Therefore, such disappearance of organic peak
confirms the conversion of metal precursor to metal oxide as shown by the metal-oxygen

vibration band below 1000 ¢cm™.
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Fig. 4.19: IR spectra of Co-Mn and precious metal containing Co-Mn composite oxide.
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In the IR spectra of manganese containing copper-cobalt composite oxide and glycine
precursor, absence of spectral similarity was seen implying the proper combustion of metal-
glycine precursor as depicted in Fig 4.20. The IR spectrum of precursor shows a broad peak
(3600 to 3000 cm") of O-H and N-H species. IR spectra of the composite oxide shows change
in the IR vibration in the region 750-400 cm™ when manganese is added to the Cu-Co

composite oxide, conveying the formation of a new phase.
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Fig. 4.20: IR spectra of Cu-Co-gly precursor and Mn containing Cu-Co composite oxide.

IR spectra of Al modified CupoesPdoosO oxide series after the combustion process is
depicted in Fig. 4.21. The spectra of oxides showed no characteristic peaks of glycine, which
confirms the decomposition of glycine precursor to oxide. The intense peak at around 500 cm’
! can be ascribed for metal-oxygen bond vibration; also broad peak of adsorbed moisture was

seen arising from O-H vibration.
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Fig. 4.22: IR spectra of Ce-tartarate precursor (a), Cu-glycine precursor (b), CeO, (a) and
CuO (b).
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IR spectra of metal precursors (Ce-tartaric acid and Cu-glycine) and respective metal
oxides (CeO; and CuO) are displayed in Fig. 4.22. IR spectra of metal precursor showed the
characteristic peaks of respective organic moiety, which were than compared with the spectra
of metal oxide. Absence of organic peaks in the metal oxide spectrum confirms the complete

removal of the organic species from the system.

The IR spectra of the prepared Ceg9sRug 502, CugosPdyosO and CeRu-CuPd composite
oxide are recorded from 400-4000 cm™ and are presented in Fig. 4.23. The broad vibrational

band at 3000-3600 cm™ is of hydroxyl group from the surface adsorbed water.
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Fig. 4.23: IR spectra of Ceg95Ru9050;, CugosPdposO and CeRu-CuPd composite oxide.

In the presented spectra the broad band observed below 750 cm™ can be ascribed to the metal-

oxygen vibration (Ce-O and Cu-O) of oxides.
4.4 X—Ray Photoelectron spectroscopy studies

The Chemical state and surface composition of nanostructured Cr; 96Cuo 0403 was studied
through XPS. The XPS spectra of Cr 2p, Cu 2p, and O s are presented in Fig. 4.24.

Asymmetric peaks from the spectra were resolved using Gaussian curve fitting method. The
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Cr 2p splits into two peaks i.e. Cr 2p3» and Cr 2p;» at 576.10 and 585.52 eV respectively
showing chromium in Cr? in agreement with literature [195, 196]. Cr 2p3 spectra can be
fitted into two peaks at 576.10 eV indicating presence of Cr™ and 578.01 eV showing
presence of higher oxidation Cr species in the system. Further an energy difference 0f 9.42 eV

between Cr 2ps,2 and Cr 2p,» confirms the presence of Cr,O; species in the system [196, 197].
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Fig. 4.24: X-ray photoemission spectra of Cr 2p, Cu 2p and O 1s from Cr,96Cu,0403.

The de-convolution of Cu 2ps3;» spectra demonstrates the peak at 933.53 eV and strong
satellite peaks at 939.92 and 942.39 eV in higher binding energy region confirming that
copper is in C u'? state. Also presence of shake-up satellite peak is an evidence of Cu™ species

in the system [198, 199].
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To understand the type of oxygen present in Crj9sCupg4O0;3, O 1s is de-convoluted and
depicted in Fig. 4.24. Gaussian fitting of asymmetric O 1s peak shows the existence of two
peaks at 529.37 and 530.50 eV. The peak with BE of 529.37 eV is attributed to O” ion and the

small peak at higher B.E is due to surface defect as also seen in literature studies [20, 200].

XPS analyses were conducted in order to understand the chemical valence state of the

elements present in Ceg9sRup0s02. As shown in Fig. 4.25, the existence of Ce, Ru and O in

analysed sample were confirmed through XPS studies.
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Fig. 4.25: XPS spectra of (a) Ce 3d, (b) Ru 5d and (c) O Is from Ceg.95Ru0,050>.

Ce 3d spectrum of CeposRup 0502 shows the presence of both Ce™and Ce'™ as depicted in
Fig. 4.25a. The Ce 3d spectrum was fitted with Gaussian-Lorentz fitting, which showed eight

photo-electrons splitting. From observed peaks, 3 ds;» spin orbit state was labelled as ‘v’ and
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3ds), orbital states was denoted as “u’ symbol. Ce is often observed as an important component
due to its typical redox pair. The peaks labelled as v’ and u” were attributed to +3 state of Ce

e

and the remaining six photoemission peaks (i.e. v, v", v"’, u, u” and u"’) confirms the presence

of Ce™ state [201, 202].

Figure 4.25b shows the Ru 3d spectra along with C Is peak. The existence of Ru species
was clearly identified by peak fitting procedure wherein presence of Ru'* was revealed [202,
203].

The XPS spectrum of O 1s is shown in Fig. 4.25¢ and various kinds of oxygen present
were investigated. The main peak appeared at lower binding energy 1.e. 529 eV is attributed to
lattice oxygen and the oxygen which appears at higher binding energy at 531.22 eV is
considered to be due to defect oxygen [21, 190].

The XPS of MM'-5% PdO was performed in order to carry out its chemical
characterization. The oxidation state and its chemical environment are represented in Fig.
4.26. The Fig. 4.26a shows the Co 2p spectra (Co 2ps» and Co 2py2) which is fitted in six
photoelectron peaks. Co 2p3» splits into two peaks with binding energy of 779.6 eV and
781.7 eV which corresponds to Co™ and Co™? , respectively [204]. Appearance of satellite
peak at 769.9 eV is due to the surface Co™ species [204].

XPS spectra of Mn 2p (Fig. 4.26b) showing peaks of Mn 2p3» and two peaks of Mn 2pi»
conclude the presence of two oxidation states of Mn. Photo emission at BE 640.6 eV (Mn
2p3p) and 651.9 eV (Mn 2p, ;) confirms the 3+ oxidation state of Mn. The Mn 3/2 and Mn 1/2
peaks appears at 643.4 eV and 653.07 eV , respectively, confirming the coexistence of
Mn"*/Mn "™ in the system [204, 205].

The characteristic peaks of Pd'? are depicted in Fig. 4.26¢c. The peak at binding energy of
337.6 eV (Pd 3dsp) and 343 eV (Pd 3ds,) are found to be characteristic of Pd** species which
are similar to the literature data [57, 206].
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Fig. 4.26: XPS spectra of (a) Co 2p, (b) Mn 2p, (c) Pd 3d and (d) O 1s from MM'-5% PdO.

The various surface oxygen species from Co-Mn-Pd oxide catalysts are given in Fig. 4.26d.
The Ols spectra with two BE shows the presence of two forms of oxygen species on the
surface of the catalyst. The Ols with lower BE i.e. 530 eV have been regarded as due to lattice

oxygen and the one with higher BE, 531.6 eV may be attributed to defect oxygen [39, 205]

The X-ray photoelectron spectra (XPS) of Co 2p, Mn 2p, Ag 3d, Rh 3d, and O Is are
studied to understand their electronic state in the prepared MM-5%Ag-1%Rh sample. The
peaks obtained are de-convoluted using XPSPEAK software, and the splitted spectra are
presented in Fig. 4.27. The high-resolution Mn 2p spectrum shows Mn 2p3» and Mn 2pjp.
which can be resolved into four peaks (Fig. 4.27a). The photoelectron peaks located at 642.07
eV and 653.6 eV were attributed to Mn" whereas the presence of peaks at 644.87 eV and
656.3 eV shows the existence of Mn "™ [155, 207]. However, the presence of the Mn*/Mn "

couple may be the resultant of a preparative route that was chosen for composite synthesis.
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Fig. 4.27: XPS spectra of (a) Co 2p, Mn 2p and (b) Ag 3d, Rh 3d from MM-5%Ag-1%Rh.

Figure 4.27a depicts the chemical state of cobalt present in the MM-5%Ag-1%Rh catalytic

system. The peaks having a binding energy of 780.03 eV and 781.55 eV from the Co 2ps3p

shows the presence of Co'”" redox pair in the catalyst system. Further, the presence of

shoulder peak at a binding energy of 787.02 eV and 803.30 eV confirms the existence of Co™

which are the characteristic shake-up peaks of Co™? species [208, 209].

In Fig. 427b, the Ag 3d spectrum shows the splitting of Ag 3dsn, and Ag 3d;p,

respectively. The photoemission at 367.8 eV and 373.8 eV were assigned for the Ag'' state

instead of metallic Ag [210, 211].

Further, the evaluation of the Rh spectrum shows the existence of only Rh" [212, 213]

(309.2 eV for Rh 3ds; and 313.9 eV for Rh 3d3/,) as depicted in Fig. 4.27b.
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The surface chemical composition of PdR3-PdR2 was determined using XPS and
photoelectron spectra of Co 2p, Mn 2p, Cr 2p, Pd 3d, and O 1s is represented in Fig. 4.28. The
calibrations of all the spectra were done with C 1s peak. Raw data of analyzed elements were

fitted with a Gaussian curve fitting method to ascertain the oxidation state.
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Fig. 4.28: XPS spectra of (a) Mn 2p, (b) Co 2p, (c) Cr 2p, (d) Pd 3d and (e) O Is from PdR3-
PdR2.

Mn spectral peaks are given in Fig. 4.28a. The Mn 2ps/, peaks having BE of 640.8 eV and
651.9 eV of 2pj» correspond to Mn"™ of MnO;, [214]. Also, the peak at higher binding
energy was observed, showing the formation of Mn'™* species of MnQO,, which also confirmed
from the XRD pattern. Fig. 4.28b shows the photoelectron splitting of Co 2ps» and 2p;s. The
peaks at 778.23 eV (2ps32) and 793.5 eV (2p12) observed implies the presence of cobalt in the
+2 oxidation state [215]. Also, a shakeup satellite peak was seen, which is another evidence of
Co'? in the system [215, 216]. Fig. 4.28c presents Cr 2psz and 2p1» photoelectron spectra.
B.E. of 576.6 eV (2p3) and 586.1 eV (2py;2) shown in the spectra confirms that Cr is in +3
oxidation state [217]. A high-resolution scan of Pd 5d is depicted in Fig. 4.28d. Resolution of
photoelectron spectra shows two peaks at 336.5 eV and 341.8 eV i.e. 3ds» and 3d;». Absence
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of peak at a lower B.E. (335 eV) [218] of reduced Pd species indicates the presence of Pd in

only +2 oxidation states [152]. Further, the oxygen 1s core level spectrum is shown in Fig.

4.28e. In the O 1s spectrum, two peaks are observed with a binding energy of 529 eV and

530.6 eV. The peak at lower B.E. can be assigned to lattice oxygen and one with higher B.E.

for defect oxygen or surface defect [20, 219] .

The chemical states of the elements present in the Cu-Mn-Al-Pd composite oxide are
examined with XPS data and XPS spectra of Cu 2p, Mn 2p, Al 2p, Pd 3d and O 1s are
presented in Fig. 4.29. All the spectra have been calibrated against C 1s (284.4 eV) which is

later fitted using XPSPEAK software.
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Fig. 4.29: XPS spectra of (a) Cu 2p, (b) Mn 2p, (c) Al 2p, (d) Pd 3d and (e) O Is from Cu-Mn-
Al-Pd composite oxide.

In Fig. 4.29a, the distinguishable peaks of CuO and Cu,O belonging to 2ps» can be seen.

After de-convolution of Cu 2ps;» peak, the peaks at binding energy (B.E.) 933.59 eV and
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930.50 eV confirms the presence of the Cu'? and Cu'', respectively [220, 221]. Also, the
existence of satellite peaks (943.59 eV and 941.12 eV) were observed, which is a

characteristic of the Cu'>.

Mn 2p peak splits into Mn 2pz» and Mn 2p;» as depicted in Fig. 4.29b. Further, Mn 2p3/»
can be splited into three photoelectron peaks which corresponds to Mn"*, Mn™ and Mn"? at
B.E. of 643.81, 641.98 and 640.61 eV, respectively [155, 220]. Additionally, satellite peak

appears at a binding energy of 648 eV which is an evidence of Mn'? state.

The photoelectron spectra of Al 2p region are shown in Fig. 4.29¢c. After carefully de-
convoluting Al 2psp, two peaks were observed having binding energy of 76.76 eV and 73.92
eV which can be assigned to Al". Such difference in binding energy of Al” can be justified

by the presence of different electronic environment which surrounds the Al species [137].

As shown in Fig. 4.29d, Pd in Cu-Mn-Al-Pd composite oxide exists in +2 oxidation state.
XPS peak of Pd 3d can be fitted into two peaks (i.e. Pd 3ds» and Pd 3d 3,2) at a binding energy
of 337.45 eV and 342.75 eV, respectively [152, 222].

From Fig. 4.29¢, three different kinds of oxygen species can be seen by fitting O 1s peak.
The peak at lower binding energy i.e. 527 eV and 528.40 eV corresponds to oxygen associated
to metal (lattice oxygen) and XPS peak at higher binding energy i.e. 529.9 eV can be

accounted for the defect oxygen.

The XPS studies are employed to portray the presence of respective elements (Cu, Al and
Pd) and their electronic state in the 10% Al-Cug ¢5Pd0sO. The photoelectron peaks of Cu 2p,
Al 2p and Ols are de-convoluted and presented in Fig. 4.30.

Figure 4.30a shows the XPS spectra of Cu 2p3;» showing the peaks ranging from 946 eV to
929 eV. Cu 2p3;2 shows single peak at binding energy of 933.82 eV which can be related to
Cu'? species. Additionally, association of satellite peak at 943.47 eV and 941.04 eV is an
evidence of presence of Cu'>[220, 221].

The XPS peak of Al 2p is presented in Fig. 4.30b which consist of a single peak at B.E. of
76.9 eV that can be assigned to Al [137].
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Fig. 4.30: XPS spectra of (a) Cu 2p, (b) Al 2p and (c) Pd 3d from 10% Al-Cugy o5sPdy g50.

As shown in Fig. 4.30c, XPS of Pd is composed of two peaks at B.E. of 337.24 eV and
342.46 eV which is attributed to Pd 3ds2 and Pd 3ds, respectively [152, 222]. After carefully

fitting these peaks, no extra signals were observed conveying the presence of only +2 species
of Pd.

The elemental oxidation state of the Ce, Cu and O from the prepared Ce-Cu composite
oxide was investigated through X-ray photoelectron spectroscopy and XPS spectra of the
same are presented in Fig. 4.31. A Ce 3d spectrum is de-convoluted into eight photoelectron
peaks as presented in Fig. 4.31(e). The splitted peaks are labeled as v (v, v/, v"', v""’) and u (u,
u’, u” and u'") from which v, v', v""and v"” represents the Ce 3ds; and peaks which are labeled

fre

as u, u’, u” and u”’ symbolizes the Ce 3d;». Among the above observed peaks v, v"" and v'"" of

fre

Ce 3ds; and u, u”" and u"’ of Ce 3ds. signifies the cerium in +4 oxidation state whereas v’ and
u' is assigned for Ce ™ state [8, 120]. An XPS spectrum of pristine CeO, was also recorded to
compare the electronic state of the cerium from Ce-Cu composite which showed no difference

in the peak splitting (Fig. 4.31a).

It is well-known that the BE of Cu'? is in between 933 eV to 934 eV depending on the

nature of its surrounding [223-226] and also presence of strong shake-up peaks is
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characteristic of Cu'* existence, while a peak at a binding energy below 933 eV are mostly

determined for reduced copper species (Cu'' and Cu®) [225, 226].
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Fig. 4.31: XPS spectra of (a) Ce 3d and (b) O Is from CeQ;(c) Cu 2p and (d) O Is from CuQ
(e) Ce 3d (f) Cu 2p and (g) O Is from Ce-Cu composite oxide.

Figure 4.31f shows the Cu 2p;» spectra which has been fitted into two peaks. The
photoelectron peaks with binding energy of 933.27 eV corresponds to Cu'? which is also
supported by the presence of shake up peak at 94043 eV and 942.75 eV which are
characteristic peaks observed when copper is in +2 oxidation state [112, 199, 226, 227].
Further, the occurrence of the peak at a binding energy of 931.92 eV shows the co-existence

+1/0

of Cu™? oxidation state [180, 228]. Such formation of Cu species in Ce-Cu composite

oxide may be a result of surface interaction of cerium and copper within composite. Studies
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by Jiahui Ma et. al. also showed that as cerium concentration increases in CuO-CeO;

composite, it leads to decrease in the binding energy of CutoCu” [229].

Similar de-convoluting procedure was employed to fit the O 1s spectrum which is depicted
in Fig. 4.31(b, d and g). XPS profile of oxygen displays two photoemission peaks at binding
energy of 530.75 eV and 528.81 eV. XPS peak at a lower binding energy corresponds to the
oxygen attached to the metal species which is labeled as a lattice oxygen and the peak
observed at higher binding energy corresponds to the defect oxygen or surface oxygen species

[7, 43, 44, 8].

X-ray photoemission studies of CeosRug0502-CugosPdoosO were illustrated in Fig. 4.32.
No reflection other than Ce, Ru, Cu, Pd, O and C were detected in the studied compound. All
the peaks observed were calibrated with C 1s value of 284.6 eV and de-convoluted using

Gaussian- Lorentz procedure.

The presence of Ce was seen having distinct peaks in the range of 878 eV - 922 eV.
Further, de-convolution of these peaks revealed the presence of Ce™ along with the small
amount of Ce” oxidation state. As shown in Fig. 4.32a, Ce 3d splits as Ce 3ds;» and Ce 3dz»

fre

which was after de-convolution labelled as v (v, v/, v" and v"’) and u(u, u’, u" and u'"),
respectively. The XPS peaks of v, v'" and v"”" (Ce 3ds;2) and u, u” and u'” (Ce 3 ds») were
assigned for Ce'™ oxidation state and the v’ (Ce 3dsp) and u' (Ce 3ds) were ascribed for +3

oxidation state of cerium [175].

The Cu 2p3/2 photoelectron spectrum was de-convoluted and fitted peaks are shown in Fig.
4.32c. After fitting Cu 2psp, two peaks were observed. The One at a binding energy of 933.12
eV and other at 935.08 eV showing the presence of copper in Cu'? oxidation state. The peak
observed at lower binding energy corresponds to the Cu-O whereas peak at higher binding
energy arise due to Cu which is surrounded with Ce-O. Similar results were also discussed by
G Cordoba and others wherein Cu in Cu-O-Ti-O showed B.E. of 935.1 eV [233]. Further, the

characteristic satellite peaks confirms the existence of Cu'? oxidation state.
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Fig. 4.32: XPS spectra of (a) Ce 3d, (b) Ru 5d, (c) Cu 2p (d) Pd 5d and (e) O Is from
Ceg. ;@RHQ (}5() 5 Cu;)_ 9 5P dg_oj().

The Fig. 4.32b and Fig. 4.32d shows the photoelectron spectra of Ru and Pd from prepared
composite system. After de-convolution of XPS spectra, Ru and Pd revealed the presence of
Ru in +4 and Pd in +2 oxidation state. As shown in Fig. 4.32d, the Pd 3d splits into Pd 3ds;
and Pd 3d3 at a binding energy of 337.18 eV and 342.55 eV which is a characteristic of Pd*™

oxidation state.

XPS spectrum of O 1s from the composite catalyst was depicted in Fig. 4.32e. Spectral
fitting of the peak showed the existence of three different kinds of oxygen. The peak observed
at a binding energy of 529.32 eV is denoted for the lattice oxygen and the second peak at
binding energy of 531.12 eV corresponds to the defect oxygen species which occurs due to
non-stoichiometric arrangement. It was observed that the such defect oxygen has a higher

mobility than that of lattice one [155].
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4.5 Scanning Electron Microscopy studies

SEM images were recorded to analyze the surface morphology of the prepared samples.
Figure 4.33 represents SEM images of Cr,O3 and Cry 96Cug04O3 which was synthesized using
combustion route. The porous-sponge like morphology of Cr:O; can be observed from its
SEM image (Fig. 4.33a). Also, copper incorporation in Cr,O3z (Fig. 4.33b) shows similar
morphology and size of the particles as that of pure Cr,0s.

Fig. 4.33: SEM image of (a) Cr20; and (b) Cr1.96Cu.0403.

Figure 4.34a shows the SEM image of CeOz which displays a porous morphology of the
samples having particles in spherical shape. Also, the SEM image of
Ceg9sMngy 2Cug 02Ag0.0102 was recorded and the same is presented in Fig. 4.34b. Comparing
the morphological view of both CeO; and Cej9sMng 02Cup02Ag0010: it is observed that CeO;
has smaller particle size than that of Cep9sMnp02Cuo02A0.010:.

Signal A = SE1 e Date 18 Sep 2019

WD = 100 mm Mag= S000KX Time 152711 Teme 151526

Fig. 4.34: SEM image of (a) CeO; and (b) Cey.gsMng g>C.02420.010;.
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Figure 4.35 (a, b) and (c, d) represents the SEM images of CeO, and CegsRug¢s0,,

respectively.
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Fig. 4.35: SEM image of (a) CeQ; — 2 um, (b) CeQ, — 200 nm, (c) Cep.o5sMn.02Ct19.02480.010>
— 2 um and (d) Cey.osMn.Ctig,02420.0102 — 200 nm.

The micrograph which has been taken at 2 um scale (Fig. 4.35a and Fig. 4.35¢) depicts the
porous morphology for both the composition. Further, at 200 nm scale, the agglomerated

nanoparticles were observed which constitute the observed porous structure of the samples.

SEM micrograph of MM’ and MM'-5% PdO oxide catalyst are presented in Fig. 4.36. As
shown in Fig. 4.36a and Fig. 4.36b, SEM image reveals the porous appearance of this material

with some agglomeration of the particles.
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Fig. 4.36: SEM image of MM’ (a) and MM’ -5% PdO (b).

The SEM micrographs of the MM’ and MM'-5%Ag-1%Rh was obtained to explore the
surface morphology and particle size of the composite oxide. Images of the same are

presented in Fig. 4.37.
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Fig. 4.37: SEM image of MM' (a) and MM' -5% Ag — 1%Rh (b).

The SEM image of CoOx-MnO, (MM') as depicted in Fig. 4.37a shows a spongy porous
like morphology. Also, SEM studies of Rh and Ag containing CoOx-MnOy (MM'-5%Ag-
1%Rh) showed similar morphology as that of CoOx-MnOy as depicted in Fig. 4.37b. Such
types of structure are characteristic of the method employed for the preparation of the catalyst.
From literature, it has been observed that similar kinds of SEM data can be obtained when fuel

like glycine [91, 234] was used during the preparation of metal oxide. The formations of pores
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in the prepared catalysts are mostly due to the evolution of the gases which develop during the
combustion process.
SEM studies were carried out on Cu-Mn-10%Al - 5%Pd composite oxide sample and the

micrograph is shown in Fig. 4.38.

EHT = 20 00 kY Signal A = 5E1

2um
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Fig. 4.38: SEM image of Cu-Mn-10%Al- 5% Pd composite oxide.

The image reveals the porous nature of the samples which is caused due to agglomeration
of the nanoparticles. This porous appearance of the sample mostly occurs via evolution of the
gas during the combustion synthesis. Particles forming these structures are not clearly

visualized, owing to their nano-nature.

Figure 4.39 represents the SEM micrograph of all the PdR1, PdR2, PdR3 and PdR2-PdR3
oxide samples. All the micrographs displays the particles agglomeration produced from
nanoparticles. Change in the morphology is observed when Pd was supported on Pd
substituted cobalt chromite as depicted in Fig. 4.39b. Further, the final compound i.e. PdR2-
PdR3 (Fig. 4.39d) showed characteristic texture as that of PdR3 (Fig. 4.39¢) confirming the
presence of PdR3 in it.
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Fig. 4.39: SEM image of (a) PdR1, (b) PdR2, (c) PdR3 and (d) PdR2-PdR3.

The recorded SEM images of the Cug9s5Pdo.0sO, 20Al/ CuposPdoosO and 10- CugosPdoosO

are given in Fig. 4.40.

EWT = 2000 W Signal A = SE1 Date z - Signal A = SE1 Datbe :14 Jun 2020
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Fig. 4.40: SEM image of(a) Cup 95Pdp 950, (b) 20A1l/Cug.95Pdy 950 and (c) 10A1-Cug,.9sPdy ps0O.
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The image of CugosPdy 05O suggests the agglomeration of nanoparticles which resulted in a
porous architect. As seen from Fig. 4.40b, addition of Al revealed the formation of distinct
cubic particles in between Cug95Pdo 05O structure emphasizing the presence of Al oxide. Later
this structure has not been seen in 10- Cug9sPdo0sO as depicted in Fig. 4.40c this shows the
masking of Al in CuggsPdg50.

Figure 4.41 shows the surface morphology and the elemental mapping of CeO»-CuO nano

composite prepared by simple grinding method.

EHT=20000/  SignalA=SE1 Date 5 Dec 2019
WD= 80mm Mage 3000KX  Time:184455

Fig. 4.41: SEM images of CuQ (a), CeO; (b) and Ce-Cu-0 (c).

SEM image of CeO; shows smaller particles than CuO and appears porous in nature.
Although, more agglomeration can be seen from the CeO, morphological view (Fig. 4.41b),
mixing it with CuO (Fig. 4.41a) leads in changing its agglomerated view which is clearly

observed in Fig. 4.41c showing both CeO; and CuO particles.

76



Chapter 4: Thermal, Diffraction, Spectroscopic and Microscopic Studies

Homogenous dispersion of the oxide was observed as can be seen from the elemental
mapping images. Figure 4.42a-d shows the highly dispersed Ce, Cu and O over the catalyst
surface. The amount of Ce (Fig. 4.42a) dispersion is higher as compared to Cu (Fig. 4.42b)
confirming the lesser concentration of Cu with very well dispersion in the CeO,-CuO

composite (Fig. 4.42d).

Fig. 4.42: SEM elemental mapping of Ce (a) Cu (b) O (¢) and Ce-Cu-O (d) in composite

oxide.

The morphology of the Ceg9sRup0s0,, CugosPdypsO and CeRu-CuPd nano composite
oxide were examined by SEM. Ceg9sRuposO shows spherical particles which shows

agglomeration producing porous structure as seen from Fig. 4.43a.
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EHT = 20,00 KV Signal A= SE1 Date 14 Jan 2020
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Fig. 4.43: SEM image of Ceg.95Ru10.050 (a), Cug.osPdy.o50 (b) and CeRu-CuPd composite
oxide(c).

Similarly, CugosPdoosO also showed agglomeration of the particles depicting different
morphological view as that of Cej9sRugsO. Further, grinding both the compounds with 1:1
ratio projected different image showing change in particle agglomeration in the CeRu-CuPd

nano-composite oxide.

4.6. Transmission electron microscopy studies

Figure 4.44 represents TEM micrographs and particle size distribution of Cr,O3 (a and b)
and Cr;96Cup0403 (¢ and d), which were synthesized using the combustion route. A TEM
image of Cr,0; reveals that these particles are in spherical form having size less than 50 nm.
Copper incorporation in Cr,O3 lattice has not shown any change in shape and size of the
particles. Additionally, particle size distribution studies showed the particles in the range of

20-100 nm having higher percentage of particles in 40-50 nm.
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Fig. 4.44: TEM image and particle size distribution of Cr>0; (a and b) and Cr.96C0.040; (¢
and d).

View of Ceg9sMng 02Cug02Ag0.0102 was studied using TEM and presented in Fig. 4.45. In
Fig. 4.45, two images of CeposMny 02Cug2Ago0102 were shown, one recorded at 50 nm and
another at 20 nm scale. TEM image shows that the particles have a spherical view having size
less than 50 nm. Additionally, agglomeration of the nanoparticles can also be seen from this

TEM micrograph.
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Fig. 4.45: TEM z’mage OfCe{),95M??g_02CU9_ogAgo_mOg.

A representative HRTEM image of Ceg9sRug 050, has been studied for understanding the

sample surface property at nano range scale. The image of the same is depicted in Fig. 4.46a.

5 6 T 8

Particle size (nm)

Fig. 4.46: HRTEM image and Particle size distribution of Ceg gsRu 50>.

Microscopic view at 10 nm confirmed the existence of nanoparticles showing spherical and
cylindrical appearance. Also, histogram of particles size shows the dispersion below 10 nm

having highest density of particle size from 5 to 6 nm.
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A representative TEM image of MM'-5% PdO oxide catalyst is exhibited in Fig. 4.47.
Aggregation of particles can be seen from the TEM view which may be the consequences of
sample preparative method. Image reveals the formation of nano size particles below 20 nm,

which is depicted in both 50 nm and 20 nm scale view.

Fig. 4.47: TEM image of MM'-5%PdO.

Particle sizes and shapes of MM'-5% Ag-1% Rh determined through HRTEM is illustrated
in Fig. 4.48a. At nanometer range, the HRTEM micrograph of MM'-5%Ag-1%Rh shows
particles having spherical shapes with size less than 30 nm and this effect of nanoparticles had
been reflected in broad peaks in XRD studies. Also, particle size distribution studies were
carried out to examine the dispersion of particles in composite oxide and presented in Fig.

4.48b. According to distribution plot, particles are observed in the range of 10 to 45 nm.
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Fig. 4.48: HRTEM image and particle size distribution of MM'-5% Ag-1% Rh.

HRTEM studies were performed to capture the nanostructure of Cu-Mn-Al-Pd nano

composite oxide and its image is illustrated in Fig. 4.49.

Fig. 4.49: HRTEM images of Cu-Mn-Al-Pd composite oxide.

Image at 100 nm scale clearly shows the porous nature of Cu-Mn-Al-Pd composite oxide

which is also in agreement with the SEM studies. This porous structure is mostly obtained due
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to the evaluation of gases during the sample preparation. Further, analyzing this image at 20

nm scale showed the spherical particles having sizes less than 20 nm.

The particle nature and size of the PAR3-PdR2 catalyst were observed through the TEM
micrograph and also the particle size distribution was plotted to verify their size distribution.
The result of the same is presented in Fig. 4.50. TEM analysis reveals that the particles formed
are spherical in shape, having size less than 25 nm (Fig. 4.50a). Further, with the particle size
distribution plotting it was confirmed that the particles from the PdR3-PdR2 samples are
ranging from the 3 to 22 nm range (Fig. 4.50b).

10

Partical size (nm)

Fig. 4.50: TEM image and Particle size distribution of PAR2-PdR3.

Microscopic image of Cu-Co-10Mn oxide composite was obtained through HRTEM and
depicted in Fig. 4.51a. The TEM image of Cu-Co-10Mn composite oxide shows spherical
particles having size below 25 nm. Also, through histogram showing particle size distribution
(Fig. 4.51b) it has been confirmed that the size of the particles are less than 25 nm. Histogram

showed the particle dispersion below 24 nm showing high density in 12-14 nm scale.
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Particle Size (nm)

HRTEM image and Particle size distribution of Cu-Co-10Mn.

4.51

ig.
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5.1. N; - sorption studies

Chapter 5: Surface and Catalytic studies

To determine the surface area, N, adsorption-desorption studies were performed at liquid

N, temperature on copper substituted chromium (III) oxide. According to the International

Union of Pure and applied Chemistry (IUPAC) rules, both the samples follow type II isotherm

[235] having very small hysteresis. N sorption isotherms of Cr,0O3 and Crj 9sCug 0403 are given

in Fig. 5.1.
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Fig. 5.1: N adsorption-desorption isotherm of Cr:03 and Cr.96Cu9.0405.

The multi-point Brunauer-Emmett-Teller (BET) surface areas for Cr,O3 and Cu substituted

Cr,0; are found to be in range of 32 1n2/g to 36 mZ/g‘ Further, the resulted surface areas of all

the prepared compounds from the series are tabulated in Table 5.1.

Table 5.1: BET surface area of Cr;Cu,O3.

Sr. No. Catalyst BET surface area (m’/g)
1 Cr203 32
2 Cr196Cug.0403 34
3 Cl’1,92C110_0303 33
4 Cry 84Cu0.1603 36
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N, adsorption-desorption isotherm of the prepared Mn, Cu and Ag substituted CeO, samples
are demonstrated in Fig. 5.2. All the prepared samples exhibit same adsorption pattern like
type II according to IUPAC rules [236, 237]. Further, it can be more precisely understood as
type IIb isotherm [238].

180
w04 0

i *— Cey gsMny 50,
P Cey 95Cug 45O,
120 - Cep 9574800502

— Ceg 9sMng 1, Cug 5, AL 6,0,

T [=2] ]
o o o
| A T T '

Volume Adsorbed at STP (cm3g")

o

0.0

Relative Pressure (P/P)

Fig. 5.2: N, adsorption-desorption isotherm of Mn, Cu and Ag substituted (eQ; series.

The observed surface area values are summarized in Table 5.2. The formation of hysteresis
loop can be accounted from the slit like pores formed by particle agglomeration, such particle
agglomeration is also shown in SEM images. However, variation in the surface area was
observed as dopant metal varies in CeO,. The BET surface area for the Mn doped CeO, was
found to be higher than the pristine CeO, (i.e. 128 m*/g > 84 m*/gm). The surface area of
CeO3 is found to decrease on doping with Cu or Ag and also with the co doping of Mn, Cu
and Ag.

N2 adsorption-desorption isotherm of Ru substituted CeO; are shown in Fig. 5.3. From Fig
5.3, it can be seen that the isotherm of the prepared oxides appears as Type Il isotherm which

is in accordance with IUPAC classification.
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Table 5.2: BET surface area of Mn, Cu and Ag substituted CeQ..

Sr. No. Catalyst BET surface area (mzfg)
CeO; 83
2 Cep.9sMng 9502 128
3 Ce.95Cug 0502 34
4 Cep.95A£0.050; 23
5 Ceo.95sMng 02Cu0.02A 200102 30
01 ——ceo,
g 160 1 — CepgRuppO;
= 1a0] —CeprsRuy 0,

Ce 9sRuy 45O,

Relative Pressure (P/P)

Fig. 5.3: N, adsorption-desorption isotherm of Ce; Ru,O, (x = 0.01, 0.025, and 0.05).

BET surface area values of all the studied catalyst are given in Table 5.3. Introduction of

1% Ru showed an increase in the surface area but further increase in Ru concentration in

CeO; lead in reduction in surface area. This increase may be due to formation of more pores

in Cep99Rup 0Oz which has not been observed in CeposRugosO, thereby dropping off its

overall surface area.
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Table 5.3: BET surface area of Ce; Ru,O, (x = 0.01, 0.025, and 0.05).

Sr. No. Catalyst BET surface area (mzr’g)
1 CeO; 83
2 Cegp.99Ru0,0102 121
3 Ceg975Rug 02502 91
4 CeggsRug psO7 51

N, adsorption-desorption isotherms of the prepared Pd composed MM’ composite oxide
catalysts are depicted in Fig. 5.4. It can be illustrated from this figure that the Ny-adsorption

desorption are typical of type II isotherms having the resemblance of Hj hysteresis loop.
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Fig. 5.4: N, adsorption-desorption isotherm of Pd composed MM’ composite oxide series.

The BET surface area shows rise from 40 to 90 m*/g when the concentration of palladium
in cobalt manganese composite oxides increases. Results of the same are tabulated in Table
5.4. A linear increase in surface area was observed with increase in Pd concentration. This

may be due to the presence of palladium in the Co-Mn system which alters its structural
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property leading to change in surface area. From literature studies, it is evident that the
variation in surface area is observed when foreign material is incorporated in host system
[239, 240] Y. Kuwahara et al. studied the catalytic combustion reaction over iron-manganese
oxide wherein variation in Fe concentration causes the enhancement in surface area of the

system [39]

Table 5.4: BET surface area of Pd composed MM’ composite oxide series.

Sr. No.
Catalyst BET surface area(mzlg)
1 MM’ 40
2 MM’ - 1% PdO 43
3 MM’ - 3% PdO 59
+ MM’ - 5% PdO 90

The BET surface area and pore size distribution were studied through N, adsorption-
desorption isotherm over a series of Ag and Rh composed Co-Mn composite oxides prepared
and are depicted in Fig 5.5. Observed isotherms presented in Fig. 5.5a are typical type Il
having a hysteresis loop of H3 type, which is mostly observed for mesoporous or macro-
porous structure [241, 146]. These porous structures can be formed during the combustion
process as the evolution of gases leads in generating the porous structure of the catalysts. The
BET surface area for MM’, MM'-5%Ag, and MM’-5%A g-1%Rh are 40 m*/g, 38 m*/g, and 80
mzfg, respectively. The incorporation of Rh in the composite system leads in drastic increase
of surface area from 38 m®/g to 80 m*/ g. Further, the BJH distribution was done to evaluate

the pore sizes and their distribution in the catalyst prepared (Fig. 5.5b).
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Fig. 5.5: N, adsorption-desorption isotherm and BJH pore size distribution of MM', MM'-
5%Ag and MM'-5%Ag-1%Rh.
All the prepared composites showed the mesoporous pores, which are ranging from 2 nm to
50 nm in size. MM’ catalyst showed the pore size of 3.8 nm having a pore volume of 0.078
cc/g whereas an increase in the pore volume was seen after the addition of Ag and Rh in MM’

composite oxide system, i.e. 0.108 cc/g (Detailed values are tabulated in Table 5.5).

Table 5.5: BET surface area, pore volume and pore size of MM', MM'-5%Ag and MM"-5%Ag-

1%Rh.
Sr. BET surface area 'ore volume Pore Size
N Catalyst (m?/g) (cc/g) (nm)
1 MM’ 40 0.078 3.829
2 MM’ - 5% Ag 38 0.065 3.817
3 MM’ - 5% Ag- 1%Rh 80 0.108 3.827

Figure 5.6 shows the Nj sorption studies of CuMn, CuMn-Pd and CuMn-Al-Pd composite

oxide which were prepared via combustion route. According to the IUPAC classification, all
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studied isotherm from Fig. 5.6a shows type II isotherm pattern. In addition, BJH pore size
distribution curve are also determined and presented in Fig. 5.6b. The N; adsorption-
desorption curve shows the lesser uptake of N> in CuMn and CuMn-Pd composite oxide

whereas CuMn-Al-Pd composite oxide showed large amount of N, adsorption.

WOTS

n
(—]
1

0,064 4

e
(—]
1

045 4

0030 4

dV(logr) (cc/gm)

LF9]
=
1

LB

15 20 2
Pore Diameter (nm)

(]
=
|

—
=]
1

_A""‘\
=)
Lar]

£
(]
S
-9
—
W
'
-1
=
=¥}
o -]
T
=]
wn
=]
-«
=F]
=
=
=]
-

=

0.4 0.6 0.8
Relative Pressure (P/P,)

Fig. 5.6: N, adsorption-desorption isotherm and BJH pore size distribution of CuMn, CuMn-
Pd, and CuMn-Al-Pd composite oxide series.

The result of BET surface area, pore volume and pore radius are listed in Table 5.6. The
observed BET surface area of CuMn and CuMn-Pd are relatively low, which showed similar
values i.e. 14.8 mzfg and 14.4 mzf’g. In CuMn-Al-Pd composite oxide, profound increase in
surface area can be seen on addition of Al (i.e. 45.4 mzfg) and this increase is mostly because
of pore formation as ascribed from its hysteresis loop. Furthermore, the hysteresis loop was
formed by the capillary condensation of nitrogen in the pore which was later fitted with BJH
method. Figure 5.6b shows that the pores are below 15 nm ie. 3.06 nm for all the studied
catalysts which is characteristic of mesoporous structure. With the addition of Aluminum,
increase in mesoporous volume is seen which raises to 0.061 cc/g and this surface

enlargement can be related to the increased surface area of CuMn-Al-Pd composite oxide.
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Table 5.6: BET surface area, pore volume and pore size of CuMn, CuMn-Pd, and CuMn-Al-
Pd composite oxide series.

Sr. BET surface area Fore volume Pore Size
i et (m?/g) (cclg) (nm)

1 CuMn 14.8 0.024 3.06

2 CuMn-P 14.4 0.025 3.06

3 CuMn-A-P 454 0.061 3.06

Figure 5.7 represents the nitrogen adsorption-desorption isotherms of manganese
containing cobalt-copper composite oxide series. Type II isotherms have been observed for all

the composite catalyst which were prepared via glycine combustion route.
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Fig. 5.7: N, adsorption-desorption isotherm of Mn containing Co-Cu composite oxide series.

The combustion process introduced the porous character in the composite catalyst as
confirmed by the hysteresis loop. The BET surface area of all the prepared composite catalyst

is given in Table 5.7. The surface area of Co-Cu composite oxide is found to be 11.1 m%g,
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which is lowest in the prepared series. Further, the addition of 10% Mn in Co-Cu composite
oxide has greatly enhanced the surface area to 33.5 m?/ g. However, increasing the
concentration of Mn in Co-Cu composite oxide i.e. Co-Cu-20Mn and Co-Cu-30Mn has not
shown the increase in BET surface area as that of CoCu-10Mn catalyst. The order of BET
surface area is Co-Cu-10Mn > Co-Cu-20Mn > Co-Cu-30Mn > Co-Cu.

Table 5.7: BET surface area of Mn containing Co-Cu composite oxide series.

Sr. No. Catalyst BET surface area (mz,fg)
1 Cu-Co 11.1
2 Cu-Co-10Mn 33.7
3 Cu-Co-20Mn 24.5
4 Cu-Co-30Mn 20.6

BET surface areas of the prepared PdR1, PdR2, PdR3 and PdR3-PdR2 catalysts were
calculated through N, sorption isotherm. The Adsorption-desorption plots of the prepared
catalysts are shown in Fig. 5.8. From adsorption-desorption isotherm, we can conclude that
the samples show type IV isotherm [237]. The highest surface area is observed for PAR1 while
the lowest is observed for PdR3, i.e. 143 mzfg and 22 mzf’g, respectively, in the prepared
series. BET surface area of all the prepared oxide catalyst is tabulated in Table 5.8. The above
observed pattern may be a result of their synthesis route and their surface occurrence. When
Co00.95Pd 95Cr204 1s supported with PdO, a small decrease in surface area was observed, which
can be seen from the N, adsorption-desorption isotherm of PdR2. In PdR3-PdR2, the surface
area was found to be still lesser but was higher than PdR3, i.e. 56 m*/g. Such a decrease in
surface area of PdR3 can be due to the agglomeration of particles wherein a combination of

PdR3-PdR2 prevents them from agglomeration compared to PdR3.
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Fig. 5.8: N, adsorption-desorption isotherm of PdR1, PdR2, PdR3 and PdR3-PdR2.

Table 5.8: BET surface area of PdRI, PdR2, PdR3 and PdR3-PdR2.

Sr. No. Catalyst BET surface area (mzfg)
1 PdR1 143
2 PdR2 130
3 PdR3 22
4 PdR3-PdR2 56

The BET surface area of CupgsPdyos0, 20A1/CugosPdoosO and 10A1-CuggsPdgosO were
measured with N, adsorption studies and are given in Table 5.9. The BET surface area of
Cuo.95Pdo.0s0 was observed to be 12 m*/g, which is lowest surface area in the prepared series.
With the addition of 20% Al,O; on CugosPdyosO (20A1/CugesPdy os0O), the surface area was
seen increasing to 17 mzfg, which after addition of CuggsPdy¢sO on the previously prepared
20A1/Cug9sPdposO (i.e. 10AI-CuposPdposO) increased to 30 mQIg. During the catalyst
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modification with alumina, the surface changes its particle arrangement which thereby
increases the surface area of the catalyst. The order for the surface area is as follows:

Cup.95Pdo 050 > 20A1/Cup.95Pdy 050 > 10A1-Cug 95Pdp 050.

Table 5.9: BETSﬂffaCG aredad QfCug_g,-Pdg_g;O, 2014!/(?1{9_95}30’0_{}50 and JOAI-('ug_ngdg,g,—O.

Sr. No. Catalyst BET surface area (m"fg)
1 Cuo.95Pdo 05O 12
2 20A1/Cug95Pdo 05O 17
3 IOAI-CUUgsPdu,osO 30

Nitrogen sorption studies were employed to examine the BET surface area of all the
prepared samples and its isotherms are depicted in Fig. 5.9a. According to ITUPAC
classification, prepared oxides samples showed typical Type IV isotherm having H3 type
hysteresis [230, 237]. The BET surface area of the cerium oxide was observed to be 84 m2/g
whereas the pure CuO showed the surface area of 10 mzfg. After the physical mixing of both
CeO; and CuO, the average surface area was found to be 45 m*/g. Such variable surface area
of CeO,, CuO and CeO,-CuO composite can be easily related with their porosity nature as
ascribed from hysteresis loop in Fig. 5.9a. Further, BJH pore size distribution studies were
also performed using the N, adsorption-desorption isotherm over prepared series (Fig. 5.9b).
The BJH pore size distribution showed the presence of pores in the mesoporous region and
obtained values for pore volume and pore size are tabularized in Table 5.10. Pore volume for
the CeO; was observed to be higher i.e. 0.167 cc/g having the pore diameter of around 3.8 nm
whereas for CuO, it showed pore volume of around 0.020 cc/g with pore size of 4.3 nm. Such
high pore volume in prepared cerium oxide may result in high amount of N, uptake as a
consequence of capillary condensation [242]. This observed value showed the high

mesoporous nature of CeO, oxides.
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Fig. 5.9: N, adsorption-desorption isotherm and BJH pore size distribution of CeQ,, CuQO and

Ce-Cu composite oxide

Table 5.10: BET surface area and BJH pore size distribution of CeO,, CuO and Ce-Cu

composite oxide.

Sr. BET surface area Yore volume Pore Size
G R (m/g) (cclg) (nm)

1 CeO, 84 0.167 3.8

2 CuO 10 0.020 4.3

3 Ce-Cu 45 0.080 3.06

The BET surface area of prepared Cep9sRup 0502, Cug9sPdoosO and CeRu-CuPd composite

oxide are summarized in Table 5.11. The BET surface area of Ceg.9sRug0502 and Cug.9sPdoosO

were calculated at liquid nitrogen temperature which was found to be 51 m*/g and 12 m%/g,

respectively. After physical grinding and further givi

ng the heat treatment to the produced
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mixture, the surface area was observed to increase to 64 m*/g. This increase in the surface area

may occur due to the interaction between the metals present in the mixture.

Table 5.11: BET surface area of CeyosRit 3505, CiigosPdy 50 and CeRu-CuPd composite oxide.

Sr. No. Catalyst BET surface area(mzfg)
1 Ceo.95Ru 0502 51
2 Cuo95Pdg 05O 12
3 CeRu-CuPd 64

5.2. Temperature programmed Reduction studies using Hydrogen (H,-TPR)

H,-TPR studies were performed to examine the reducibility of the prepared catalyst. Figure

5.10 shows H;, consumption profile of Cr,O3 and Cr 96Cug 0405 in the temperature range from
50 °C - 500 °C,

Cr) 9609,0405
273°C — 1,0,

Intensity (a.u.)

I I I ! I 1 1 I

50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 5.10: H,-temperature programmed reduction studies over Cr;0; and Cr 96Cti.040;.
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Oxygen uptake at a lower temperature region was observed when copper is substituted in
Chromium oxide. Maximum reduction of Cr;O3 surface was observed at 273 °C whereas Cu
substituted Cr,O3 shows reduction peak at 233 °C. M. Kocon et. al. also found maximum
hydrogen uptake at 270 °C [243]. Presence of strongly bound oxygen in Cr,Oj; catalyst makes
it to reduce at higher temperature. In Cr; 9sCug 0403, it is seen that the copper doping has
increased oxygen mobility of Cr,Oz by weakening the metal oxygen bond. Also, literature
showed excellent oxygen mobility in mixed metal oxide system compared to pure oxide [244,
245].

Temperature programmed reduction with hydrogen (H»-TPR) is employed to assess the
reducibility of the catalysts. TPR studies of CeO,;, CeposMngpsO,, CeposCugosOa,
Cep.95A 200502, and CeygsMng2Cup2Ag.0102 were carried out in temperature range of 50 -

500 °C and their profiles are presented in Fig. 5.11. The reduction pattern of CeO, shows a

CeO,
"—CenuiM"u_nSOE
Lu, .0

Ceu_‘)n 0052

140 °C CeosAg 50,
— CeyysMn,, ,Cuy 1, A, 0,

Intensity (a.u.)

50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 5.11: H,-temperature programmed reduction studies over Mn, Cu and Ag substituted

CeO; series.

peak at around 240 °C that can be accounted for the oxygen consumption from the surface of

cerium. Mn incorporation facilitates CeO, by enhancing its O, mobility, although intense peak
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of oxygen consumption was not seen but the oxygen releasing capability was seen at much
lower temperature (i.e. 185 °C) than pristine CeO; and it further continued till 400 °C.
However, highly mobile oxygen was observed in Ceo5Cup0s0> showing a high rate of
oxygen transfer by producing a reduction peak at a lower temperature region i.e. 140 °C. In
Cep.0sAg0050,, it is observed to have lesser reactivity towards surface of the catalyst and
showed a peak at 200 °C. Further, co-doping of Mn, Cu and Ag showed two peaks at 145 °C

and 320 °C but the lesser amount of oxygen consumption were seen.

The reduction pattern of CeO, and Ru substituted CeO, catalysts are displayed in Fig. 5.12.
The pure cerium oxide exhibit a reduction peak at around 240 °C which may corresponds to
the easily reducible cerium species from CeO, structure [175, 246] Remarkably, the
incorporation of 1% Ru in CeO; showed the improvement in its surface reduction pattern,

which has been indicated by two reduction peaks at 117 °C and 143 °C.
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Fig. 5.12: H,-temperature programmed reduction studies over Ce; Ru, O, (x=0.01, 0.025 and
0.05).

Also, in Cegg75Rug 0250, the formation of more mobile oxygen can be inferred which

creates the sharp reduction peak at 96 °C due to increasing oxygen mobility by presence of
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more Ru species. Further, increase in Ru in ceria (Ceg9sRug0sO,) showed the highest oxygen
release at 81 °C and 125 °C which was observed to be a great achievement obtained within the
series of catalyst prepared with respect to temperature. This shifting of the reduction pattern
by addition of Ru is mainly due to weakening of Ce-O bond by Ru doping which alters the
mobility of oxygen and also its redox character [247]. The increase in oxygen mobility with
respect to temperature is in the order of CeposRug 0502 > Cegy75Ru0.02502 > Cepo9Rup 0102 >
CeOs.

H,-TPR measurements were catried out to evaluate the reduction phenomenon of the Co-
Mn composite oxide catalyst series. The profile for MM’ oxide series in temperature region of
50 to 500 °C are presented in Fig. 5.13. According to TPR pattern of the catalysts it is
observed that MM' composite having two reduction peaks exhibit comparatively less Hj
reactivity that too in the higher temperature region (at 270 °C and 385 °C). As Pd content

increases in the system, increase in oxygen releasing property by catalyst was observed.

MM'-5% PdO
—— MM'-3% PdO
—— MM"-1% PdO
= — MM
s
=
R
=
=
b
7
a
o
i
| L I o ] . T % || . ] . I ¥ I f I
50 100 150 200 250 300 350 400 450
Temperature (°C)

Fig. 5.13: H>-temperature programmed reduction studies over Pd composed MM' composite

oxide series.
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Also, surface reduction was achieved at lower temperature. When 5% palladium was
introduced into Co-Mn mixed metal oxides, the oxygen reactivity was seen to increase and
that too at lower temperature i.e. 150 °C and 349 °C. Observed trend of reduction temperature
which was seen in H,-TPR is directly in accordance with the catalytic conversion of CO and
NO studies. Hydrogen consumption is controlled by mobility of oxygen in the system, which
is seen to be increased when Pd content in Co-Mn composite is increased. It is well known
fact that beside concentration of Pd, size of the particles also plays a vital role in surface
reduction phenomenon. Compared to bulk particles, nano size material will have more
exposed surface which result in more surface reduction. Denge et al. showed that the strong
synergistic effects results in lowering reduction temperature and increase in oxygen mobility
from advancement effect of precious metal [36] Literature results showed that the presence of
precious metal in mixed-metal system enhances oxygen mobility as compared to precious

metal deficient systems [248][70].

Surface reductions over Ag and Rh composed catalysts were studied using H, and the
resulted patterns are depicted in Fig. 5.14. The TPR plot of MM’ showed the presence of two
peaks at 272 °C and 371 °C conveying the presence of two different stages of reduction

processes in the composite.
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Fig. 5.14: H,-TPR studies over MM', MM'" - 5% Ag and MM'-5%Ag-1%Rh composite oxide.
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As Ag was introduced in MM’ composite system, increased oxygen mobility was seen,
which may be due to the enhancement in synergistic effect by the Ag addition. Also, a weak
TPR signal was detected due to consumption of surface oxygen at 167 °C, portraying the
development of mobile oxygen. Further, in MM'-5%Ag-1%Rh composite material, four
reduction peaks were detected, out of which, two were appearing below 200 °C (114 °C and
167 °C) and two were above 200 °C (275 °C and 327 °C). Result demonstrates that,
incorporation of Ag in MM’ composite along with Rh effectively increases the amount of
oxygen mobility as compared to the rest of the prepared composite catalyst. The oxygen
associated with the precious metal-containing system is easy to consume than a non-precious

metal oxide system [249]. This may be the reason for the increase in oxygen mobility after
incorporation of Ag and Rh in MM’ composite.

Surface reduction studies were employed on Pd and Al composed Cu-Mn composite series

to understand the effect of Pd and Al in Cu-Mn composite and the results of the same are
presented in Fig. 5.15.
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Fig. 5.15: H>-temperature programmed reduction studies over CuMn, CuMn-P and CuMn-A-

P composite oxide.
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In Cu-Mn catalyst, a broad peak at 340 °C of H, consumption was seen with a shoulder
peak at around 240 °C implying the surface reduction of Cu and Mn species. When Pd was
added, the increase in oxygen mobility in Cu-Mn composite intern produces two reduction
peaks at lower temperature i.e. 149 °C and 180 °C. For Cu-Mn-Al-Pd, the noticeable change in
reduction pattern occurs by releasing its oxygen from 100 °C till 200 °C. This indicates the

promotional effect of Al which helps in triggering the surface reduction property.

A series of Mn containing Cu-Co composite oxide were studied for their reduction pattern
and curves obtained are illustrated in Fig. 5.16. From TPR pattern of Cu-Co oxide, a broad
peak can be seen which starts its oxygen release at around 175 °C and shows highest release at

270 °C.
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Fig. 5.16: H>-temperature programmed reduction studies over CoCu, CoCu-10Mn, CoCu-

20Mn and CoCu-30Mn composite oxide series.

After the incorporation of 10% Mn in Cu-Co oxide system, decrease in reduction
temperature was observed, showing initiation of Hy consumption at 160 °C which may be
provoked by systematic synergistic interaction of Cu, Co and Mn. Further, a raise in reduction

temperature is seen with increase in Mn concentration to 20% and 30%. Such decrease in
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oxygen mobility is mainly because of more strongly attached metal-oxygen bond which later

makes the catalyst surface difficult to reduce.

Surface reducing-oxidizing properties of the catalyst are essential in completing any
catalytic cycle. From the literature study, it is known that the availability of surface oxygen

can efficiently be studied with H, temperature-programmed reduction studies [224, 246, 250].
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Fig. 5.17: H>-temperature programmed reduction studies over PdR1, PdR2, PdR3 and PdR 3-
PdR2.

Figure 5.17 shows the H»-TPR plot of prepared catalyst wherein different surface reducing
patterns are seen. TPR profile shows very fewer reduction peaks for PAR1 and PdR2. Whereas
in PdR3, strong reduction peak was observed at 90 °C and for PdAR3-PdR2, peaks at 140 °C
and 200 °C was observed which indicates that the interaction of PdR2 assists PdR3 to alter its
reducing capability. When surface oxygen is removed, it is said that bulk oxygen moves to the
surface and the defect moves in the opposite direction. [36] Such a surface phenomenon
always depends on the reactivity of surface oxygen with H,. When a surface possesses low
oxygen mobility, it is very difficult to reduce the surface as it requires a high energy supply. In

contrast, surface oxygen with high mobility can achieve a reduction to a greater extent.

104



Chapter 5: Surface and Catalytic studies

The H,-TPR profile of CuggsPdy¢sO and Al,O; modified CuggsPdyosO catalysts are shown
in Fig. 5.18. The H, TPR profile of Cug9sPdyosO shows reduction peak at 200 °C with a
shoulder peak at 157 °C, which can be assigned for reduction of Cu™ species that is present in
vicinity of Pd. Also, additional peak was observed at 305 °C which can be assigned to the

tightly held oxygen from Cu-O, which has been confirmed from our previous report [175].
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Fig. 5.18: H>-temperature programmed reduction studies over Cug.osPdy 950, 20Al/
C’ug,ngdo,gjO and fOA!—Cug_g_gPdg_@jO.

In 20%/Cug9sPdo 05O catalyst, two Ha consumption peaks at 119 °C and 195 °C are seen.
The peak arising at higher temperature can be related to reduction of Cu™ species from
Cug9sPd 050 and the lower temperature peak of Cu'? may be associated with the Al,O; and
Pd environment. Later, the catalyst has been designed in such a way that the exposed Al,O3
surface can be capped with Cu-Pd species from CugosPdg0sO. This modification resulted in

three reduction peaks at 166 °C, 186 °C and 224 °C showing an acting synergy between Cu, Pd
and Al
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Surface oxygen mobility plays an important role in depicting the redox property of the
catalyst. Surface reduction (H»-TPR) with respect to temperature was examined over CeQO»,
CuO and Ce0;-CuO composite oxide and their profile is given in Fig. 5.19. The pure CeO;
starts reducing at around 215 °C and shows the small reduction peak having high reduction at
240 °C which may be due to the reducible CeO; surface [251]. On the other hand, a large peak
in CuO profile indicates a huge release of oxygen from the CuO in the temperature range of
200 - 370 °C. During the analysis, it was observed that the catalyst turns its blackish brown

appearance to reddish which may be due to CuO — Cu;0 transformation.
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Fig. 5.19: H,-temperature programmed reduction studies over CeQ,, CuQ and Ce-Cu

composite oxide.

When CeO; is combined with CuO to formulate CeO,-CuO, strong peak of H, consumption
was observed at lower temperature i.e. 80 - 200 °C. This may be the consequences of the
interfaces generated by interaction between CeO; and CuO which helps in shifting the
reduction temperature. Also, the higher dispersion rate of CeO, and CuO (as observed from
the EDS mapping) is one of the promotional factor in deciding the catalyst reducing character.
The literature reports shows that the addition of Cu in CeO; decreases the reduction

temperature as a result of the strong interaction of copper with the ceria [100, 252, 253].
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The H, TPR profile of CejogsRugos02, CugoesPdyosO and CeRu-CuPd composite oxide
catalyst are shown in Fig. 5.20. A broad peak in TPR curve in CugosPdoosO at 200 °C with
two shoulders at 157 °C and 305 °C can be associated with the Cu'? reduction. Such, H»
consumption peaks in different temperature region is mostly due to the presence of Cu? in

different electronic environment.
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Fig. 5.20: H>-temperature programmed reduction studies over Ceg,o5R10.0502, Cig.95Pdg. 050

and CeRu-CulPd composite oxide.

The pattern of reduction for Ru doped CeO, shows the release of oxygen in two different
regions (1.e. 81 °C and 125 °C) which is at much lower temperature as compared to other
catalyst from the series. With the systematic designing of CeRu-CuPd composite oxide
through physical grinding, the release of huge amount of oxygen from Cug9sPdo.0sO and low
temperature oxygen release from Ceg9sRugsO has been altered. As a result, two peaks with
lower intensity and little lower oxygen mobility can be seen at 147 °C and 329 °C in CeRu-
CuPd composite oxide system. Similar type of effect showing the variation in reduction

pattern was also reported over CeO,-CuO composite oxide [175].
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5.3. Temperature programmed Oxidation studies using Oxygen (0,-TPO)

0,-TPO experiment was performed to investigate the oxidizing behaviour of the PdR1,
PdR2, PdR3 and PdR3-PdR2 catalysts. O,-TPO was studied in the temperature range of 30 °C
to 500 °C and the profiles are presented in Fig. 5.21.
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Fig. 5.21: O,-temperature programmed oxidation studies over PdR1, PdR2, PdR3 and PdR2-
PdR3.

The TPO results of PAR3 shows two small oxidation peaks at 110 °C and 250 °C showing
its oxidizing nature at two different temperature regions. However, no peaks are observed for
PdR1, also supporting PdO on it, as no change is seen a change in the TPO profile as ascribed
from the PdR2 pattern. Further, combination effect is demonstrated in PdR3-PdR2 as seen
from Fig. 5.21 wherein the enhancement in the surface oxidizing property has been observed.
This increase in peak area shows the influence of support-support interaction in oxygen

storage performance.

To investigate the oxidation behavior of the catalyst, O, temperature programmed
oxidation (O,-TPO) studies were performed after the H,-TPR study over CeO,, CuO and
Ce0;-CuO catalyst. As depicted from Fig. 5.22, absence of oxidation peak during analysis
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over CeO, implies the poor redox property of cerium oxide whereas CuO showed the two
peaks at 137 °C and 285 °C. The sharp peak at 137 °C may be the resultant of highly exposed
reduced copper oxide species which is considered to be very unstable and when it comes in

contact with oxygen it directly converts to Cu (II) oxide.
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Fig. 5.22: O,-temperature programmed oxidation studies over CeQ; CuQ and Ce-Cu
composite oxide.
The presence of Cu,O (reddish color) [254] was also evident from the TPR studies
performed. The O,-TPO profiles for CeO,-CuO shows a broad peak starting at 150 °C and

continues till 400 °C, displaying the oxidation of composite oxide in the controlled manner.

5.4. CO - Temperature programmed Desorption studies (CO-TPD)

Figure 5.23 represents the CO-TPD profile of Ru substituted CeO; series. In TPD profile,
two peaks can be observed, out of which one is positioned at lower temperature (from 50-125
°C) and another at higher temperature region (from 250-350 °C). The peak originated at lower
temperature can be attributed to weakly adsorbed CO and the one at higher temperature is
associated with the strongly adsorbed CO [159]. For pure CeO,, absence of desorption peak
clarifies the lack of CO affinity towards the CeO,. While, with the addition of Ru in cerium
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oxide, the adsorption of CO is observed and found increasing linearly with increase in the Ru
concentration. From the prepared series, CeposRugosO2 showed higher CO concentration as

compared to other compounds from the series and the order of CO desorption is observed as

Cep.95Rug 0502 > Ceg975Ru0 02502 > Cepg9Rug 9102 > CeOs.
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Fig. 5.23: CO - Temperature programmed Desorption studies over CeQ>, CegooRutg010:
Ceg.975R10.02502 and Cep.o5R0.050>.

In order to examine the relationship between the studied catalytic reaction and chemical
reactivity of CO with Ag and Rh composed Co-Mn surface, the CO desorption studies were
performed with CO-TPD method. Figure 5.24 shows the CO-TPD profile of the prepared
MM’ MM’ - 5% Ag and MM'-5%Ag-1%Rh composite oxide catalysts. MM catalyst shows only
strongly adsorbed CO whereas MM'-5%Ag and MM'-5%Ag-1%Rh showed both weakly
chemisorbed CO as well as strongly adsorbed CO species. Two desorption peaks at 97 °C and
236 °C was seen as Ag was introduced in MM’ catalyst system. This weak CO adsorption
over the catalyst surface was observed to be increasing as Rh was added to Ag containing
MM’ composite systems (64 °C and 264 °C). It is observed from the TPD profile that MM'-
5%Ag-1%Rh catalyst system contains more amount of weak CO adsorption site, which is

considered to be a key factor during the NO-CO redox reaction. Such surface phenomenon of
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CO with the catalyst surface can be strongly accepted for Mars-Krevelen mechanism [33, 255,

256] wherein, surface oxygen plays a role in catalytic process.
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Fig. 5.24: CO - Temperature programmed Desorption studies over MM', MM' - 5% Ag and
MM'-5%Ag-1%Rh composite oxide series.

To evaluate the amount of CO adsorbed and CO bonding strength toward the catalyst

surface, CO-TPD studies were conducted over Mn containing Co-Cu composite oxide and the

results of the same are presented in Fig. 5.25. In all the studied samples, CO desorption has

been observed in the temperature range of 165 °C to 330 °C. In the case of Cu-Co composite

oxide, a broad peak of CO desorption is found having highest CO desorption at 265 °C. When

10% of Mn was added to Cu-Mn composite, a shift in CO desorption to lower temperature

was detected which can be clearly seen from the TPD profile of Cu-Co-10Mn. Later, addition

of higher concentration of Mn (i.e. 20 and 30%) decrease in peak intensity was seen with the

increase in Mn concentration, conveying the lesser CO adsorption capacity of Cu-Co-20Mn

and Cu-Co-30Mn composite oxide.
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Fig. 5.25: CO - Temperature programmed Desorption studies over Mn containing Co-Cu
composite oxide series.

Temperature programmed desorption (TPD) studies 1s an important tool to understand the
surface reactivity towards the reacting gas in the catalysis area. The CO desorption profiles
(CO-TPD) of the prepared catalyst are exhibited in Fig. 5.26. This Fig. illustrates two types of
peaks having a large difference in CO desorption pattern in the studied temperature region.
The peak at a lower temperature can be ascribed to the weak CO adsorption on the catalyst. In
contrast, the peak at higher temperature corresponds to strongly adsorbed CO [20]. It can be
perceived that PAR1 and PdO supported PdR1 (i.e. PdR2) has a weak chemisorbed CO
whereas for PdR3 comparatively stronger CO chemisorption was observed with desorption in
the range of ~200 - 400 °C. Further, increase in peak intensity of CO desorption was seen
when PdR3 was combined with PdR2 indicating more intake of CO by the catalyst surface
(CO-TPD pattern of PdR3-PdR2). According to studies reported, mobility of lattice oxygen
and surface reactivity towards CO is a key factor in designing the desorption profile of CO,
which can be altered by combining different metals in the catalyst system [241, 74]. Such

alteration in O, mobility and surface reactivity was created by allowing PdR3 to combine with
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PdR2 making its surface more active by adsorbing the CO for a longer period which is an

important factor in a redox reaction.
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Fig. 5.26: CO - Temperature programmed Desorption studies over PdR1, PdR2, PdR3 and
PdR3-PdR2.

Figure 5.27 shows the TPD spectra of Al,Os; modified CuggsPdosO series. In these
measurements CO was adsorbed at room temperature and desorption was carried out with
raising the sample temperature. The reactivity of CO towards the catalyst surface is known to
be directly proportional to the active sites present on the catalyst surface. In CugosPdg 050,
desorption of CO starts at 167 °C and completes desorption at 350 °C, having a maximum at
255 °C. In the case of 20A1/Cug9sPdy 05O, addition of 20% Al,O3 to CuggsPdy0sO species, the
adsorption of CO appeared with a greater peak area as compared to Cug 9sPd¢sO which shows
CO desorption from 158 to 395 °C. Further modifying the 20%Al/ Cup9s5Pdo 05O to 10Al- Cu-
Pd shows the improved CO adsorption as illustrated by desorption of CO from 147 to 395 °C.
This desorption is comparatively in greater amount as rest of the compounds from the series.
Such improved CO adsorption is mostly due to the increment in the active site in

10A1/Cuyg95Pdo.050O, which is achieved by more exposed Cu-Pd surfaces.
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Fig. 5.27: CO - Temperature programmed Desorption studies over CugosPdyos0, 2041/
(‘Ho_ gjpdg_gj() and fﬂ-('h'g. ijdo_(}j().

Ceg 95RUg 050;
n - Cu05Pdg 50
[\ — CeRu-CuPd
P
— —~\/ I',
. )% \
= N
E f I,' \"‘. I|I
.'E‘ r’f . lII I..'III ]Ill
)] ! L K
= / by |||
% ,-’; |II|' \I |I|I
— i f'l \ |
I.’ .\\\ll
= ¥ — _\;\""--5_ i —A— ff \"".‘---5___
i \\““-w.___‘___ — B ,/"’ \__ o
Weak chemisorption = Strong chemisorption
I N I ! I ' I I ' I ' I ’ I ' I
40 80 120 160 200 240 280 320 360
Temperature (°C)

Fig. 5.28: CO - Temperature programmed Desorption studies over Ce gsRii 505,
Cug.95Pdy 050 and CeRu-CuPd composite oxide.
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The CO TPD profile of Ceg9sRug 502, CuposPdyosO and CeRu-CuPd composite oxide are
presented in Fig. 5.28. The TPD profile shows the desorption of CO in two temperature
region, one in range of 50-120 °C and the other one is between 180-340 °C. The peak
generated at lower temperature can be attributed to the desorption of weak chemisorbed CO,
whereas the peak situated at higher temperature zone corresponds to the strongly adsorbed CO
species [257]. The CO-TPD profile of Ru substituted CeO2 showed two CO desorption peaks
at 73 °C (weakly chemisorbed CO) and 289 °C (strongly chemisorbed CO), while for Pd
doped CuO only one broad peak has been observed which is situated in strong chemisorbed
region. On the other hand, in CeRu-CuPd composite system both types of CO chemisorption
sites were observed with a slight shift in peak position (271 °C and 60 °C). Such observed shift
may be the result of synergistic interaction between the Ce, Ru, Pd and Cu which thereby

decreases its hold on CO and releasing the CO at much lower temperature.

5.5. NHj; - Temperature programmed desorption studies (NH; - TPD)

NH; desorption studies (NH3-TPD) were carried out to investigate the effect of Al.O3 on
the surface acidity of the prepared composite catalyst. The results obtained for desorption of
NH; are shown in the Fig. 5.29. NH; desorption profile shows evolution of NH; in two
different regions, one at below 150 °C and other from 200-400 °C. The small peaks from 50-
150 °C corresponds to the weakly adsorbed ammonia, therefore requires lesser energy to
desorb from the catalyst surface. In addition, the desorption peak observed at higher
temperature conveys the strongly adsorbed NH; which requires more energy to desorb from
the surface [156, 258]. As depicted from Fig. 5.29, the overall acidic sites present over Pd
containing Cu-Mn composite are observed to be in highest amount as that of Al-Pd containing
Cu-Mn composite. While, the amount of weak acid sites observed in Cu-Mn-Al-Pd are high as

that of Cu-Mn-Pd composite oxide catalyst and are least in Cu-Mn composite oxide.
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Fig. 5.29: NH; - Temperature programmed Desorption studies over CuMn, CuMn-P and

CuMn-A-P composite oxide

CeO,

Cej g9RU; (40,

Ce; 95RUg 50,
S
& ; >
5 Weak - Strong
Z Sites Sites
=
|

) ) ) I )
100 200 300 400 500

Temperature (°C)

Fig. 5.30: NH; - Temperature programmed Desorption studies over CeQ>, CeygoRi100;0, and

Cep.o5R11.050:>.
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The influence of ruthenium with respect to surface acidic property of cerium oxide has
been investigated with ammonia desorption studies. Figure 5.30 shows the NHz-temperature
programmed desorption (NH3;-TPD) pattern of CeO,, Cep99Rup0102 and CeposRugpsO2. In
CeO; two desorption peaks of ammonia are observed, one at 130 °C and the other at 340 °C
which can be ascribed for weak acidic and moderate acidic site, respectively. After
substitution of 1% Ru in CeO,, increase in ammonia-ceria bond strength has been observed
which results in lesser desorption of NH; at lower temperature. This increased bond strength
produced higher amount of strong acidic sites in Ceg.99Rug0102. However in CegosRug 0502,
continuous desorption of ammonia has been observed which shows the presence of acidic

character at entire studied temperature.
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Fig. 5.31: NH; - Temperature programmed Desorption studies over CeggsRuty 950>,
Cu.95Pdy 950 and CeRu-CuPd composite oxide.

NHs-temperature programmed desorption (NH3-TPD) profile of CeposRugosOa,
Cug9sPdposO and CeRu — CuPd composite oxide are shown in Fig. 5.31. According to the
literature, different adsorption sites for ammonia are known and depending on its surface
binding strength, it has been divided as weak, moderate and strong acidic sites [258, 259] . As

depicted from Fig. 5.31, Ceg9sRugos02 shows highest amount of acidic sites in the catalyst
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series. CeposRuposO, shows high intensity peak at around 130 °C which can be attributed to
the weak acidic sites and also there is presence of moderate and strong acidic sites. In
CugosPdoosO, lesser amount of physically bonded ammonia was observed as compared to
chemisorbed ammonia. Further, in the composite of Cey9sRug0s02 and CugosPdyosO 1i.e.
CeRu-CuPd, decrease in overall acidity has been observed, which can be the consequence of

the combination effect produced between Ce, Ru, Cu and Pd.

5.6. CO; - Temperature programmed desorption studies (CO; - TPD)

CO; desorption studies after the adsorption of CO, are performed on Cu-Mn composite
oxide and the result of the same is depicted in Fig. 5.32. On comparing the results of the
prepared catalyst it is observed that Cu-Mn composite oxide showed a minimum amount of
basic site. This basic site tends to intensify with Pd addition and was observed maximum for

Cu-Mn-Al-Pd composite oxide.
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Fig. 5.32: CO, - Temperature programmed Desorption studies over CuMn, CuMn-P and
CuMn-A-P.

TPD profile shows two peaks, one at a lower temperature region (i.e. 40-150 °C in Cu-Mn
& Cu-Mn-Al-Pd and 50-180 °C for CuMn-Pd composite) corresponding to the weak basic
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sites and the other one at higher temperature region corresponding to strong basic sites [260].
This strong basic site was found to be maximum in Al and Pd containing Cu-Mn oxide in

which it got extended till 400 °C.

5.7. CO Pulse Titration Studies

The CO pulse titration is the most suitable analytical technique to determine the CO
adsorption capability of the catalyst surface. CO chemisorption profile for CeO,,
Ceo.0sMnyg 0502, CeposCug o502, CeposAgoosO2, and CeposMng g2Cugp2Ago010; are recorded at
50 °C and its representation is shown in Fig. 5.33. All the prepared catalyst showed affinity
towards CO, as it is clearly seen from the CO chemisorption profile. Pristine CeO; showed the

consumption of 85 pL./100 mg of CO.
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Fig. 5.33: CO-pulse titration studies of the CeQ,, CeyosMngs0,, Ceg.o5C1 050,
Cep.95480.050>, and Ceg.9sMng.02Cuig.02480.010>.

The chemical adsorption of CO is found to increase when small amount of Mn, Cu and Ag

are substituted in CeO;. Amount of CO adsorbed for CejosMnposO2, CeposCugosO> and
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CeposAgoosO, was observed as 123 pL/100 mg, 102 plL/100 mg and 125 pL/100 mg,
respectively. Further enhancement in CO chemisorption (169 puL/100mg) was seen in multi
ion doped CeO: (CeposMnp 02Cuo02AL00102), which could be a good example of proven

synergistic interaction within Ce, Mn, Cu and Ag.

CO pulse titration was employed to understand the structural reactivity and surface
chemistry of composite oxides catalyst towards carbon monoxide. CO pulse titration profile

for MM, MM-1% PdO, MM -3% PdO and MM-5% PdO are presented in Fig. 5.34.

—— MM-5% PdO —— MM-3% PdO

= Lt
= = ‘
E £
20 =
@ i
; 8| | R
T—' b | | ‘ | |
| J | ‘||.||'|I
J \w« u \ M Nand K_ ~..J | SRS L V] | S l‘-\.“ I'-_.u.| "-—-.-..J L
0 ' 5'0 ) ‘Jtlbn ’ |50 ’ ﬂl’o Z;G ' 3I:m ' 3;"' é .';B “;0 |$ﬂ 260 2."50 360 .‘;ﬂ ‘60
Time (Sec) i Time (Sec)
—— MM-5% PdO
= 3
= =
F . :
a
sl Il .
0O L L.u UL&.
| \ |
I -q..._“.l Ik-._-.A Y £ N L — \»——4 S hed
0 50 100 150 200 250 0 100 200 300 400
Time (Sec) Time (Sec)

Fig. 5.34: CO-pulse titration studies of Pd containing MM' composite oxide series.

MM shows chemical adsorption of 24 uL/100 mg whereas improved chemisorption is seen
in MM-5% PdO with 114 pL/100 mg. According to the chemisorption study pattern, a
saturation point was detected above which no chemical adsorption of CO was seen. Gradual
increase in adsorption was observed with variable Pd loading. Order for chemisorbed CO is
organized as MM' (24 puL/100 mg) < MM-1% PdO (56 puL/100 mg) < MM-3% PdO (68
uL/100 mg) < MM'-5% PdO (114 uL/100 mg) which shows similar order in NO-CO and CO-

O, reaction studies. Thus improved adsorption of MM upon loading of Pd is mainly attributed
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to interaction of palladium with Co-Mn composite oxide system. Such type of enhanced

interaction by precious metal in host system are well known phenomenon cited in the

literature [158, 249]

CO pulse chemisorption study was employed to understand the surface reactivity of CO in
support of any CO related catalytic reaction. Active sites for CO adsorption can directly be
related to the amount of CO chemisorbed. Here, the CO consumption studies over CeO,, CuO

and CeO,-CuO nano composite were carried out and its profile is presented in Fig. 5.35.
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Fig. 5.35: CO-pulse titration studies of the CeQ,, CuQ and Ce-Cu composite oxide.

During the CO pulse analysis, it was observed that the consumption of CO by the ceria
surface was very less and uptake was found to be around 85 uL/100 mg. While on copper
oxide surface, CO reactivity was about 147 puL/100 mg. Further, the chemical adsorption of
CO on the Ce0,-CuO composite increased to 175 uL/100 mg as compared to pristine CeO,
and CuO. Therefore, the amount of active sites produced can be directly seen from the CO

chemisorption result and it proves the development of more active sites in bimetallic oxide

system.
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5.8 Catalytic Activity
5.8.1 CO oxidation using O, (CO-03)

A series of transition metal substituted CeO, was studied for the catalytic CO conversion as
a function of temperature. As presented in Fig. 5.36, all the prepared catalyst shows increase
in the CO oxidation as temperature rises. Pristine CeO, showed very poor conversion and
could convert only ~ 30% of CO in the studied temperature range. This deprived activity of

CeO; towards CO to CO; conversion can be attributed for its poor oxygen exchanging ability.
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Fig. 5.36: CO-0; conversion over CeQ;, CepgsMny 950>, CeyosCug 502, CeposAgopsOs, and
(-Yeglngng_gg(-'ug_ngngOQ (5% CO and 5% O, in N> arﬂow rate Of5000 ml h-j).

Substituting 5% Mn, Cu and Ag in CeO, showed improved CO conversion at a much lower
temperature as that of pristine CeO, showing T at 190 °C, 130 °C and 130 °C, respectively.
Further, the combined substitution of Mn, Cu and Ag has greatly improved the reaction
performance by converting CO to CO; at 95 °C, thus confirming the high adsorption
capability and oxygen mobility produced within the catalyst system. Such multi substitution in
the host system is an essential criterion to develop synergistic effect in the catalyst. The trend
observed for CO/O; reaction is CeposMng 02Cug.02A 200102 > CeposAgo.0s02 = CeposCuposOs >
Cep.95Mng 50, > CeOy,
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As per performance of H,-TPR and CO adsorption studies showed good oxygen mobility
with good CO adsorption which thereby tends to give better CO conversion reaction. Similar
case is observed in the case of Mn substituted CeO,. However, in Cepo9sMng 02Cup02Ag0.0102
system it is observed to have a very good CO adsorption, also reduction patter makes it a good

redox platform at a lower temperature region.

CO oxidation studies over Ru substituted CeO; was performed and the result of the same
are given in Fig. 5.37. As presented in Fig. 5.37, around 30% of CO conversion can be seen

till 250 °C using pristine CeOs.
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Fig. 5.37: CO-0; conversion over CeO,, Cegg9Ri19.0;0>, Cep9r5Ru9.0250> and Cep g5Rug050:
(5% CO and 5% O in N> at flow rate of 5000 ml h™).

However, CO oxidation for Ru substituted CeO, increased with the increase in Ru
concentration in CeO,. From the prepared series, Ceg99Rug 0102 showed CO conversion (T 100)
at 130 °C and as concentration of Ru increases, the CO conversion was obtained at 65 °C in
CeposRugsO,. The trend for complete oxidation of CO is given as CeO, (T3=250 °C) <
Ceo.99Rug 0102 (T190=130 °C) < Ceg975Rug 0502 (70 °C) < CeposRugpsO; (65 °C). This
obtained result can be directly related towards the synergetic increase in the catalytic property

of Ce with the incorporation of Ru.
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As known from the various literatures that the Ru has very good affinity towars the CO and
from CO-TPD studies it thus confirms the raise in CO chemisorption after concentration of Ru
increases. Also, lower temperature reduction of a surface was observed from H»>-TPR study
which proves the availability of surface oxygen at a lower temperature and can easily utilized

in CO oxidation process.

Oxidation of CO is an important reaction in automobile and many industries [14, 261] The
activities of Co-Mn composite oxides were studied to highlight the importance of Pd
incorporation in Co-Mn composite oxides to achieve the CO oxidation at lower temperature.
Figure 5.38 shows the CO-O; reaction over MM' and MM'-x% PdO (x= 1, 3, and 5) as a
function of catalyst temperature. Based on the graphical representation, it is observed that Pd

loading increases the CO oxidation and also decreases the reaction temperature.
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Fig. 5.38: CO-0; conversion over MM', MM'-1% PdO, MM'-3% PdO and MM'-5% PdO (5%
CO and 5% O, in N; at flow 5000 ml h™").

Catalytic oxidation over MM!' showed lowest activity with complete CO oxidation (Tg0)
taking place at 140 °C while in case of MM'-5% PdO, the oxidation reaction was starting at
room temperature and achieved Tjoo at 65 °C. The trend for complete CO oxidation (Tjoo) is

MM!' (140 °C) < MM'-1% PdO (100 °C) < MM'-3% PdO (75 °C) < MM'-5% PdO (65 °C).
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Thus confirming that, although the composite oxides have good catalytic activity,
incorporation of Pd increases the synergistic effect in host system thereby achieving the

activity at lower temperature [64].

CO oxidation studies using O; over copper-manganese composite oxide (MM’) and
precious metal containing copper-manganese composite oxide (MM'-Ag and MM'-Ag-Rh) are
shown in Fig. 5.39. Addition of precious metal in composite oxide is found to increase the
catalytic property of the composite oxide. The Cu-Mn composite oxide showed 100 %
conversion of CO at 140 °C. Presence of Ag in composite system has lowered the catalyzing

temperature of the composite catalyst from 140 °C to 95 °C.
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Fig. 5.39: CO-O; conversion over MM', MM'-5% Ag and MM'-5%Ag-1%Rh (5% CO and 5%
0, in N, at flow rate of 5000 ml h).

This may be due to the electron rich character of silver facilitating the reaction at much lower
temperature. Further, this catalyzing temperature has been still lowered by the addition of Ag
and Rh in Cu-Mn composite oxide to 72 °C and this has been achieved by formation of

synergistic effect when electron cloud from Ag is oscillated towards the Rh.

The effect of Al substitution in the composite oxide is studied for the catalytic conversion

of CO and the obtained results are displayed in Fig. 5.40. CO to CO; conversion over Al
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composed Cu-Mn-Pd oxide showed similar conversion as that of Cu-Mn-Pd composite oxide.
Among the prepared composite oxides, Cu-Mn composite oxide showed 100% CO conversion
at 135 °C whereas the Cu-Mn-Pd and Cu-Mn-Al-Pd showed 100% CO oxidation at 80 °C.
Even after possessing a high surface area by Al addition in Cu-Mn oxide which can be seen
from BET surface area studies, no obvious effect was seen in the CO conversion reaction. The
order obtained for CO to CO; conversion is Cu-Mn < Cu-Mn-Pd = Cu-Mn-Al-Pd. Here, again
the electron rich nature of precious metal plays an important role in catalyzing the carbon

monoxide at a lower temperature window.
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Fig. 5.40: CO-0O; conversion over CuMn, CuMn-P and CuMn-A-P (5% CO and 5% O; in N,
at flow rate of 5000 ml ™).

The CO oxidation reaction by O, was evaluated on Cu-Co composite oxide by varying the
Mn concentration. Figure 5.41 shows the CO oxidation curve of the prepared composite
oxides series. The Cu-Co composite oxide showed its highest activity at 90 °C which is
converting 100% CO to CO,. Further addition of 10%, 20% and 30% Mn in Cu-Co composite
oxide exhibited CO conversion at 38 °C, 60 °C and 60 °C, respectively. This revealed a
beneficial effect of Mn in improving the Cu-Co composite oxide, which could convert CO to

CO; at much lower temperature. Besides presence of Mn, concentration effect was also
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observed on the catalytic performance of the catalyst. Considering the Mn concentration, only
10 % Mn showed the improvement in catalytic property and further increasing the Mn
concentration exhibited shift in temperature from 38 °C to 60 °C. This is possibly due to the

excess Mn usage may perhaps suppress the active sites resulting in degradation of catalytic

activity.
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Fig. 5.41: CO-0O; conversion over Co-Cu, Co-Cu-10Mn, Co-Cu-20Mn and Co-Cu-30Mn (5%
CO and 5% O, in N; at flow rate of 5000 ml h"’).

The catalytic performance of prepared Pd modified oxide catalysts were studied for CO
oxidation as a function of temperature and the result achieved are presented in Fig. 5.42. As
seen from Fig. 5.42, Pd incorporated cobalt chromite showed the complete oxidation of CO at
115 °C and also Pd supported Cog9sPdg¢sCr204 (PdR2) displayed similar results showing no
effect of the Pd support. Further, PAR3 was also studied for the CO oxidation which showed
100% conversion below 100 °C i.e. 95 °C. Finally, preparing the catalyst by architecting PdR3
and PdR2 composition could accomplish the reaction at 75 °C. This enhancement in the
catalytic conversion of CO at a lower temperature window is due to the presence of Pd in

different electronic environment which results in high synergistic effect.
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Fig. 5.42: CO-0; conversion over PdR1, PdR2, PdR3 and PdR3-PdR2 (5% CO and 5% O; in
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The catalytic conversion of CO to CO;, was investigated on Al;03 modified CuggsPdyosO
as a function of reaction temperature and the conversion result are depicted in Fig. 5.43. The
Cupos5Pdp0sO showed maximum conversion at below 100 °C i.e. 100% activity at 95 °C.
Later, addition of 20% Al,03 to Cug9sPdg.0sO (20Al/ CugosPdy0sO) via impregnation method
showed decrease in the catalytic activity of the catalyst (CO oxidation at 150 °C). This may be
due to the capping of active Cu'? and Pd"* with AL,O; resulting in unavailability of CO to the
surface. However, modifying 20Al/CugosPdoosO to 10Al-CugosPdposO gave a 100%
conversion at 85 °C wherein Al surface will be covered with the CugosPdoosO. This result
suggest the promising effect of Al in CugosPdgosO system which activates the Cu and Pd

species to convert CO to CO, at much lower temperature as that of Cug9sPdg 5O.

Oxidation of CO to CO; over CeO,, CuO and CeO,-CuO nano composite are shown in Fig.
5.44. The pure CeO; shows around 30% of CO conversion till 250 °C whereas CuO exhibited
a complete conversion at 150 °C. Further, the catalytic oxidation of CO over the composite of

Ce0,-CuO prepared by grinding route showed 100% conversion (T;g) at around 95 °C.
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Fig. 5.44: CO-0O; conversion over Ce(Q,, CuO and Ce-Cu composite oxide

(5% CO and 5% O; in N: at flow rate of 5000 ml h™).
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The addition of CuO in CeO, significantly improved the catalytic oxidation of CO showing
a drastic change in CO conversion temperature. Similar type of result was also seen when Cu
is added in cerium system which showed enhancement in CO oxidation studies as observed by
Yin Wang and others [12, 228]. The trend for CO conversion reaction is observed as CeO, <
CuO < Ce0,-CuO. Although, the surface area of composite decreases as compared to Cerium
oxide, no reduction in catalytic activity is observed. On the contrary, increase in activity was
seen. Such phenomenon was also observed by Zhang et al. wherein Cu addition in CeO,
decreases the surface area compared to CeO, [38]. This result clearly indicates the
promotional effect of nano composite produced within the CeO, and CuO which makes CeO,-
CuO composite catalyst more active at lower temperature and helps CO to oxidize at a faster

rate. A surface reactivity study also gives reasonable evidence in support of the reaction.

To evaluate the effect of composite oxide prepared by physical grinding method, catalytic
oxidation of CO was performed. In Fig. 5.45, CO oxidation results are presented with respect

to the temperature over all the prepared catalyst. The composite prepared from Cep9sRug 9502
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Fig. 5.45: CO-0; conversion over Cey gsRitg950>, CugosPdygs0 and Ce-Ru composite oxide

(5% CO and 5% O; in N; at flow rate of 5000 ml h'j).
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and CugosPdysO (CeRu-CuPd) showed an excellent conversion at a working temperature of
58 °C whereas the 100% CO conversion over CegosRugosO> was observed at 65 °C and
CugosPdgpsO showed at 95 °C. It was remarkable to know that oxidation of CO on CeRu-
CuPd was higher than Ceg9sRup0sO2 and CugosPdoosO catalyst. This result clarifies the
synergistic property of composite oxides which has been achieved by physical grinding of
Ceo9sRuosO2 and CugosPdoosO. Similar studies was also reported on enhancement of
catalytic property using physical grinding method, wherein composite oxide prepared from

CuO and CeO; had shown exceptional conversion of CO to CO; below 100 °C [175].

5.8.2 Catalyst Stability for CO oxidation reaction

The stability of catalyst is very much important to detoxify the CO effectively. The CO-O,

reaction was further studied to check the stability of the catalyst in the presence and absence
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Fig. 5.46: CO-O; reaction stability study over CeposMng o,Cuig92420.0;0> (a) without moisture

and CO,, (b) with moisture and (c) with CO..
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of moisture and carbon dioxide over a period of 7 h at 100 °C. Different catalysts were
described in the literature to be having a promising activity but lacks in its stability and tend to
deactivate easily [262, 263]. Figure 5.46a shows a good stability in the absence of moisture
and CO; over Ceo9sMng0nCug.Ago0O: catalyst for a period of 7 h. Figure 5.46b represents
the CO oxidation with 4.714 X 10*' molecules h™' of water and Fig. 5.46¢ depicts CO
oxidation in 5% COs concentration. In the presence of moisture and CO», catalyst showed a

very good tolerant behavior, which can be ascribed from Fig. 5.46b and 5.46¢, respectively.

The stability tests were performed on the CeO,-CuO composite in presence and absence of
moisture for 7 h and the plot of CO conversion v/s Time is presented in Fig. 5.47. The
performance of composite catalyst was evaluated supplying 4.714 X 10*! molecules of water
h' at 110 °C. During the analysis, catalyst showed stable behavior in both absence and
presence of moisture. This stable CO oxidation activity is very important as many catalyst
shows negative effect over a period of time and in presence of moisture. From the study, it is
evident that the CeO,-CuO has a superior behavior not only in the absence of moisture but

also in moisture containing environment.
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Fig. 5.47: CO-O; reaction stability study over Ce-Cu composite oxide in the absence and

presence of moisture.
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5.8.3 NO-CO redox reaction

Simultaneous reduction-oxidation reaction of NO-CO was carried out over freshly
prepared Cr,0O; and Cu substituted Cr,O5 catalysts. Trend for NO-CO redox reaction is given
in Fig. 5.48.
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Fig. 5.48: NO—CO redox reaction over Cr;03, Crj.96C9,0403 Cri.9:Cuig 0303 and
Cr1.84Cup 1603 (5% NO and 5% CO in Ar at flow rate of 5000 mL h—1).
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Catalytic NO reduction was seen at 180 °C for pristine and 170 °C for 2% Cu doped
catalyst indicating novelty, whereas increasing the Cu concentration from 4% to 8% leads in
increasing the conversion temperature compared to pure Cr»Os. It is very essential to
completely reduce NO below 300 °C as the stability of NO increases above 350 °C. The CO
oxidation occurs at higher temperature and observed temperature for CO to CO;
transformation over Cr20s, Cry 96Cu0.0403, Cry.92Cug.0803 and Cr g6Cup 1403 are found to be at
220 °C, 200 °C, 210 °C and 250 °C, respectively. Higher concentration of Cu substitution i.e.
Cri1.84Cu0.1603 showed decrease in catalytic activity and this may be due to biphasic nature as
confirmed through XRD studies. While a small amount of Cu incorporation in Cr,O3 has
shown enhancement in catalytic activity in case of Crj 96Cug040;3. Also, from the literature it
has been found that the presence of copper enhances the adsorption property of Cr,O; making
this catalyst active at lower temperature [62, 264]. Moreover, increase in the surface redox
behavior with the addition of Cu was seen from the H,-TPR pattern. Therefore, significant

increase in the NO-CO reaction in Cr; 96Cug 0405 can be very much correlated with its surface

property.
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Fig. 5.49: N0 formation over Cr;03 and Crj 9sCuig 0403

During the reaction period, both N>O and N, were detected. N,O formation over Cr,0O3 and

Cry.96Cup 403 was found to be similar in range as can be observed from Fig. 5.49. Initially,
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very small amount of N,O was produced which slowly decompose to give Na. N,O formation
was observed due to the surface reduction by NO. At high temperature, NO reacts on the
surface giving N>O and O (ads) on surface [264]. From the reaction, it was observed that NO
conversion occurs prior to CO oxidation, may be due to transformation of NO to N,O to N,
and oxidation of CO using surface oxygen. With the increase in temperature, CO desorbs by
reacting with surface oxygen to form CO,. On this reduced surface, dissociative adsorption-

desorption pattern of NO is followed [20].

Catalytic decomposition of NO and CO simultaneously over Ru substituted CeO» has been
studied and the result are presented in terms of percent CO and NO conversion in Fig. 5.50.
The obtained result clearly indicates the promising effect of ruthenium in the CeO, for
catalytic conversion of NO and CO. Pure cerium oxide showed unresponsive behavior with
respect to NO-CO catalytic conversion wherein no conversion of NO and CO was observed in
the temperature range of 30-250 °C. Such response is obvious in CeO; as it requires higher
activation energy to take part in NO-CO catalytic process. Also, from the literature studies it
has been clear that the reduction of NO on CeQO; initiates above 250 °C [265]. Later, catalytic
activity of CeO, was found increasing gradually by addition of Ru. In the case of
Ceg.99Ru0.0105, addition of 1% Ru showed the 19% NO-CO conversion at 250 °C and this
conversion rate has been increased up to 70% as concentration of Ru is increased
(Cep975Rug 02502). Further, improved NO-CO conversion ability is achieved by CeggsRug sO-,
giving 100% conversion at 150 °C, which is highest amount the series of catalyst prepared.
The trend observed in NO-CO catalytic conversion can be represented as CeO; <
Cep99Rup 0102 < CeporsRugn2s02 < CeposRugesO2. Such improvement in the catalytic
conversion can be directly related to the advanced effect of electron rich Ru when it is added

to CeO; system thereby providing effective synergy in catalytic process.
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Fig. 5.50: NO - CO redox reaction over CeQ>, Cep.o9Rui0,010>, Ce.975R10.0250> and
Ce.95Ru0.050> (5% NO and 5% CQO in Ar at flow rate of 5000 mL h—1).

NO-CO conversion plot over MM' and MM'-x% PdO (x = 1, 3 and 5) as a function of
catalyst temperature are presented in Fig. 5.51. It can be seen that NO conversion on MM! is
less than 40% in temperature range of 30 — 250 °C, while 100% conversion is achieved in case

of MM'-3% PdO (180 °C) and MM'-5% PdO (170 °C). This clearly shows the enhanced effect
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of precious metal concentration. The trend for NO-CO reaction is MM' < MM'-1% PdO <
MM!'-3% PdO < MM'-5% PdO which was similar to the CO-0O> reaction with MM'-5% PdO

showing 100% conversion at lower temperature.
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Fig. 5.51: NO - CO redox reaction over MM', MM'-1%Pd0O, MM'-3%Pd0 and MM'-5%Pd0.
(5% NO and 5% CO in Ar at flow rate of 5000 mL h—1).
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N,O formation was also observed during the conversion process. By increasing the Pd
concentration, amount of N>O production decreased gradually as seen from Fig. 5.52. This
shows a promising effect of Pd which helps in reducing the N,O formation. A very good
oxidizing — reducing property of precious metal helps in enhancing the NO-CO reaction

catalytically [81, 266].
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Fig. 5.52: N>O formation over MM', MM'-1%Pd0O, MM'-3%Pd0O and MM'-5%Pd0.

It was also established that the samples containing smaller amount of Ag and Pd manifest a
higher conversion of NO and CO [84] The synergy produced between Pd and Co-Mn
composite oxides makes the system more active at lower temperature. Based on the result
obtained from XPS, N, adsorption — desorption , H>-TPR and CO-pulse titration, related with
the MM'-5% PdO for NO-CO reaction can be attributed to their mix valances, increasing
surface area, high surface reducibility and enhanced surface CO adsorption. Increase in
surface area results in more surface exposing to reactant allowing more reactant to reduce as
shown in H,-TPR, also CO adsorption was greatly increased with increase in Pd addition and

higher in MM'-5% PdO as ascribed by CO pulse titration study.
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To explore the catalyst efficiency after the addition of Ag and Rh in MM’, the redox NO-
CO reaction over the prepared composite oxide catalysts were studied and the plot of

temperature verses % NO-CO conversion is given in Fig. 5.53.
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Fig. 5.53: NO - CO redox reaction over MM', MM'-5%Ag, MM'-5%Ag-1%Rh and MM'-
1%Rh (5% NO and 5% CQO in Ar at flow rate of 5000 mL h—1).
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From the conversion plot, it can be seen that the insertion of Ag in MM’ composite oxide
can slightly enhance its activity whereas addition of Rh along with the Ag in MM’ composite
could achieve 100% conversion at a lower temperature region. The prepared MM’ composite
showed only ~ 25% NO conversion in the temperature region of 50 °C to 250 °C. After the
Ag addition (MM'-Ag), this reaction showed up to 70% NO-CO conversion till 250 °C,
however, on multiple precious metal incorporation in composite oxide (i.e. MM'-5%Ag-
1%Rh), 100% NO-CO conversion was observed at 150 °C which is a quite low temperature as
compared to similar catalyst composed of Pd [222]. Such promising effect of binary system
was also seen in existing exhaust reactor which is composed of Pt-Rh composition due to their
higher activity in detoxification studies [163]. In addition, 1% Rh in MM’ composite (MM’-
Rh) was studied to understand the impact of Rh in catalytic performance, which showed 100%
conversion at 190 °C. By observing result of MM’-Rh it was thus confirmed that the
enhancement in the catalyst was not because of Rh. In fact, this enhancement in catalytic
performance in MM'-5%Ag-1%Rh can be interpreted from the synergy interaction produced
when Rbh is in the vicinity of Ag in the Co- Mn composite oxide system. This synergy can be
explained as consequences of the shift in electron cloud from silver to higher electronegative
Rh, which is very important for the formation of good synergy. Such a synergistic effect of Ag
and Rh was also discussed by J. Pandey et al. in context to catalytic dehydrogenation studies
[164]. For prepared composite oxide series as illustrated from conversion plot the order of the
activity is as follows MM'-5%Ag-1%Rh > MM'-5%Ag > MM’ wherein MM'-5%Ag-1%Rh is
observed to be a highly active catalyst for NO-CO redox reaction.

The significant effect of Al in prepared composite was investigated through NO — CO
conversion reaction. Figure 5.54 represents the NO — CO redox conversion pattern over Cu-
Mn composite oxide composed of Pd and Al. The Cu-Mn composite oxide could achieve its
maximum activity of up to 44% of NO — CO conversion. Also, addition of Pd in Cu- Mn
composite fails to convert 100% of NO — CO but could elevate its activity to 65% in a
temperature window of 100 — 250 °C. This rise in activity is due to presence of electron rich
Pd in Cu-Mn system which provides greater active surface for simultaneous decomposition of
NO and CO. Further, in Cu-Mn-Al-Pd composite catalyst, it has been seen that the
incorporation of Al leads in 100 % conversion of NO and CO at 225° C. This result clearly
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indicates that the presence of Al effectively promotes the catalytic performance of the

composite oxide.
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Fig. 5.54: NO - CO redox reaction over CuMn, CuMn-P and CuMn-A-P_(5% NO and 5% CO
in Ar at flow rate of 5000 mL h—1).

Comparing the results of the BET surface area with catalyst performance, it has been

clearly observed that the Cu-Mn-Al-Pd composite possesses the highest surface area whereas
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Cu-Mn showed lowest and the same result is portrayed in NO-CO redox reaction. Although,
Al,Os is chemically inert, it has provided a good platform for the active metal like Cu, Mn and
Pd in Cu-Mn-Al-Pd composite to act synergistically. Therefore it has been used as a support

for many transition or precious metals in many chemical reactions for decades.

The influence of Mn in Cu-Co composite oxide was evaluated for simultaneous NO-CO
redox reaction. The result of % NO and %CO conversion with respect to temperature in case
of Co-Cu, Co-Cu-10Mn, Co-Cu-20Mn and Co-Cu-30Mn composite are displayed in Fig. 5.55.
All the composite catalyst showed an increase in catalytic activity with the rise in temperature.
The NO-CO conversion over Cu-Co composite oxide was initiated at 90 °C and yield to 100%
conversion at 145 °C. In the case of Cu-Co-10Mn, Cu-Co-20Mn and Cu-Co-30Mn, the 100%
catalytic conversion was achieved at 120 °C, 180 °C and 210 °C, respectively. This result
clearly shows the promotional effect of 10% Mn in Cu-Co composite oxide, which is observed
to be the best catalyst from the prepared catalyst. While, increase in the concentration of Mn
in Cu-Co composite showed unexpectedly decrease in catalytic performance. The following is
the order which has been observed for the simultaneous NO-CO conversion: Cu-Co-10Mn >
Cu-Co > Cu-Co-20Mn > Cu-Co-30Mn. Such increase in the catalytic performance with the
addition of 10% Mn may be due to the formation of active sites which plays a role of
promoter in Cu-Co catalytic system. However, the further increase in Mn concentration can
lead in suppressing these active sites by acting as a poison, which later results in decrease in
the catalytic activity. Additionally, this explanation is well coinciding with the CO-TPD
studies (Fig. 5.25) in which 10% Mn shows higher amount of CO desorption and as Mn

concentration increases, the decline in CO peak was seen.
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Fig. 5.55: NO - CO redox reaction over Co-Cu, Co-Cu-10Mn, Co-Cu-20Mn and Co-Cu-
30Mn (5% NO and 5% CQO in Ar at flow rate of 5000 mL h—1).

The performance of NO-CO redox reaction studied over different Pd containing oxide
catalysts as a function of temperature is shown in Fig. 5.56. From Fig. 5.56, it can be
understood that NO conversion using CO on Pd substituted cobalt chromite has poor activity

among the prepared oxide catalysts (PdR1). The performance of PdR1 is increased by
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supporting it with PdO but was unable to achieve the 100% conversion of NO to N, and CO to
COs as seen from PdR2.
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Fig. 5.56: NO - CO redox reaction over PdR1, PdR2, PdR3 and PdR2-PdR3 (5% NO and 5%
CO in Ar at flow rate of 5000 mL h—1).

Also, the catalytic conversion over PdR3 was studied and showed Tigp at 250 °C. Further,

PdR3-PdR2 showed the enhancement in catalytic conversion when PdR3 was combined with
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PdR2, gaining a 100% conversion of NO and CO at 170 °C. The reason for such a rise in
conversion at a lower temperature is probably attributed to the presence of PdR2 producing
synergy with the PdR3, which increases the overall redox property of the material. The
percentage of Pd loading in 1 g of PdR1, PdR2, PdR3, and PdR3-PdR2 was calculated as
2.3%, 3.4%, 2.6%, and 2.9% by weight to compare the impact of Pd on the oxide system. The
presence of a marginal Pd rise in the overall system may not be alone which helps in driving
the NO-CO conversion but also can be greatly related to synergy interaction, which helps in
lowering the reaction temperature. This significant increase in redox property of PdR3-PdR2
creates the active catalytic state at lower temperature on the surface of the catalyst, thereby

allowing more reactant to catalyse on its surface.

During the reaction period, formation of N.O was monitored over the catalysts and their
results are shown in Fig. 5.57. From the results, it can be seen that N»O formation was
comparatively higher in PdR3 than the other studied materials, which was decreased in PdR3-

PdR2. Additionally; N,O was observed to be diminishing in a higher temperature region.
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Fig. 5.57: N>O formation over PdR1, PdR2, PdR3 and PdR2-PdR3.
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Figure 5.58 shows the catalytic behavior of CuggsPdsO and Al,O; modified CuggsPdg osO
with respect to NO — CO redox reaction. In the absence of Al, the CugosPdy 050 showed poor
conversion of NO and CO (i.e. 80% at 250 °C), whereas with the incorporation of Al a

significant advancement is observed.
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Fig. 5.58: NO - CO redox reaction over Cug9sPdy 50, 2041 Cug9sPdy 95O and 10Al-
Cug.osPdp ps0 (5% NO and 5% CO in Ar at flow rate of 5000 mL h—1).
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On monitoring the NO — CO conversion reaction on 20% Al,Os crafted CuggsPd 5O, it
displayed the improvement in catalytic process by giving 100% redox activity at 170 °C. This
confirms the effect of Al addition in CugosPdgosO, which makes the Cu-Pd more active.
Similarly, it can be also correlated with CO-TPD profile, as quantum of CO adsorption was
higher in 20Al/ Cug.9s5PdoosO than CugosPdgosO. In contrast, just Al;O3 is inactive for such
catalytic process but it can be used as good platform for active species by dispersing within
the oxide system. Furthermore, simultaneous NO-CO conversion has been moved to lower
temperature by architecting the Al,0z and CugosPdo.osO wherein more active species (i.e. Cu-
Pd) was kept in exposed position. This designing of catalyst has attained the 100% conversion
at lower temperature of 130 °C, which is again convincing with the CO TPD result as 10Al-
Cug95PdposO holds more CO on its surface. Finally, the increasing trend obtained for the
simultaneous NO — CO reaction is produced as 10AI-CugosPdoosO > 20Al/CugosPdposO >
Cug.95Pdo 050.

To examine the effect of physical grinding on simultaneous NO-CO conversion reaction,
CeRu — CuPd composite oxide was prepared from Ce 9sRu 0502 and Cug9sPdy0sO. The result
of % NO/CO conversion with respect to temperature gradient is presented in Fig. 5.59. The
CuPdO, with a 5% Pd loading showed complete NO-CO detoxification at 275 °C, whereas the
CeO; containing 5% Ru showed 100% conversion at 150 °C. This proves the significant effect
of CeRuOs; in detoxification of NO and CO at lower temperature as that of CuPdO. Further,
the NO-CO testing on composite dropped the reaction temperature by 30 °C as that of CeRu
and gave 100% conversion at 120 °C. Such performance of the CeRu-CuPd composite oxide
is mostly due to the synergistic effect produced between CeRu and CuPd oxide system. The
increasing trend observed in removal of NO and CO is CeRu—CuPd > Cej9sRuposO; >
Cug95PdpsO. Similar type of studies was also reported wherein composite an oxide produces

a greater impact in catalytic reaction than single phase oxide due to stoichiometric distortion.
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Fig. 5.59: NO - CO redox reaction over Ceg g5R19050,, Cg.95Pdp 50, and CeRu-CuPd

composite (5% NO and 5% CQO in Ar at flow rate of 5000 mL h—1).

5.8.4. Catalyst Stability and recyclability for NO—-CO redox reaction

Figure 5.60 shows the stability of the CrO3 and Cry.9¢Cug.04O3 catalyst for NO conversion

reaction. These catalysts were studied for 500 min in Ar atmosphere at a fixed temperature of
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185 °C. A steady %NO conversion was seen during the studied time and result were

consistent for 500 min. This shows the stability of the catalyst for 500 min run.
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Fig. 5.60: NO conversion stability over Cr,Qs;and Cr; 9sCug 9403 catalyst.
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Fig. 5.61: NO conversion over Cr.96Cg.040;3 catalyst for three catalytic cycles.
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Also, the reproducibility study was carried out on the highly active catalyst (Cr} 96Cug403) to
understand the reusability of the catalyst prepared. The recyclability study was carried out for
3 catalytic cycles by taking 5% CO and 5% NO in Ar atmosphere and the obtained result is
given in Fig. 5.61. The catalyst showed similar pattern for 3 catalytic cycles. This shows a

good recyclability of the catalyst studied.

The reaction stability over MM'-5% PdO was studied and is displayed in Fig. 5.62. The
reaction was carried out for a period of 7 h at a fixed temperature of 200 °C in Ar atmosphere.
The studied condition was 5% CO, 5% NO and 90% Ar for 7 h and also stability was checked
by introducing the moisture. MM'-5% PdO represents good stability in the run time of 7 h.
The 71 mmols/h of H,O was introduced in reaction mixture over MM'-5% PdO composite
system at 200 °C shows stable conversion with marginal decrease in conversion. Further, this
confirms the good stability of the catalyst and also moisture tolerant behavior of the MM'-5%
PdO.
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Fig. 5.62: NO conversion stability over MM'-5%PdQO in the absence and presence of

moisture.
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As recyclability is one of the important criteria of the catalyst, reproducibility of MM'-5%
PdO was checked for NO-CO reaction. The recyclability studies were carried out for three
catalytic sets and the graph produced due to the same is displayed in Fig. 5.63. This result is in
good agreement with each other and produces similar results for 3 continuous cycles.

Therefore, a good reproducibility of the catalyst for NO-CO reaction is thus confirmed.
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Fig. 5.63: NO conversion over MM' - 5%Pd0 catalyst for three catalytic cycles.

The Fig. 5.64 shows stability of the PAR3-PdR2 catalyst for 7 h at 180 °C. The reaction is
composed of 5% NO, 5% CO and 90% Ar at a flow of 5000 ml/h. The consistent result was
obtained during the 7 h run, which confirms the good stability of the catalyst towards

simultaneous NO-CO conversion.
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Fig. 5.64: NO conversion stability over PdR3-PdR?2 for 7 h.

Catalyst reusability was performed over PAR3-PdR2 and the obtained data was presented
in Fig. 5.65. Catalyst reproducibility was carried out from room temperature to 200 °C. This

catalyst used for the catalytic run showed good performance for the repeated study.
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Fig. 5.65: NO conversion over PdR3-PdR?2 for 3 catalytic cycles.
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6.1 Summary

This Thesis is comprised of material designing and modification for detoxification of NO and
CO pollutants. All the prepared catalysts were thoroughly characterized by different
techniques to understand the properties of the catalysts. Thereafter, these catalysts were
studied for the oxidation of CO with O,. Similarly, simultaneous removal of NO and CO via
NO-CO redox pathway was also studied. In this section, a brief overview of the work

presented will be summarized.

Chapter 1 gives a brief introduction about the gaseous pollutants and its need for catalytic
detoxification is highlighted. At the end of this chapter, highlights of overall thesis and its

organization has been provided.

Chapter 2 describes the detailed literature survey in concern with nitrogen monoxide, carbon
monoxide, overview of the catalysis and various methods for the catalyst preparation. In
relation to CO-O, and NO-CO redox reaction mechanisms were discussed. In addition to this,
a brief literature on various metal oxides with respect to CO-O, and NO-CO conversion were

also discussed.

Chapter 3 describes the experimental details of the thesis work. A detailed procedure about the
different types of the catalyst preparation and modification has been discussed. Similarly,
procedures for catalytic reaction measurement over gas chromatography were presented.

Thereafter, schematic representations of the catalytic set-up were also illustrated.

Chapter 4 contains characterization of all the catalyst materials using structural,
morphological and spectroscopic tools. Thermal studies describe the decomposition of the
metal precursor and also the stability of the prepared catalyst. Further, IR spectroscopy was
implemented to clarify the complete decomposition of metal precursor by comparing IR data
of metal-precursor with final metal oxide. XRD technique was employed to understand the
crystallinity, phase purity and crystal structure of the prepared oxide catalyst. Catalysts were
prepared using different methods, which therefore result in different morphological
arrangements. The required information regarding sample morphology was gained through
SEM technique. Also, elemental color mapping was depicted to provide focus on elemental

distribution over the surface. As all the prepared metal oxide particles are obtained at a nano
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scale, TEM technique was utilized to deduce their shape and to measure size of the particle.
XPS analyses were conducted in order to understand the chemical valence state of the
elements present. Since, binding energy is a characteristic feature of element, a representative

compound from the series has been evaluated and discussed.

Chapter 5 consists of the surface and catalytic performance over all the various types of metal
oxide catalysts. Surface studies such as Nj-sorption, H>-TPR, O,-TPO, CO-TPD, NH;-TPD,
CO,-TPD and CO pulse titration which describes the surface area, surface redox property,
surface affinity towards CO and surface acidity-basicity of the catalyst, respectively were
discussed in detail. Likewise, CO-O; reaction and NO-CO redox reaction were performed and
the obtained results were discussed in chapter 5. With respect to preformed reaction, catalyst
stability, recyclability was also summarized. And finally in chapter 6 contain summary and

conclusion.
6.2 Conclusion

. In conclusion of monophasic catalyst series, two host materials were selected for
analyzing its catalytic property toward the oxidation of CO and NO-CO simultaneous
conversion i.e. chromium oxide and cerium oxide. A successful preparation of chromium
oxide and copper-substituted chromium oxide were carried out using glycine-combustion
method, whereas for Ru, Ag, Cu, Mn substituted cerium oxide, tartaric acid mediated solution
combustion route was employed. Complete combustion of metal-precursor to metal oxide was
confirmed from IR spectra as no vibration bands in 4000 to 1000 cm ' range was observed
which corresponds to organic species. X-ray diffraction patterns of Cr03; and Cry 96Cug 0403
confirmed the rhombohedral phase and also, the presence of copper in Cu'? was confirmed
through XPS studies. In the case of cerium oxide, XRD revealed the formation of monophasic
compounds and having cubic structure in all the substituted cerium oxides. Hydrogen
reduction pattern of Cr,O3 and Cu substituted Cr,O3 showed low oxygen mobility in pristine
Cr,03 as compared to Cu substituted Cr,O3, thus decreasing the redox property of the Cr,0s.
In TPR profile of Ru, Ag, Cu, Mn substituted cerium oxide, increase in the oxygen mobility
were seen as compared to pure CeO,. Similar pattern was seen in CO pulse studies on Ag, Cu,
Mn substituted CeO; series, where multiple substitution showed highest CO adsorption in the

series. But in the case of Ru substituted CeO,, a gradual increase was shown by CO
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desorption peak which intern confirms the higher amount of CO uptake with increase in Ru
concentration in cerium oxide.

Foamy fibrous Cu substituted Cr,O3 series was studied for simultaneous NO-CO redox
reaction which gave enhanced catalytic activity after substitution of copper in Cr,Os;. This
improved conversion by addition of copper can be associated to the enhanced redox nature in
Cr1.96Cu0.403. Also, good reaction stability and reusability of the chromium oxide catalyst
was observed. In Ag, Cu, Mn substituted CeO, oxide series, the catalytic activity of the CeO,
was significantly enhanced with the isomorph substitution exhibiting the highest conversion at
95 °C. Also, in moisture and CO, environment, a good moisture and CO, tolerance was
observed. The highest catalytic conversion of the Cej9sMng0Cug02Ag0.0102 can be attributed
to the synergy effect formed by co substitution of Mn, Cu and Ag in CeO, matrix. The TPR
studies showed a good reduction property and high CO adsorption over
Ceo.9sMng 02Cuo.02Ag0.0102 which play important part in CO oxidation reaction. Likewise, Ru
substitution in CeO; also showed enhanced catalytic activity in CO-O, and NO-CO redox
reaction. The increase in the concentration of Ru in cerium oxide produced improvement in
CO-0; and NO-CO conversion ability by giving 100% conversion at 150 °C, which is highest
among the series of Ru substituted CeO; catalyst.

o The work on Co-Cu-Mn composite oxide and the precious metal containing Co-Mn
and Cu-Mn composite oxide catalyst describes the promotional effect of composite oxide
system towards the CO-O, and NO-CO redox reaction. Composite system having small
amount of precious metal is an efficient and economical way to convert NO and CO to safer
gases. A series of Pd containing cobalt-manganese oxide series, Ag and Rh composed cobalt-
manganese oxide, Al and Pd, copper-manganese oxide nano-catalysts systems were
successfully prepared by glycine - assisted combustion route. Similarly, Mn containing cobalt-
copper composite oxide system was also designed via glycine assisted combustion synthesis.
The metal-glycine precursors were characterized using thermal analytic tools for
understanding their decomposition temperature and the temperature stability of prepared
composite oxides were also confirmed. This complete removal of carbon moiety was thus
investigated from the IR spectral studies. XRD peaks showed the low crystallinity in all the
composite oxide samples which may be due to the formation of particles in nano-range. XPS

revealed the presence of Co?/Co™, Mn"/Mn™* and Pd"? in the Pd composed Co-Mn oxide
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and Co'?/Co"”®, Mn"/Mn"*, Ag"' and Rh' in Ag-Rh containing Co-Mn oxide. Likewise, in Al

and Pd containing Cu-Mn composite oxide, presence of copper in Cu™*?

243144
Mn

, manganese in
, aluminum in Al and palladium in Pd"? state was proved by XPS studies. The
prepared composite oxide catalysts were found to show porous appearance in SEM and the
formation of nanoparticles was confirmed through TEM analysis. BET surface area studies
showed the increasing surface area trend in Co-Mn composite oxide with increasing Pd
concentration in the series and with the addition of Ag and Rh together by providing more
surface area. In the case of Cu-Mn composite oxide, addition of aluminum showed
enhancement in the surface area, which is due to the formation of porous structure after
addition of aluminum as confirmed through BJH studies. While in Co-Cu composite system,
addition of 10% Mn showed increased surface area and later observed decrease in the surface
area after addition of Mn. Surface oxygen mobility and the CO adsorption property of the Pd
containing Co-Mn composite oxide catalysts were found in the order of MM—5% PdO >
MM'-3% PdO > MM'-1% PdO > MM, similar in Ag-Rh composed series the observed order
were MM'—5% Ag-1% Rh > MM'-1% Ag > MM'. This improvement was the consequence of
the enhanced effect of the precious metal dilution in the Co-Mn composite system which helps
in enhancement in surface property. From Cu-Mn composite oxide series, the promotional
effect of Al was seen which helps in triggering the surface reduction property in Cu-Mn-Al-Pd
composite oxide. Also, weakening of surface acidity and improvement in surface basicity was
investigated in the presence of Al in Cu-Mn composite oxide system. H>-TPR studies on 10%
Mn addition in Co-Cu oxide showed the improvement in surface reduction which was further
observed to decline with the increasing Mn concentration in Co-Cu composite oxide system.
Similar pattern was also seen in CO TPD studies which showed desorption of CO at
comparatively lower temperature as compared to other catalyst from the series.

Among the tested Pd containing Co-Mn catalysts, 5% PdO composed Co-Mn composite oxide
exhibited improved catalytic reaction by completing CO-O; oxidation reaction at 65 °C and
simultaneous NO—CO redox reaction at 170 °C, which was found to be the best catalyst for
the studied reactions. The increase in Pd concentration in the composite oxides significantly
decreases the N,O formation and also showed excellent reproducibility for the reduction of
nitric oxide to N,. The catalysts showed very good stability for the simultaneous NO—-CO

redox reaction for 7 h. However, a marginal decrease was observed in NO reduction when
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moisture was introduced into the reaction system, which is an observed pattern for most of the
time. The work on Ag and Rh containing Co-Mn composite oxide describes the promotional
effect of Rh-Ag pair towards the CO-O; and NO-CO redox reaction. This made MM'-5%Ag-
1%Rh catalyst active at lower temperature, which results in 100% conversion of NO and CO
at 150 °C in NO-CO reaction and 100% conversion of CO in CO-O; reaction thereby
conveying the high efficiency of the catalyst as compared to many other catalysts. Among the
prepared Cu-Mn composite series, addition of aluminum showed 100% conversion of NO and
CO at 225 °C in Cu-Mn-Al-Pd composite oxide catalyst. In spite of inert nature of Al,O3,
addition of Al has improved catalytic property, which showed the promotional effect of Al in
composite oxide catalyst. In Co-Cu-Mn composite oxide catalyst, the order observed for the
simultaneous NO-CO conversion was Cu-Co-10Mn > Cu-Co > Cu-Co-20Mn > Cu-Co-30Mn.
Thereby showed enhancement in catalytic performance with the addition of 10% Mn. Similar
trend was also observed in CO-0; reaction where 100% CO oxidation occurred below 40 °C.

o Systematically designed mixed metal oxide catalysts were prepared with glycine-
combustion and wet impregnation method for oxidation of carbon monoxide and also
simultaneous reduction of nitric oxide. Here two different mix metal oxide series were
prepared, one comprised of Pd substituted CoCr,0,, PdO and Pd substituted Mn,O3 and other
one includes Pd substituted CuO and Al,O;. Monophasic formation of Pd-substituted Mn,Os,
CoCr,04 and CuO was confirmed from their powder XRD patterns which were found to be
matching with their standard JCPDS data card. N, sorption reveals the type IV isotherm of
prepared nanoparticles and their variable oxidation states were analyzed through XPS studies.
TPR- TPO studies were used to monitor the redox property of the catalyst which is in the
order of PdR3-PdR2 > PdR3 > PdR2 > PdRI1. Surface reactivity of CO studied using the
temperature-programmed desorption showed two different adsorption regions, i.e., weakly
chemisorbed and strongly chemisorbed on the surface, which is very well related to the
reaction studied. In Al,O3; modified CugosPdoosO series, surface reduction was monitored
through H,-TPR studies which convey pre presence of active metal species in different surface
environment. Likewise, in CO desorption studies 10% AlLO; possessing CuggsPdgosO showed
larger desorption of CO indicating high amount of CO getting adsorbed on the catalyst

surface.
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Among these tested catalyst series, PAR3-PdR2 and 10A1-Cug9sPdy 95O showed better activity
with respect to simultaneous NO-CO conversion of 100% at 170 °C and 130 °C, respectively.
Also, very good CO oxidation with O, was seen in 10AI-CuposPdposO catalyst. Systematic
designing of the catalyst produces a good synergy by metal-metal interaction, which helps in
decreasing the reaction temperature. The catalyst showed good PdR3-PdR2 stability and
reproducibility for NO-CO simultaneous conversion reaction.

e The physical grinding method was one of the routes to prepare composite oxide
catalyst which is discussed in the thesis. A successful attempt was made to prepare CeO,—CuO
and Ce9sRup0502-CuposPdoosO composite oxide from the respective monophasic oxide.
Comparing the XRD data of pure CeO, and CuO with CeO,—CuO composite, no reflection of
extra phases was seen. The surface morphology reveals the presence of porous agglomerated
CeO; and CuO particles in the composite system which is observed to be well dispersed over
the catalyst surface as shown in elemental mapping data. Likewise, CeposRugosO and
CugesPdo 95O also showed porous structure with agglomerated particles which after grinding
observed as agglomerated particles in SEM. The surface area and BJH pore size distribution
of CeO,-CuO composite was found to be lesser than that of pure cerium oxide. Elemental
oxidation states studies were also carried out over composite wherein presence of Cu''/Cu'
was seen in CeO,-CuO composite oxide and the presence of Rh'™ and Pd" was seen in CeRu-
CuPd composite oxide system. Further, the oxygen mobility and CO adsorptions over
prepared CeO,, CuO and CeO,-CuO oxides were studied by means of H,-TPR and CO pulse
titration studies. These studies revealed the high oxygen mobility and CO adsorption over
composite oxide which is an evidence for the strong synergy interaction generated within the
composite system from Cu—Ce interaction. From Ceg9sRug 0502, CugosPdoosO and CeRu-
CuPd composite oxide, CugosPdoosO showed higher surface reduction in the series thus
proving large amount of movable oxygen in the temperature range of 130 °C- 320 °C. During
CO desorption studies over CeRu-CuPd composite system, both types of CO chemisorption
sites i.e. weak and strong sites were observed with a slight shift in peak position.

Catalytic oxidation of CO over CeO,~CuO and CeRu-CuPd composite oxide showed better
conversion than the respective monophasic oxides by expressing an enhanced effect of
physical grinding. Similar result in NO-CO redox reaction was seen over CeRu-CuPd

composite oxide wherein it showed a higher performance of catalytic activity with respect to
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CeposRug 0507, and CugosPdysO. This result was compared with the TPR and chemisorption
studies and was found to be in the good agreement with the catalytic activity studies. Also,
good reaction stability was seen in both absence and presence of moisture over CeO»-CuO

catalyst.
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and Materials Research Society of India, Nagpur chapter from Jan 7-11,2019.

Workshop attended

1. Attended National workshop on “Theory and practice of X-ray diffraction techniques

(TPXRDT) 2017” organized by Alagappa Chettiar Collage of Engineering and
Technology, Karaikudi during 25" to 27" May 2017.
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2. Attended a two week MHRD sponsored GIAN Course on “Phase Transitions and their
Technological Applications” organized by Department of Physics, Goa University
Taleigao Goa during 05™ to 19™ march 2018.

3. Attended course on “Documentation Using LaTeX” organized by Extra mural studies

and Extension service, Goa university from 24 February to 24 March, 2018.
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