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Chapter 1: Introduction

1 Introduction

1.1 General Background

Catalysis is an experimental fact now; however, it was a subject of debate
prior to the introduction of the concept by Berzelius in 1835. He defined catalyst as “a
power of substances that enables to awaken the affinities, which are asleep at
reaction temperature by their mere presence and not by their own affinity” [1].
Throughout the rest of 19" century, the term catalysis remained heavily debated until
around 1900; Wilhelm Ostwald proposed its valid definition in terms of the concepts
of chemical kinetics. In 1909, Ostwald was awarded the Nobel Prize in chemistry for
his contributions to catalysis [2]. Nowadays catalysis has a dramatic impact in our

daily life as well as in industrial processes.

Catalysts are materials that change the rate of a chemical reaction but do not
change the thermodynamics of the reaction, without undergoing any change in itself.
In addition to the remarkable increase in the activity of the reactants, catalyst offers a
remarkable selectivity towards the certain desirable reaction products. Often this
higher selectivity is of greater importance than increased reactivity since a highly

selective process reduces the generation of waste by-products [3].

Energy
A

without
catalyst

o

Figure 1.1: Energy diagram illustrating the progress of a chemical reaction with and

without catalyst.
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A chemical reaction involves in breaking of bonds between atoms and the
formation of new ones. This process is associated with transformation of energy and
the energy diagram illustrating the progress of reaction A+ B— C is shown in Figure
1.1. The activation energy E£* is usually provided by thermal energy kT, where £ is the
Boltzmann’s constant and 7 is the temperature. Among all molecular encounters only
a fraction given by probability factor e is usually successful. Hence, the reaction
rate can be increased if the activation energy E* is lowered either by increasing the

temperature or by using a catalyst [4].

The catalytic approach is facilitated through the formation of short-lived
intermediate compounds. Molecules involved in the reaction provide an alternate
reaction path as sketched by the dashed line in Figure 1.1, which is associated with

smaller activation barrier and hence, higher in overall reaction rate could be achieved.

Based on phase of the reactant and the catalyst, these can be classified into
homogeneous and heterogeneous catalysis. In homogeneous catalysis, both reactant
and catalyst are in the same phase (eg, Ziegler Natta polymerization). Generally,
homogenous catalysts are such compounds or coordination complexes, which are

miscible with the reactants in the reaction medium under reaction condition.

The other type is heterogeneous catalysis where the reactant and catalyst are in
different phases. Normally, these catalysts are solids and dispersed in gaseous or
liquid reaction mixture, like Haber process and Fischer-Tropsch processes. In the
petrochemical alkylation process, both catalyst (acid) and reactant (hydrocarbon) are
liquid but exist in different phases. The main advantage of the heterogeneous catalyst
over homogeneous catalyst is that, it can be employed continuously in a flow reactor
without interruption. Further, the catalyst is present in a different phase from that of
the reactants as well as products, so it can be separated very easily from the reaction

mass at the end of the reaction.
1.2 Heterogeneous Catalysis

Heterogeneous catalysts cover almost 90% of the industrial catalytic
processes. Due to its definite technical advantages, like production process,

competitiveness and economy, heterogeneous catalysts are gaining more and more

Ph. D Thesis 2



Chapter 1: Introduction

importance to the world’s economy, to convert the inexpensive raw materials into
value added fine chemicals and fuel in an economic, environmental efficient manner

and also in the production of pharmaceuticals.

These catalysts are sometimes called surface catalysts because the active sites
are present on the surface and all the catalytic reactions go on these active sites.
Diffusion of the reactant through a boundary layer surrounding the catalyst surface is
the first step of any heterogeneously catalyzed process. This is followed by the
adsorption of the reactant molecules on the active sites of the catalyst surface. The
atoms in the surface layer of a solid have fewer neighbors than those in the bulk,
hence are chemically unsaturated. These atoms may form new bonds (chemisorptions)
with suitable molecules impinging from the adjacent gas or liquid phase. Adsorption
is the main step of any heterogeneously catalyzed reaction. The formed surface
species may jump from one site to neighboring ones to react with others to form new
adsorption complex. Then the new complexes decompose and the reaction products
leave the catalyst surface (desorption). The activity of a heterogeneous catalyst is

defined by the number of revolutions of the catalytic cycle per unit time.

In addition to the fundamental properties that define the efficiency of a
heterogeneous catalyst, i.e. activity and selectivity, industrial application requires that
should be (i) regenerable, (ii) thermally and mechanically stable, (iii) reproducible,
(iv) economical, i.e. inexpensive, can be prepared from cheap raw material, (v)
suitable morphological characteristics like high surface area, high number of active

sites per unit area and crystallinity.

Heterogeneous catalyst can either be metal (noble/non-noble/transition),
semiconductor or metal oxides which in term may be crystalline or amorphous. Each

type has its own merits and demerits based on their application.
1.3 Metal Oxides as Catalysts

Metal oxides represent one of the most important and widely employed
categories of heterogeneous catalysts either as active phases or as support. The
versatility of the use of oxide systems can be seen in many organic reactions like

oxidation, hydrogenation, dehydrogenation, condensation, cracking, isomerization
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and alkylation etc [5]. Hence, oxide catalysts are important from commercial point of

view and have been used for manufacturing many valuable products [6].

Classifying metal oxide catalysts is quite tedious since it involves a variety of
crystal systems of different compositions with a wide range of physico-chemical
properties. Oxides have an ability to bring about electron- and proton- transfer and
they can be used in both redox and acid base reactions. Therefore, depending on their
nature, oxide catalysts fall broadly into two general categories either acid/base

catalysts or oxidation catalysts.

Acid/base catalysts are mainly those in which the cationic material has a single
oxidation state and are mostly insulating in nature. They have stoichiometric M:O
ratios. The s and p group metal oxides and the zeolites fall into this category. Alkali
and alkaline earth metal oxides act as base catalyst and these are active and selective
for many reactions such as isomerization, dehydrogenation, aldol condensation etc
[7]. The p-block metal oxides are mainly acid catalyst like alumina, silica, and silica—
alumina in their various modified forms and have been evaluated as catalyst for
alkylation, acylation and cyclization reactions. Some of the oxides have both acidic
and basic properties; these are normally oxides of weakly electropositive metals like
Zn0O, SnO,. These amphoteric oxides react as basic oxides with acids and as acidic

oxides with bases.

The other type of oxides which is commonly used in oxidation reactions and
photocatalysis, are semiconductor or conducting oxides. A semiconductor is a
material that has electrical conductivity between those of a conductor and insulator,
which is characterized by a filled valence band and an empty conduction band. These

are normally transition metal oxides where metal ion has variable oxidation state.

1.3.1 Transition Metal Oxides

Transition metal oxides are extensively used as heterogeneous catalysts for a
number of organic transformations such as oxidation, oxidative/non-oxidative
dehydrogenation, reduction, ammoxidation, metathesis (production of long chain
alkenes), and esterification as well as for water gas shift reaction [8]. The high

catalytic activity of transition metal oxides is mainly attributed to their multiple
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valences. Transition metal ions exhibit variable oxidation states, due to intrinsic
oxidation-reduction processes or by catalytic reactions [9] and that can occur at the

same or different cationic sites.

Among the transition metal oxides, superior behavior could be obtained from
the catalysts where metal ion species are relatively easy to interchange between two
different valence states. This can involve two different oxidation states under reaction
conditions as can be found in Fe,O3, V,0s, TiO,, CuO or NiO, or the inter conversion
between the positive ion and neutral metal, with the more easily reduced oxides such

as ZnO and CdO.

1.3.2 Doped Metal Oxide

Sometimes metal oxides may not be active enough to achieve the highest
performance of any catalytic transformation. To obviate the above limitation doping
with suitable heteroatom is required as metal-support interaction helps to change the
electronic properties and acid—base properties, thus helps to accomplish the desirable
performance. The material chosen as appropriate dopants depends on the atomic
properties of both the dopant and the material to be doped. It is believed that doping
in metal oxides brings dramatic change in physical and chemical properties of the
catalyst. The importance of doping on the catalytic activity of a given material can be

understood by considering the following examples.

Oxidation and reduction temperature of any metal can be varied according to
the demand in reaction condition by choosing the suitable material to be doped. For
example, pure Co3;O4 gives two reduction peaks at 327°C and 540°C. Reported TPR
studies demonstrated that cobalt oxides in different environment undergo reduction of
Co ion at different temperatures, such as cobalt supported on alumina shows four
different reduction regimes. The temperature at which reduction of cobalt ion occurs
is strongly influenced not only by the oxidation state of the cobalt, but also by the
nature of neighboring metal cations and/or metal oxide phases. In Co and Cu doped
on ceria, the presence of neighboring Cu and Ce ions strongly influences the
reducibility of Co cations, which can be seen by decrease in reduction temperature of
cobalt species in that sample [10]. Co or Cu doped on ceria does not offer good

catalytic activity for preferential oxidation of CO under excess hydrogen atmosphere
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at low temperature however, copper-cobalt supported on ceria gives the best result.
No catalytic poisoning, coking or solid-state transformation of catalyst is observed up
to 30 h of reaction time. This gives the evidence for strong synergism between Co and
Cu supported on ceria catalyst. Sometime metal support interaction can help to keep
dopants present in its unusual oxidation state. Further, metal can be active in its zero

oxidation state, but lack in stability could be solved by choosing a proper support.

Change in Electronic Structure: Band gap of material can also be tuned by
proper choice of dopants. In visible light, metal oxides may not show its desirable
photocatalytic activity; however, by doping proper element, band gap can be lowered
to make material active under visible light [11]. For example, though the presence of
metal ions in titania (TiO;) does not modify the position of the valence band edge, it
introduces new energy levels into the band gap of TiO, which can be confirmed from
the relative positions of metal (d and f) and O (2p) levels obtained from the X-ray
photoelectron spectroscopy (XPS) [12].

By suitable doping, thermal stability of the material can be enhanced by means
of improving the mechanical strength of unstable phase of materials. Improvements in
thermal stability of smaller size alumina crystallites are obtained by incorporating
yttrium species during the aerogel preparation. When temperature increases, the
presence of yttrium significantly delays the lattice rearrangement in new phase(s), as
normally experienced by the undoped alumina. Incorporation of Ni in cobalt oxide
lattice enhances its electrical conductivity, but due to tetragonal distortion in the
spinel structure, the thermal stability decreases. In contrast, zinc does not affect the
cubic structure of the spinel and steadily improves the thermal stability with increased

doping concentration.

Photo catalyzed reactions are normally governed by semiconductor catalysts
[13]. The high rate of electron-hole pair recombination in semiconductor
photocatalysts reduces catalytic activity. To overcome this disadvantage, noble metal
such as Pt, Rh, Pd or Ru can be loaded on the semiconductor surfaces. When
semiconductor is doped with suitable metal, the rate of electron transfer to metal is
faster than that to semiconductor. This effect decreases the rate of recombination of
electron—hole pair, which in turn, increases the efficiency of photocatalytic activity in

degradation of dye or water splitting reactions. The photocatalytic activity varies with
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parameters like nature of metal, way of loading, extent of loading and nature of
semiconductor. Normally, the amount of metal loading varies from 0.1 to 1 % to
obtain the optimum activity [14]. Higher metal loading causes very narrow space

charge region which hinders the penetration of light in the catalyst.

Among the semiconductor photocatalysts, TiO, is widely used both as
oxidation catalyst like CO oxidation reaction as well as photocatalyst in water
splitting reaction. Due to faster electron transfer to molecular oxygen, TiO, is found
to be efficient for photocatalytic degradation of pollutants, however, doping by noble
metal in TiO, makes it more effective [15]. ZnO appears to be a suitable alternative to
TiO; since its photo degradation mechanism has been proven to be similar as that of

TiO;,

ZnO belongs to II-VI binary compound semiconductors where Zn is group-II
element and oxygen belongs to group-VI. ZnO exhibits a unique property of wide
band-gap (3.37 eV) that is suitable for short wavelength optoelectronic material [16]
and for photocatalytic applications under UV radiation. Consistently, it is becoming a
key technological material, as it is inexpensive, non-hazardous, easily preparable,
mechanically hard and optically active even with high dislocation densities. Except
few fields like oxidative reforming of CH3;OH and water gas shift reaction, ZnO has

not considerably been explored as a catalyst.
1.4 Zinc Oxide (ZnO)

Research on the ZnO crystal has been continued for many decades due to its
use as a commodity chemical and also for possessing unique physical properties. The
non-centro-symmetric nature of Wurtzite, combined with large electromechanical
coupling, results in strong piezo-electric and pyro-electric properties which enable
ZnO to be used in mechanical actuators, field emission and piezoelectric sensors. ZnO
has electron conductivity and transparent conducting oxide properties. Thin
polycrystalline ZnO is a popular transparent conductor being used in solar cell
contacts and flat panel displays. Therefore, ZnO has versatile applications ranging
from catalysis, gas sensing, UV light emitters, ceramic varsitors, transparent high
power electronics, surface acoustic wave devices and piezoelectric transducers.

Moreover, raw materials for its production are abundant in the earth’s crust and are
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nontoxic Suitable doping of heteroatoms either in the place of zinc (Zn) or oxygen
(O) can widen the application domain of ZnO [17]. Preparation procedures of ZnO
differ based on their applications. A detailed discussion on preparations and the role

of ZnO as a catalyst are presented at the end of the section.
1.4.1 Structure of Zinc Oxide

Most of the group-II-VI binary compound semiconductors crystallize in either
cubic zinc-blend or hexagonal Wurtzite structure where each anion is surrounded by
four cations at the corners of a tetrahedron and vice versa. The structure of ZnO can
generally be described as a number of alternating planes composed of tetrahedrally
coordinated O*” and Zn®" ions, stacked alternately along the c-axis. Though
tetrahedral coordination is in typically sp’ covalent bonding, however, these materials
also have a substantial ionic character. lonicity resides at the borderline between

covalent and ionic semiconductor.

Figure 1.2: Stick and ball representation of ZnO crystal structures: (a) cubic rock salt (B1),
(b) cubic zincblende (B3), and (c) hexagonal Wurtzite (B4). The shaded gray and black

spheres denote Zn and O atoms, respectively.

The crystal structures present in ZnO are (a) cubic rock salt, (b) cubic
zincblende and (c) hexagonal Wurtzite, as schematically shown in Figure 1.2. Jaffe
and Hess [18] described the ground-state total energy of ZnO in Wurtzite, zinc-blend,
and rock salt phases as a function of unit cell volume. The total energy in ZnO
crystals was calculated to be -5.658 eV for Wurtzite, -5.606 eV for zinc-blend, and -
5.416 eV for rock salt phases [16]. Using the local density approximation (LDA)
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calculation technique, the equilibrium cohesive energy of ZnO is reported to be
minimum in Wurtzite structure compared with the other two and thus, can be

considered as the most energetically preferable ones.

[0001]

Figure 1.3: Schematic representation of a Wurtzite ZnO structure having lattice constants a

in the basal plane and c in the basal direction.

Experimental measurements along with the theoretical calculations have
shown Waurtzite ZnO belongs to the space group of C4¢y or P6s,. with lattice
parameters, a = 3.296 A and ¢ = 5.20A [14] at room temperature. A schematic
representation of the Wurtzite ZnO structure is shown in Figure 1.3. The structure is
composed of two interpenetrating hexagonal-close-packed (hcp) sub lattices. Each of
sub lattice consists of one type of atom displaced with respect to each other along the
three fold c-axis by the amount of # = 3/8 = 0.375 (in an ideal Wurtzite structure the u
parameter is defined as the length of the bond parallel to the ¢ axis, in units of ¢). The
cla ratio and u parameter may vary in a slightly wider range, from 1.593 to 1.6035
and from 0.383 to 0.3856, respectively. The deviation from that of the ideal Wurtzite

crystal is probably due to lattice stability and ionicity.

Each sub-lattice includes four atoms per unit cell and every atom of one kind
(group-II atom) is surrounded by four atoms of the other kind (group-VI), or vice
versa, which are coordinated at the edges of a tetrahedron. In a real ZnO crystal, the

Waurtzite structure deviates from the ideal arrangement, by changing the c/a ratio or
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the u value. A strong correlation exists between the c/a ratio and the u parameter.
When the c/a ratio decreases, the u parameter increases in such a way that those four
tetrahedral distances remain nearly constant through distortion of tetrahedral angles

due to long-range polar interactions.

Another important characteristic of ZnO crystal is the presence of polar
surfaces. The most commonly occurring polar surface is the basal plane. The
oppositely charged ions produce positively charged Zn** (0001) and negatively
charged O* (0001) surfaces, resulting in a normal dipole moment and spontaneous
polarization along the c-axis as well as a divergence in surface energy. To maintain a
stable structure, the polar surfaces generally have facets or exhibit massive surface
reconstructions, but ZnO (0001) are exceptions: they are atomically flat, stable and

without reconstruction.
1.4.2 Size and Shape Dependent Properties of Zinc Oxide

By changing the size and suitably adjusting the morphology of semiconductor
particles, it’s optical and electronic properties can be tuned for achieving better
application. ZnO is one of the few oxides with a reasonably wide and experimentally
accessible size range (<7 nm) that facilitates a substantial tunability of the band gap.
There is a systematic and substantial shift of the absorption edge to lower energies

with growth in the average particle size of ZnO [19].

As demonstrated by Gao and Wang [20] ZnO nanopropeller arrays consist of
six triangular-shaped blades of 4-5 um in length and propeller arrays with a diameter
of ~10um synthesized by using solid-vapor deposition process. In a lower temperature
(600 to 700°C) region, due to a relatively slower surface diffusion and lower supply of
vapor, ZnO particles form a triangular-shaped structure. However, at medium
temperature (800 to 900°C) region, a faster diffusion of the ZnO vapor occurs and
higher surface mobility leads to the formation of uniform and longer nanoblades.

There have also been reports on the growth of ZnO tetrapod structures.

Park et al. prepared vertically aligned, uniform, homogeneous ZnO nano-rods
by metal-organic vapor-phase epitaxial (MOVPE) at 400°C without employing any

metal catalysts [21]. However, the mean diameter was smaller than that of prepared
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by other deposition methods though the high optical quality was achieved. Nano-belts
are nano-wires with well-defined geometrical shape. Nano-belts of ZnO are usually
grown by sublimation of ZnO powder without a catalyst. Semiconductor nano-belts
are ideal candidates for cantilever applications, since they are structurally defect-free
single crystals, so can provide a significant improvement in the cantilever sensitivity

due to their reduced dimensions.

ZnO tubes formed by metal organic chemical vapor deposition (MOCVD) at
temperatures of 350—450°C have hexagonal shape as reported by Zhang et al. [22].
The characteristics of the tubes are found to be dependent strongly on both growth
temperature and reactor pressure. Therefore, the tube density and size can be modified
by changing either the growth temperature or the reactor pressure. However, no ZnO

tubes found to be formed at 500°C.

ZnO nano-needles with needle tips in the range of 20-50 nm in diameter can
be obtained through chemical-vapor deposition (CVD). Excellent field-emission
performance is caused by nanosize perturbations on the nano-needle tips. The high
emission current density, high stability, and low turn-on field make the ZnO nano-
needle arrays one of the promising candidates for high brightness field-emission

electron sources and flat-panel displays [23].

ZnO nano-rods and nano-belts have been successfully utilized for field effect
transistors (FETs). Single-crystal ZnO nano-wires synthesized using chemical vapor
deposition method (CVD) are configured as FETs, and these are also utilized for O,
detection. Oxygen is chemisorbed to ZnO surface at vacancy sites, forming O, and
resulting in a surface charge depletion layer, thus leading to a reduction in the
electrical conductivity. Moreover, detection sensitivity increases with decreasing

nanowire radius from 270 to 20 nm [24].
1.4.3 Doping of Zinc Oxide

In order to optimize the potential offered by ZnO, doping is required for both
high-quality n- and p-type ZnO. Doping can change the electronic properties leading
to change in band gap of the materials. It is easy to obtain strong n-type ZnO, but very

difficult to create consistent, reliable and highly conductive p-type material.
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Undoped ZnO films always exhibit n-type conductivity with typical carrier
concentration of 10'7 c¢m™, which is far below from the demand of device
applications. Thus, high conductivity controlled by intentional doping is necessary.
To enhance the optoelectronic properties based on ZnO, both p-type and n-type ZnO
films are necessary. Therefore, ZnO have been doped with elements of the group-la
and IIIb-VIIb, like Ga, In, N, Al, Sn, P, etc. Doping is not usually carried out with
transition elements of the groups Ib, IIb, and VIlIla due to the incompatibility in the

electron affinity or in the ionic radii of such elements with Zn.

p-type ZnO can be grown using an intentionally added acceptor species and
some success has been achieved with N, P, As, and Sb doped as impurities. Nitrogen
is most common among these because of its similar ionic radius and electronegativity
with oxygen. Although a variety of nitrogen sources and different growth techniques
have resulted in p-type ZnO:N, specific growth and post processing conditions are

particularly important in realizing stable p-type material.

In the catalytic scenario, ZnO can act as a support in various types of
conventional and nonconventional reactions. In hydrogenation reaction, Pt metal
supported on ZnO is a very good catalyst. However, it has been observed that
bimetallic species formed by noble metal and Zn are more promising catalyst than Pt

doped on ZnO.

1.4.3.1 n-type Doping

ZnO with a Wurtzite structure naturally deviates from its stoichiometry, thus
automatically forms an n-type semiconductor due to presence of intrinsic defects such
as O vacancies (V,) and Zn interstitials (Zn;) [25]. Although it is experimentally
known that unintentionally doped ZnO is n-type, whether the donor is Zn; or V, is still

controversial.

For n-type doping, Zn or O should be replaced with atoms which contains one
more electron in the outer shell. Thus, the group-III elements Al, Ga and In can
replace Zn ion and group-VII elements Cl and I can be substitutional elements for O.

According to equation (1.1):

D' >D +e (1.1)
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where D’ and D" are the neutral and ionized donors, respectively. Preparation of Al,
Ga and/or In doped n-type ZnO films has been attempted by many research groups
with various techniques [26]. Al doped ZnO films prepared by photo assisted
MOCVD (Metal Organic Chemical Vapor Deposition) method and Ga doped ZnO
films grown by chemical-vapor deposition (CVD) show high conductivity.

Indeed, electron concentration beyond 10*° cm” is obtained in ZnO:Al or ZnO:
Ga, which even at room temperature results in a degenerate electron gas in the
conduction band. A degenerate carrier gas is characterized by the fact that the Fermi
energy (or chemical potential) is located in the band and no longer in the band gap,

and that consequently Fermi—Dirac statistics is mandatory for an adequate description.

Though doping with group-VII elements on the anion site is another promising
possibility for n-type doping, however, it has not been investigated adequately for
Zn0O. Furthermore, it has been shown that hydrogen in ZnO is a very good donor [27].
Therefore, it is worth mentioning that small deviation from its stoichiometry and

doping with proper donor help in developing n-type ZnO successfully.

1.4.3.2 p-type Doping

It is very difficult to obtain p-type doping in wide-band-gap semiconductors
such as GaN, ZnO and ZnSe. The difficulties to form shallow acceptor level arise
mainly from (i) low solubility of the dopant in the host material, (ii) compensation of
dopants by low energy native defects, like, Zn; or V,, or background impurities, and

(ii1) deep impurity level.

To overcome the above mentioned difficulties, one would expect that the p-
type doping in ZnO may be possible by substituting either group-I elements, like Li,
Na, and K for Zn sites or group-V elements as N, P, and As for O sites [28].

Group-I elements can act as deep acceptors with ionization energy around a
few hundred meV, [14, 29] which is much larger than kzT at room temperature.

According to equation (1.2):

A" — A4+ hole (1.2)
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where A” and 4™ are the neutral and ionized acceptors. It has been shown that group-I
elements could be better p-type dopants than group-V elements in terms of
shallowness of acceptor levels. However, being smaller in atomic radii, group-I
elements prefer to occupy the interstitial sites, rather than substitutional sites, and
therefore, act mainly as donors instead. Moreover, significantly larger bond length for
Na and K than ideal Zn—O bond length (1.93 A) induces lattice strain, results in more
native defects such as vacancies, which compensates the doping effect. These are
among the many causes leading to difficulties in attaining p-type doping in ZnO.
Because of these problems, a lot of research presently concentrates on p-type doping
with the group-V elements i.e. N, P or As on oxygen site. However, reproducibility
remains to be a great concern [30]. From As and P, similar behavior as that of group-I
is observed. It then appears that, perhaps the best candidate for p-type doping in ZnO
is N due to (i) smallest ionization energy, (ii) it does not form the NZn antisite, and
(ii1)) AX center of N is only metastable. Nitrogen cannot be incorporated in the ZnO
lattice in the form of N, using pure nitrogen source (e.g. during the growth in air),
however, it can be introduced as single atom or ion using nitrogen plasma source.
Furthermore, nitrogen acceptor has even smaller ionization energy than other standard

acceptors.

1.4.3.3 Nitrogen Doping

From the above discussion, it is clear that nitrogen is a suitable dopant for p-
type ZnO. Various research groups have expended a good deal of effort in an attempt
to realize p-type ZnO using nitrogen (N) as a possible shallow acceptor dopant by
using various types of nitrogen sources including N, NO, N,O, NHj, and Zn3;N;

depending on the growth technique.

Several groups have tried p-type doping ZnO by MBE method using pure N,
or mixture of O, and N, through RF plasma source. High nitrogen surface
concentration of 10" ¢cm™ in ZnO film was obtained, although formation of p-type
ZnO does not take place [27]. Some promising results were reported recently by Look
et al. [31] to produce p-type ZnO by MBE with N doping using Li-diffused semi-
insulating ZnO substrates and an N,; RF plasma source. Nitrogen-surface
concentration (10" ¢cm™) in the N-doped ZnO film measured by secondary-ion-mass

spectrometry (SIMS) was two orders of magnitude higher than that in undoped ZnO.
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It is found that sometimes oxygen vacancies are one of the primary reasons for
hindrance to nitrogen doping. To suppress the oxygen vacancies, various oxygen
sources have been used with nitrogen including H,O vapor. High H concentration was
obtained instead of N while using water vapor in metal organic MBE method. In spite
of that, p-type conductivity was observed which suggests that H incorporation may be
the reason for p-type conductivity [32]. It is also reported the use of mixture of NH3 in
O, or H; gas as a nitrogen source [33] for dc reactive magnetron sputtering to prepare
nitrogen doped ZnO. However, Wang et al. [34] argued that as NHj flux in the
MOCVD chamber increases, the amount of nitrogen doping decreases. 100%
ammonia environment facilitates O—-H bond formation on the surface, which is
stronger than Zn-N bond. Therefore, they have prepared ZnO:N under optimum
ammonia environment. They have calculated surface nitrogen concentration through
XPS analysis and obtained O:Zn:N ratio is about 40:46:14. Lu et al. studied p-type
ZnO growth as a function of ammonia concentration in NH3—O, ambient using dc
reactive magnetron sputtering [35]. It was shown that in the pure oxygen environment
intrinsic ZnO film formed, while, 100% NH; environment resulted in zinc
polycrystalline film. 1:1 ammonia and O, mixture ambient produce nitrogen doped
ZnO, with better electrical properties and high hole concentration of 7.3 X 10" cm™.

In spite of several reports, concentration of nitrogen is still controversial.

Another approach to reduce oxygen vacancies could be to use an O, and N,
mixture to provide oxygen along with N,. Even though various ratios of O, and N,
have been employed but efforts did not turn out to be successful to obtain p-type
conductivity. Some researchers used N,O gas as a nitrogen source, which is a mild
oxidizing gas and the dissociation energy and ionization potential of N,O are lower
than those of N,. In this vein, N,O plasma was used for nitrogen doping in ZnO film
by pulse laser deposition (PLD) [36]. It was found that nitrogen doping was enhanced
by using the active N formed by N,O gas flowing through an electron-cyclotron-
resonance (ECR) source. The prepared material has shown p-type conductivity with a
high hole concentration in the range of 10'® cm . Based on first principle studies, it
was proposed that the NO gas without an ECR plasma source could be more efficient
N source than N,O or N; [37]. The model indicated that the defect formation energy
of N on oxygen site (N,) from NO should be lower than that from N,O. The formation
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energy of N, from N,O is much larger than that from NO. Therefore, it is suggested

that NO molecules could spontaneously be incorporated to form N, defects in ZnO.

Scientists have reported p-type doping with varying zinc source also. Wang et
al. attempted nitrogen doping in ZnO films using diethyl zinc as zinc source and pure
N, gas as nitrogen source, in plasma-assisted MOCVD but they did not achieve p-type
doping. However, it was claimed to successfully prepare p-type ZnO films, by
reacting same zinc source (as mentioned above) with NO gas as nitrogen source [38].
Here, NO gas was used to supply both O and N for p-type doping. Therefore, results
imply that NO can more efficiently incorporate nitrogen in the ZnO film rather than
using pure nitrogen source. Results also indicated that N can be incorporated into ZnO
films without plasma or high-temperature process and a high N concentration was
obtained only under Zn-rich conditions as predicted by Yan et al. [37]. A nitrogen
doped zinc oxide film has been prepared by MOCVD technique from oxygen/diethyl
zinc mixtures injected in an argon/nitrogen atmosphere. A nitrogen content was about
0.5 atom % which was determined by elastic recoil detection (ERD) analysis but
Infrared spectroscopy and mass spectrometry measurements suggest that nitrogen is
present mostly as —C=N [39]. p-type ZnO by nitrogen-ion implantation of ZnO films
using RF magnetron sputtering was obtained by Lin ef al. [40]. The p-type ZnO films
implanted with N’ dose showed good electrical properties and high hole
concentration. While most studies on N-doped p-type ZnO have been based on

deposition methods, other approaches such as oxidation have been attempted as well.

Perkins et al. prepared nitrogen-doped films of ZnO grown by two methods,
MOCVD technique and reactive sputtering, and nitrogen amount was estimated by
XPS analysis [41]. Systematic differences in the N chemical states were observed
between films grown by sputtering and MOCVD. In RF sputtering method zinc metal
target was sputtered by mixture of N, +O,_ In the case of reactively sputtered ZnO: N
films having atomic nitrogen concentrations >1.2%, where as in the film prepared by

MOCVD method contains 2.6% atom nitrogen.

Another successful approach to make nitrogen doped ZnO was thermal
annealing of zinc oxynitride alloy or by oxidizing Zn3N, films. Zinc oxynitride alloy
films grown at a relatively low substrate temperature of 200°C and were subjected to

post growth thermal annealing, resulting in the transformation from ZnON alloy to N
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doped ZnO. With the variation in annealing temperature, behavior of the material
changes. Due to calcination in oxygen ambient all the N dopants from ZnO film
desorbed and replaced by O, thus when annealing temperature is above 1000°C pure
ZnO with better crystalline quality was obtained. When Zns;N, oxidized at 500°C
showed p-type characteristics with a comparable hole concentration. However,
oxidization at a higher temperature of 550°C resulted in n-type conductivity, which
was stated to be due to insufficient N atoms to form N acceptors. These results
indicate that there is a trade off between N-doping efficiency and crystalline quality
[42]. Kobayashi et al. [43] also predicted that N is a good candidate for a shallow p-
type dopant in ZnO although N is not very soluble. It was also suggested that N

doping can be achieved by ion implantation as well.

Further studies by other groups to enhance N doping by thermal treatment of
ZnO were also carried out. Garces et al. [44] observed the formation of nitrogen
acceptors in N-doped ZnO crystals using photo induced electron-paramagnetic-
resonance (EPR) method after annealing in air or nitrogen atmosphere at a
temperature range of 600-900°C. Solid source chemical vapor deposition was also
used for nitrogen doping of ZnO. In this method zinc acetate dehydrate
[Zn(CH3COO0O),2H,0] and ammonium acetate [CH;COONH4] were used as Zn

precursor and the nitrogen source, respectively.

Despite the above-mentioned reports on successful growth of p-type ZnO
films by N doping, there are also a number of reports in which the authors could not
be able to reproduce these results even when the same growth methods, growth
conditions, and N precursors were thoroughly followed [45]. It is expected that some
progress can be made by co-doping, i.e., by using either two different acceptors
simultaneously (e.g. ZnO:N, As) or by combining a moderate concentration of donors
with a higher concentration of acceptors (e.g. in ZnO:Ga, N). Therefore, even if one
assumes that the reported results truly represent the p-type ZnO, the reproducibility

remains to be a major concern.

1.4.3.4 Co-doping with: Nitrogen + Group- 111 Metal lon

Although nitrogen has been considered as the best candidate for p-type doping
for ZnO [44-56], however, till date it is well known that the low solubility of N in
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ZnO is the main problem. Therefore, it is necessary to find methods that can enhance
the solubility limit of nitrogen in ZnO. For this purpose, a donor-acceptor co-doping
method has been proposed in order to realize highly conducting p-type ZnO and a
number of experimental studies have been performed based on this approach.
Recently, Yamamoto and Katayama-Yoshida proposed the co-doping method based
on electronic band-structure calculations to solve the unipolarity in ZnO [46]. They
explained that formation of co-doping ion pair between donor and acceptors enhances
the solubility limit of nitrogen and lowers the acceptor level in the band gap due to
strong interaction between N acceptors and reactive donor codopants. It was noted
that the overall Madelung energy decreases when group-III elements are codoped
with nitrogen, indicating localization of the N states. Moreover, an N-Ga—N complex
would be more soluble than N alone, and be a shallower acceptor as well. A SIMS
study showed that due to co-doping, N solubility enhances 400 times as compared to

that in N-implanted ZnO.

For Ga and N co-doping method, Joseph et al. [47] successfully grew p-type
ZnO films by a PLD system combined with a plasma gas source using N,O gas as the
nitrogen source and simultaneously introduced N as an acceptor. Hall and Seebeck
coefficient measurements confirm p-type conductivity; however, the very low
mobility brings the p-type conductivity in question. It was also indicated that low-
temperature formation is essential for inequilibrium growth in the co-doping
technique. Although p-type conductivity was observed in codoped ZnO films, but the
origin of p-type characteristics is not yet clear due to the lack of characterization.
Ohshima et al. [48] attempted to synthesize p-type ZnO by PLD using various co-
doping methods including the ablation of ZnO:Ga target in NO gas, and Al and N co-
doping using an ion gun and a microwave ECR source. Although they could identify

the presence of Ga—N bond in ZnO, but p-type ZnO film could not be achieved.

From the reported works it is found that the types of conductivity and carrier
concentration in Ga and N codoped ZnO are dependent on the O, partial pressure in
the sputtering gas mixture as V, and Zn; are suppressed in the presence of O,. n-type
conduction obtained from deposited films for oxygen partial pressure varies between
0% and 40%. But, the films deposited with oxygen partial pressure higher than 50%

showed p-type conduction. Since, the conduction type is dependent on oxygen partial
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pressure; oxygen vacancies play an important role in determining the type of
conductivity. There are also investigations on co-doping experiments in which indium
and aluminum were used as group-III co-doping metals, and ultrasonic ultra spray
pyrolysis method was used for growth. The aqueous solutions Zn(CH300),.-H0,
CH3;0O0ONH,4 and In(NO); were used as the precursor of Zn, N, and In, respectively. Al
and N codoped p-ZnO have been prepared by dc reactive magnetron sputtering at
500°C by the growth of ZnO films in a N,O+O, atmosphere on glass substrates. With
high N concentration in codoped sample though dramatic decrease in resistivity was
observed, but does not show p-type conductivity. The study on modification of

preparation procedure and condition is under process.
1.4.4 Preparation of Doped Zinc Oxide

The above discussion leads to the fact that activity and selectivity of any
catalytic process and material application are dependent on preparation parameters of
that material including catalyst, as with changing the preparation procedure the crystal
structure, changes take place in crystallinity and cation distribution. These facts
suggest that materials as well as preparation of catalysts are the critical factor.
Recently, a number of fundamental studies concerning the influence of preparation
procedures on the catalyst performance have been published [49]. ZnO and doped
ZnO can be prepared by various methods like (i) precipitation method [50], (ii) sol-gel
method [51], and (iii)) combustion method depending on the nature of the doping
element. Since, for nitrogen doping these conventional methods can not be applicable,
sophisticated methods like pulsed laser deposition, molecular beam epitaxy, metal

organic chemical vapor deposition are being attempted.

1.4.4.1 Precipitation Method

Precipitation is one of the most important, easiest and economic methods for
the synthesis of solid catalyst. A scientific approach was introduced by Marcilly [52]
for catalyst preparation by precipitation route. Formation of the precipitate from a
homogeneous liquid phase may occur as a result of physical transformation (change in
temperature, solvent, or solvent evaporation), however, most often it is obtained as
by-product of chemical processes (addition of bases or acids, use of complex forming

agents) when super saturation with respect to the precipitating solid is ensured.
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However, factors like pH, temperature, nature of reagents, and presence of impurities
and method of precipitation also determine the morphology, texture, structure and

crystallinity of the precipitate [53].

In the synthesis of multi-component systems such as codoped ZnO, the
problems are even more complex. In a system with two or more metallic compounds,
the composition of the precipitate depends on the differences in solubility between the
components and the chemistry occurring during precipitation. The formations of the
coprecipitate followed by hydrothermal treatments are used to transform amorphous
precipitate to crystalline materials which have improved thermal- and mechanical-

stability.

1.4.4.2 Sol-gel Method

Sol-gel process originally developed to control the texture of the pure metal
oxide phases has become universally acclaimed technique for preparation of various
modern advanced catalytic materials. The method is a homogeneous process which
results in a continuous transformation of solution into a hydrated solid precursor
(hydrogel). The method is based on the hydrolysis and gelation (for instance by
controlled addition of water) of alkoxides or other reactive compounds in alcoholic
solution [54]. The chemistry of the processes that occurs during the formation of
porous structure is controlled by changing the various parameters, such as pH,
solvent, temperature, amount of water added for reaction and rate of addition of water
during preparation. The sol-gel processing presents with wide opportunities not only
for defining the chemical funtionalization of porous materials but also careful control

of texture.

1.4.4.3 Combustion Synthesis

Combustion technique is a versatile process leading to syntheses of single
phase, solid solutions, composites as well as complex compound oxide phases in
homogeneous form. These syntheses involve a self-sustained reaction between an
oxidizer, typically precursor metal nitrates and fuels such as glycine, urea and
hydrazine after dissolution in water. Combustion synthesis may be classified into two
types: (a) solution combustion synthesis, wherein glycine, urea or hydrazine is used as

fuel and (b) gel combustion synthesis or Pechini process [55], where citric acid is
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used as fuel. By keeping in moderate temperature preheated chamber, the reaction
mixture turns to be viscous liquid followed by a self-ignition process. Due to the high
exothermic nature of the system, the combustion temperature rapidly reaches ~ 800°C
and converts the precursor material to fine crystallites. Moreover, the high
temperature reached during the combustion process and short preparation time (few
seconds) along with a large amount of gas evolution promote the nanoparticles growth
of the intended phase composition. Typically two types of reaction modes are adopted
viz., self-propagating high temperature synthesis (SHS) mode where the reaction
initiates locally and follows a wave-like propagation through the medium, and volume
combustion synthesis (VCS) where the reactants are heated uniformly and reaction
occurs simultaneously throughout the mixture. Owing to the above-mentioned
advantages, this process has been widely used for preparation of variety of advanced

materials [56].

1.4.4.4 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a thin film deposition (specifically a physical
vapor deposition, PVD) technique where a high power pulsed laser beam is focused
inside a vacuum chamber to strike a target of the desired composition. The material is
then vaporized from the target and deposited as a thin film on a substrate, such as a
silicon wafer facing the target. This process can take place in ultra high vacuum or in
the presence of a background gas, such as oxygen which is commonly used for

depositing fully oxygenated oxide films [57].

1.4.4.5 Molecular Beam Epitaxy

The main advantage of molecular beam epitaxy (MBE) is its precise control
over the deposition parameters and in-situ diagnostic capabilities. Zn metal and O, are
usually used as the source materials for ZnO thin-film MBE. High-purity Zn metal is
evaporated from an effusion cell, where the cell temperature can be varied to examine
the effect of the Zn flux on the growth rate and material properties. The source of
oxygen radical beam can be generated by an electron cyclotron resonance (ECR) or
RF plasma source or oxygen microwave plasma source. The advantage of the ECR
sputtering system is that it enables the production of highly ionized plasma under low

gas pressures. The ZnO films deposited by ECR sputtering exhibit a high electrical
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resistivity (p> 10" Q c¢m) and good piezoelectric and optical properties [58]. NO, is
another potential source for preparing N doped ZnO through MBE method [59].

1.44.6 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a chemical process used to produce high-
purity, high-performance solid materials in large scale production. The process is
often used in the semiconductor industry to produce thin films and optoelectronic
devices. In a typical CVD process, the correct choice of reactants is very important;
normally it varies from halides, carbonyls, and alkoxides to organic complex. The
equipment used to perform CVD is relatively simple. In a closed/open reactor,
depending upon the method applied, the pretreated support is exposed to one or more
volatile or vapor precursors, which react and/or decompose on the substrate surface to
produce the desired deposit. Frequently, volatile by-products are also produced, which

are removed by gas flow through the reaction chamber [60].

CVD is being widely used in microfrabication processes to deposit materials
in various forms, likely monocrystalline, polycrystalline, amorphous, and epitaxial.
These materials include silicon, doped silicon, carbon nanofibers, filaments, carbon
nanotubes, Si0,, tungsten, titanium nitride and various high-k dielectrics. The ZnO

films grown by this method show high crystal, electrical and luminescence properties.

1.44.7 RF Magnetron Sputtering

One of the most popular growth techniques for ZnO film preparation is
sputtering method (dc sputtering, RF magnetron sputtering and reactive sputtering).
As compared to sol-gel and chemical vapor deposition, the magnetron sputtering is a
preferred method because of its low cost, simplicity and low operating temperature
[61]. ZnO films grow on a certain substrate temperature by sputtering from a high-

purity ZnO target using an RF magnetron sputter system [62].

The growth is usually carried out in the ambient environment with various
0,/Ar+0, ratios ranging from 0 to 1 at a pressure of 107 to 1072 Torr. Here O, serves
as the reactive gas and Ar acts as the sputter enhancing gas. ZnO can also be grown
by dc sputtering from a Zn target in an Ar+O, gas mixture. The RF power applied to
the plasma is tuned to regulate the sputtering yield rate from the ZnO target. For these
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experiments, the target is often presputtered for 5-15 min before the actual deposition.

To dope nitrogen in the ZnO lattice O, gas is mixed with definite ratio of N, or NHs.

1.4.4.8 Scope of Combustion Synthesis over Conventional Routes

For the production of many advanced materials, the combustion method
proves to be an energy-efficient simple process. This process is preferred for its
additional characteristic features such as (i) rapid heating rates, (i1) high temperature,
(ii1) short reaction time, (iv) use of relatively simple equipment, and (v) formation of
products with virtually any size and shape etc. Thus, this process leads to the
formation of final products with higher order of purity and better mechanical
properties [63]. The high exothermicity of the combustion reaction within a short
duration of time is considered as an advantage to design the final phase composition.
Due to the high-temperature process, only the thermodynamically stable phases can
be prepared. However, controlling the rapid heating and cooling rates enables to
obtain metastable materials with new and unique properties. Deshpande et al. [64]
proved that proper choice of fuel and its concentration could invariably produce

materials with improvement in composition and properties.

Because of the above advantages, combustion process finds applications in
ceramic reinforcements, hydrogen storage, catalytic materials, high temperature
superconductors and friction materials. Li et al. [65] reported that combustion
synthesis is advantageous compared to the conventional method to produce (a) Co-Cr-
Mo alloys for using in orthopedic implants, and (b) high efficiency hydrogen storage
Mg-Ni-Cu system. Combustion synthesized NbB, induces superconductivity at -
265°C, whereas the conventionally prepared sample shows no superconductivity [66].
Julien et al. [67] prepared layered LiNi;.,CoyO, by glycine assisted combustion
synthesis for Li batteries. The lithium-based cathodes synthesized by this method
show superior properties than its conventional counterparts. Spinel Zn;xCo,xO4
material prepared by combustion method shows ferromagnetism up to 680°C, making
the material suitable for many practical applications including Li ion battery anode

material [68].

In addition to the above addressed features of combustion synthesis, Bera et

al. [69] highlighted that combustion synthesis paves the way for ionic dispersion of
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active species in the support lattice, unlike the other known conventional methods like
wet-impregnation and coprecipitation. Even the noble metals like Pt, Pd and Au could
be advantageously dispersed in ionic form over ceria lattice, thereby promoting the
catalytic activity. In overall perspective, combustion synthesis is found to be a novel
route for preparation of catalytic materials with improved properties. Exploring this
route will further enable to obtain a wealth of information that could be advantageous
for designing catalytic materials with greater efficiency. Hence, in the present study
novel synthesis procedure for the preparation of N, N and S, Ga and N, and In and N
codoped ZnO has been explored.

1.4.5 Zinc Oxide as a Catalyst

ZnO has very promising and wide variety of applications in (i) liquid phase
acylation reaction, (ii) photocatalytic dye degradation, (iii) water splitting, and (iv)
vapor phase dehydrogenation reaction. Beyond those, being amphoteric in nature and

having good surface area it can act as a very good support in variety of reactions.

ZnO is a highly efficient catalyst for the Friedel-Crafts acylation reaction of
activated and unactivated aromatic compounds including variety of alcohols, phenols
and amines with acid chlorides or acid anhydrides. It gives high yields at room
temperature under very mild reaction condition [70]. Alkylation of ethylenediamine
with alcohols using ZnO/CuO/Al,O3 has also been reported. Cu-Zn-Al catalysts
derived from a hydrotalcite-like precursor have been studied for oxidative reforming
of CH3OH and water gas shift (WGS) reaction. Good results in terms of CH;OH
conversion and H yield, along with low CO production, have been observed [71].

This catalyst is also used to carry out for syngas to methanol conversion.

ZnO supported palladium based catalysts have been shown to be both active
and selective towards the steam reforming of methanol, although they are still
considered to be less active than traditional copper based catalysts. The activity of
Pd/ZnO catalysts can be significantly improved by supporting them on alumina.
Datye et al. [72] showed that the Pd/ZnO/Al,O; catalysts have better long-term
stability when compared with commercial catalysts. The Pd/ZnO/Al,O; catalysts can
be easily regenerated by oxidation in air followed by re-exposure to reaction

conditions, while the Cu/ZnO based catalysts don’t recover their activity after
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oxidation. However, even after such extreme treatment, the catalyst activity is
regained with time on stream under reaction condition alone, leading to highly stable

catalyst.

The copper zinc ferrite catalyst acts as a potential candidate for selective
production of N-methyl aniline from aniline. Though Cu seems to be the active
species for aniline methylation, however, heterogeneous distribution of zinc plays a
significant role, likely as an “active spacer cum stabilizer”. Zinc ions hinder the
reduction of active Cu and contribute to prolonged activity of N-alkylation reaction of
aniline [73]. Apart from acting as spacer, zinc oxide can also act as promoter in the n-
heptane (n-C7) hydroisomerization reaction. It is investigated that catalytic
performance of Pt/WO3/ZrO; catalyst in addition with only 3.4 wt % of ZnO would
achieved 81% of n-C7 conversion and 89% of C7 isomer selectivity. Both WO; and
ZnO can stabilize the tetragonal phase of ZrO, under reaction condition, thus helps to

continue the reaction for longer time [7 e].

The formation of the ordered 1:1 Pd-Zn intermetallic compound by deposition
of Pd on zinc oxide increases the average Pd-Zn coordination number and the WGS
turnover rate. The bonding of adsorbed CO changes from 80% bridging on pure Pd to
90% linear on the 1:1 Pd-Zn intermetallic compound, which can be correlated linearly
with the WGS rate per Pd molecule on the surface [74]. This compound is also very
good catalyst for ester and 1-3, butadiene hydrogenation [75].

Gas phase hydrogenation of crotonaldehyde gives crotyl alcohol with high
selectivity at 80°C over Pt/ZnO catalyst at atmospheric pressure. Lambert et al.
explained that the chemo selective activity of hydrogenation product was due to
intrinsic property of the well-defined intermetallic compound Pt/Zn and independent

of any influence from solid support [76].

In recent years, environmental and economic considerations have aroused
strong interest in redesigning commercially important processes so that the use of
harmful substances and the generation of toxic wastes can be avoided. ZnO can also
be used as an efficient catalyst for the photocatalytic degradation of pollutants by
“advanced oxidation processes” (AOPs), based on the generation of very reactive

species such as hydroxyl radicals which oxidize a broad range of organic pollutants
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quickly and non-selectively. Its efficiency has been reported to be particularly
noticeable in the advanced oxidation of pulp mill bleaching wastewater and in photo
catalyzed oxidation of phenol. Nanostructured ZnO is active in water splitting, but
amount of H, production is less than compared to other commercial catalysts.
Recently Domen et al. reported solid solution of GaN-ZnO supported Ru
nanoparticles as a photocatalyst for overall water splitting under visible light in the

order of mmol /h /gm of catalyst [77].

Researchers have found that catalytic activity is indirectly related to the
surface area; specifically it depends on the surface density of active sites. Although
solid-state defects have been proposed to be the active sites in heterogeneous
catalysis, active centers have rarely been conclusively identified. The catalytic activity
of ZnO increases linearly with the increase in surface area though few exceptions
prevail. The catalytic formation of methanol over ZnO is a structure sensitive
reaction, requiring the presence of polar ZnO facets. According to the most recent
model (Figure 1.4) of the methanol synthesis reaction on ZnO surface, oxygen

vacancies formed on the surface of ZnO crystals serve as the active sites [78].
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Figure 1.4: Model for the activity of ZnO in the hydrogenation of CO.

ZnO can promote the dehydrogenation reaction of many alcohols like
cyclohexanol, butanol etc. Dehydrogenation of primary and secondary alcohols to the
corresponding aldehyde or ketones plays a fundamental role in organic synthesis
owing to the versatility of the carbonyl group as a building block. Traditionally, the

oxidation of alcohols is mainly performed by using stoichiometric quantities of
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oxidants containing chromium. Those oxidants are expensive and the systems using
chromium-containing oxidants generate large volumes of waste water containing
heavy metals. There is a growing demand for atom efficient catalytic methods that can
utilize clean oxidants such as H,O, and even O,, to meet the economical and
environmental issues. In practice, the dehydrogenation of alcohols is performed in
liquid phase as well as in vapor phase, depending mainly on the thermal stability and
volatility of reactants and products. However, for industrial applications, liquid phase

reaction is not favored due to the selectivity problems.
1.5 Objectives of the Thesis

A survey of literature reports since past few decades reveals that doping in
ZnO can change its electronic as well as its electrical properties. With change in its
electronic property, it can easily influence its band gap by altering the position of
valence band (VB) and conduction band (CB) or forming a mid gap state. In other
words, donor impurities create states near the CB while acceptors create states near
the VB. ZnO acts as a very good catalyst, both in conventional and unconventional
systems, so combination of doping strategies in its preparation can make dramatic
changes in the applications. Hence, doped ZnO could be employed in better way to

develop potential commodity material.

Nitrogen is one of the promising dopants in place of oxygen though the
conventional preparation procedures for nitrogen doping are very much time
consuming and sophisticated, and it leads to zinc loss due to high temperature
procedure. In spite of considerable research work being done to dope with N, the
amount of surface nitrogen achieved is only 6 atom % and there is a lack of
understanding about the chemical state of doped nitrogen. Though some researchers
reported successful preparation of N doped ZnO, reproducibility of the obtained
results still remains a big challenge. Furthermore, it is also desirable to develop
solution-based synthetic routes, because the process is economical and chemically
superior product can be obtained as well. In addition, the application of combustion
strategy as the method of synthesis can also be investigated. The synthesis,
characterization and catalytic activity of N doped ZnO, codoped with elements like
Ga or In has not been pursued extensively. It is also found that application of N doped

ZnO in conventional catalytic system has not yet been explored.
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Recently, thorough research is being carried out to modify the conduction and
valence band position of the material, followed by change in band gap of
semiconductor and to explore it in the visible light driven photocatalytic applications.
The top of the VB of a metal oxide consists of O 2p atomic orbital. When other
elements (e.g. N 2p and S 3p) with atomic orbital of potential energy higher than O 2p
atomic orbital are partially or fully substituted for O, the HOMO of the new material
is expected to be shifted to the higher level in comparison with the parent metal oxide.
Therefore, without affecting the CB of a metal oxide, new VB can be formed, which

result in decreasing the band gap energy.

Both of ZnO and GaN consist of large band gap (>3 eV) and exist in Wurtzite
structure with similar lattice parameter. In solid solution of GaN rich ZnO system Zn
is regarded to be a substitutional atom for Ga and Zn in GaN acts as an acceptor
impurity causes the formation of different acceptor levels. The bonding between Zn
and N atoms is formed because of the formation of the solid solution. Density
functional theory (DFT) calculations indicate that the bottom of the CB for GaN-ZnO
solid solution is mainly composed of 4s and 4p orbital of Ga, while the top of the VB
consists of N 2p orbital followed by Zn 3d and O 2p orbital. Furthermore, it is
hypothesized that p-d repulsion in the GaN-ZnO solid solution (i.e., N 2p-Zn 3d
repulsion) may cause the top of the VB formed by N 2p atomic orbital to lift up to a
higher potential energy, resulting in a narrower band gap for GaN. This may be
responsible for the desirable optical properties and shows very good visible light
photocatalytic activity. However, this phenomenon is still valid for the solid solution

with stoichiometric unit cells.

Taking into consideration the above mentioned issues, a stepwise systematic

approach to explore those above problems is the main objective of this thesis.

»To prepare and characterize nitrogen doped ZnO by solution combustion
method (SCM) in order to change its electronic properties and to explore it in
conventional catalytic application. State of active nitrogen and amount of nitrogen can

be studied by various spectroscopic and microscopic methods.
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»To study the effect of use of thiourea along with urea as a fuel in
combustion synthesis and understand the variation in the structural properties of the

resulting doped ZnO as the function of changing thiourea concentration.

» To prepare and characterize ZnO-GaN solid solution by SCM and explore
the use of the nitride containing material in an unconventional catalytic system like
nitrogen fixation at atmospheric pressure. The work should also bring out the
discussion on state and amount of nitrogen and gallium in the new solid solution
material. Characterization of the spent catalyst to know the reason of deactivation is

also another aim.

» To study In as doping agent in ZnO system on the properties, selectivity and

conversion efficiency of ZnO as catalyst for simple dehydrogenation reactions.

1.6 Outline of the Thesis

This thesis mainly deals with the synthesis procedure of doping in ZnO by
SCM and detailed characterization of prepared materials and their catalytic activity.
An attempt has been taken to dope anion as well as cation in the ZnO crystal without
disturbing its lattice system. Four types of system have been discussed in this thesis,
(1) Nitrogen doped ZnO (ZnO,;4Nx materials), (i) Nitrogen and sulphur co-doped
ZnO (ZnO;x,NxS, materials, (iii)) Gallium and Nitrogen co-doped ZnO ((Zn;.
/Ga,)(0;xNy) materials) and (iv) Indium and Nitrogen co-doped ZnO ((Zn;_In,)(O;-

«Nx) materials). The following is the chapter-wise outline of the present thesis work.

Chapter 1 presents the general introduction to heterogeneous catalysts with a
suitable emphasis on zinc oxide. It gives a brief description to mixed metal oxides and
effect of doping in it. How doping in ZnO lattice can help to obtain its utilization as
optoelectronic material and in catalytic world has also been discussed. At the end of

this chapter the scope of the thesis is presented.

Chapter 2 mainly deals with the experimental methods involved in the
preparation of heteroatom incorporated ZnO. It includes general introduction to the
physico-chemical characterization techniques. The theory and experimental
procedures that have been used to characterize the prepared materials there are

discussed here.
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Chapter 3 is divided into two parts - Part A and Part B. Part A describes
detailed characterization of nitrogen doped ZnO (ZnO;Nyx materials). Through
various physico-chemical, spectroscopic and microscopic methods the nature and
amount of nitrogen in the ZnO; Ny lattice and effect of urea in the preparation
mixture is discussed. The photocatalytic decomposition of rhodamine B on ZnO,; <Ny
with UV light and vapor phase cyclohexanol dehydrogenation are presented. Part B
brings out the effect of thiourea in the preparation mixture of nitrogen doped ZnO.
This chapter also deals with vapor phase dehydrogenation reaction of isobutanol to

isobutyraldehyde.

Chapter 4 describes the state, amount and effect of gallium doping in the
ZnO; 4Ny lattice. The change in the lattice parameter and band gap of ZnO in codoped
material is discussed. The effect of gallium doping in the binding energy of nitrogen
is reported as well. The application of this material in N, fixation reaction at

atmospheric pressure is also presented here.

Chapter 5 brings out the change in lattice structure and band gap of ZnO, if it
is codoped with indium and nitrogen. State and quantity of nitrogen and indium in
prepared material are discussed. Effect of indium doping on ZnO,_\Ny materials in the

vapor phase dehydrogenation reaction of secondary alcohol has also been studied.

Chapter 6 summarizes the conclusions derived based on the observation and
results obtain from the entire study. At the end scope of further research work in the

area of the present study have also been pointed out.
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2 Experimental Methods

Development of novel functional materials with unique properties is entirely
based on the synthetic strategies followed for the preparation of such materials.
Usually it requires complex procedures. However, in the present case of ZnO based
materials, SCM has been employed which leads to the novel material. Success of the
present materials preparation was due to favorable reaction condition produced by the
reactant itself, such as in situ generation of ammonia from the decomposition of urea.
Introduction and theory of various physical, structural and spectroscopic
characterization techniques employed in the characterization of ZnO based materials

in the investigation has also been desired.
2.1 Catalyst Preparation

Emphasis is made on SCM to prepare heteroatoms incorporated ZnO. This is
an alternative synthetic method for producing a wide variety of simple and complex
inorganic materials having excellent physicochemical properties. The method is
gaining more interest for the preparation of variety of materials, such as, nitrides,
carbides, many composite materials and to enhance metal ion distribution on oxides
etc. Furthermore, it is characterized by fast heating rates, high-reaction temperatures,
and short reaction times. Owing to high exothermicity of the system, combustion
temperature rapidly reaches > 700°C and converts the precursor material to fine

crystallites of the desired complex oxide.

2.1.1 Aspect of Nitrogen Doped ZnO Synthesis (ZnO;.4«Ny)

Nitrogen doped ZnO (ZnO;«Ny) has been prepared through SCM. All the
chemicals were of analytical grade and used as such without further purification.
Zn(NOs),, 6H,0 (Merck) as Zn precursor and urea (NH,CONH,) (Merck) as fuel was
used for the synthesis. For the synthesis of UZ1 (the numeral given in the sample
codes immediately after UZ indicates the mole ratio of urea/Zn(NO;), used)
equimolar amount (0.04 mol) of Zn(NO;),.6H,O and urea was taken in a 250 ml
beaker with 5 ml of distilled water. The aforementioned mixture was stirred until a
uniform solution resulted, and then the mixture was inserted into a muffle furnace that

was maintained at 500°C. Water evaporated within the first few minutes, followed by
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ignition of the reactant mixture with yellow flames, yielding a solid ZnO;,N,
material. However, under the SCM conditions, zinc nitrate forms a gel with urea
before the actual combustion begins. The solid product was collected after the
completion of the combustion process. After this, selected samples were also calcined
between 500°C and 950°C at different temperatures for 6 hrs for further studies. Other
composition of ZnO;,N, also had been prepared by the same method, but with

different urea/Zn(NOs;), molar ratios of 0.8, 1, 3, 5, 7 and 10.

For evaluating the relative exothermicity of combustion reactions involving
different fuels, a simplified theoretical approach has been taken. The following
combustion reactions that are balanced to give pure ZnO have been considered. The

combustion synthesis can be expressed (but over simplified) as follows:
(1) (NHZ)ZCO + ZH(NO3)2. 6H20—> ZnOl_XNX

Zn(NOs), 6H,0 + (¢ )(NH2),CO + [1.5¢-2.5]0, —
ZnO + [1+¢] No+ ¢ CO, +[6+2¢] H,0 (2.1)

(11) NHzCHzCOzH + ZH(NO3)2. 6H20 — Zn0O

Zn(NO;), 6H,0 + ¢ (NH,CH,CO,H) + [2.25¢-2.5]0, —
ZnO + [1+0.5¢] No+ 2¢ CO, + [6+2.5¢] H,O  (2.2)

In the above equations, ¢ = ratio between fuel and metal nitrate, when ¢ =
stoichiometric means that the initial mixture does not require atmospheric oxygen for
complete oxidation of fuel. Depending on the fuel to metal nitrate ratio, synthesis of
the ZnO powder varies. For glycine ¢ = 1.11 and for urea ¢ = 1.66 corresponds to the
situation of an ‘equivalent stoichiometric ratio’, which implies that the oxygen content
of zinc nitrate can be completely reacted to oxidize/consume glycine/urea exactly. As
a result, ZnO, CO,, H,O, N; and oxides of nitrogen can be formed directly from the
reaction between fuel and oxidizer without the necessity of getting oxygen from
outside. ¢> 1.66 (<1.66) for urea implies fuel rich (lean) conditions. Fuel lean

condition is characterized by a relatively slow, essentially flameless reaction.

Heat of combustion reaction has been determined using the relation:

AH, combustion = (AH f )products - ( AH| f )reactants (23)
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The combustion reactions have been found to occur on dehydration of gel at a
temperature above the ambient. However, for simplification in the calculation of
exothermic heat, the reaction temperature has been assumed to be 27°C. The heat
evolved in the combustion will raise the reaction temperature and that of the products.
In a complete combustion reaction, total reactant is converted into product in a very
small time scale. With this condition, the system has been assumed to be adiabatic and
the adiabatic flame temperature can be calculated by solving the equation

M ppion = [ (E0C,) dT (2.4)

product

Where n is the number of moles of a reaction product, T, is the adiabatic flame

temperature and C, is specific heat at constant pressure.

The values indicate that the heat of combustion is significant for urea and the
heat can raise the temperature of the products (referred as T,q) above 1100°C. The
high value of adiabatic flame temperature suggests favorable condition for
combustion to occur. It may be mentioned here that in the longer time scale the
experimental condition is far from adiabatic and indeed, the temperature will rise for a

very short period of time.

Table 2.1: Calculated T,q of combustion reactions between fuel to zinc nitrate:

Relevant Thermodynamic data
Compound H¢ (KJ/mol) Cp (J/mol.K)
02 (g) 0 26.56 +0.00913T
Na (g) 0 27.0126 +0.00556T
CO:2(g) 0 34.177 + 0.0198T
H,0 (g) -241.82 43.428+0.011508 T
Urea® -333.1 -
Glycine' -392.1 -
Zinc Nitrate® 2304 -
Zinc Oxide® 350.5 39.3835
(c) = Crystalline , (g) =Gas
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Figure 2.1: T,, as function of the molar ratio of fuel/zinc nitrate for urea and glycine.

With increasing fuel to metal nitrate ratio, heat of formation of the reaction
(AHgp as well as T,q value increases for both the fuels (Figure 2.1). However, in case
of urea rise, in T,q temperature is lesser than that of glycine by 750°C. It is also to be
noted that the estimated temperature difference remains 750°C for a given value of
fuel content. Further, the high temperature estimated with glycine indicates to be the
best fuel but is also likely to lead to bigger particle. Another big difference between
use of urea and glycine is the amount of nitrogen available with each mole of urea is
double than that of glycine. However, in the case of nitrogen-doping preparation using
various amount of urea, the nature of evolved gases varies which can be written as

follows:

For 1:1 urea to metal nitrate:

Zn(NOs), 6H,0 + (NH;),CO — ZnO + NH; + NH,OH + CO, +5H,0 + 2NO, (2.5)
For 1:6 urea to metal nitrate:

Zn(NOs), 6H,0 + 6(NH,),CO + 20, — ZnO + 6NH; + 6NH,OH + 6CO,+ 2NO,  (2.6)
For 1:10 urea to metal nitrate:

Zn(NOs); 6H,0 + 10(NH;),CO + 100,—
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Zn0O + 9NH; + 7NH,0OH +2H,0 + 10CO;, + 6NO, (2.7)

With increase in urea, more and more NH; and CO, were produced and
simultaneously T,q also increases which becomes the major cause to drive away the
doped nitrogen from bulk towards surface. Thus with increase in urea concentration in
the reactant mixture amount of bulk doped nitrogen decreases and surface nitrogen

content increases.

However, for preparation of (ZnO;«Ny) through conventional methods, N,O
or NHj has been used as a nitrogen source. Indeed, N,O plasma was used to prepare
nitrogen doped ZnO film by PLD [1]. Researchers found that nitrogen doping was
enhanced using the active N formed by N,O gas flowing through an ECR source. It
has been speculated that during the preparation of the (ZnO;«Ny) material through
urea combustion method, ammonium nitrate was formed. At high temperature that
was dissociating to produce NO, and NHj Thus in situ produced NHj gas at high
temperature was playing a favorable role in increasing the N-content and improving

the material quality.

Another approach of conventional N-doping of oxides requires ammonia
treatment at high temperatures. Wang et al. [2] suggested that optimum NH; flux in
the MOCVD chamber was required to dope nitrogen effectively in the ZnO lattice.
Nitrogen doping decreased with enriching the amount of NH3 in the chamber. 100 %
ammonia environment facilitates O—H bond formation on the surface, which is
stronger than Zn-N bond and prohibits the amount of nitrogen in the bulk. In the SCM
with increasing urea concentration, more and more NH; and CO, were produced,
helping to segregate nitrogen on the surface and bulk nitrogen amount decreases with
the formation of ZnCO;. When urea and zinc ratio was 1:1 (or below stoichiometry
value) ammonia concentration in the environment and temperature of the reaction was

optimum for bulk nitrogen doping.

ZnO is well known for oxygen vacancies, and a simple heating of ZnO to >
400°C can make it yellow in color due to oxygen vacancies; however again it
becomes white in color at room temperature due to oxygen uptake. Conventional
procedure for nitridation is annealing of any oxide under the flow of ammonia for
several hours to few days. We have tried to combine both the aforementioned facts. It

is also to be underscored that the actual combustion time is about 30-50 seconds,
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although the entire preparation requires about 8-10 minutes. Time required for initial
drying of reaction mixture requires few minutes, followed by increase in temperature
of the solid mass and subsequent combustion. Indeed during the above combustion,
in-situ production of ammonia due to urea decomposition suggests generation of an
overall reduction condition and this ammonia acts as the nitrogen source. At high
temperature during the reaction condition zinc oxide crystallites are in its nascent
stage with lots of defects and the same has been growing under the environment of
ammonia. During the growth of zinc oxide in SCM at high temperature, both zinc ion
and ammonia were in their nascent form. Nascent clusters of metal oxides with plenty
of defects are very likely to interact with ammonia faster to produce nitrogen doped
materials. Hence, this procedure might be used to incorporate nitrogen into number of

the metal oxides and it is worth exploring on this aspect.
2.1.2 Nitrogen and Sulfur Co-doped ZnO (ZnOy,;N,S,)

Nitrogen and sulfur codoped ZnO was prepared by the same procedure as
mentioned in the section 2.1.1 by SCM, using different ratio of urea and thiourea as
fuel. Zn(NO3),,6H,O (Merck) as zinc precursor and Urea and thiourea (NH,CSNH>)
(Loba Chemie) as fuel was used without any further purification. In a typical
synthesis of ZnO, 4, NxS, equimolar amount (0.04 mol) of Zn(NOs),,6H,0 as well as
fuel, but with different ratio of urea and thiourea (varied from 0 to 0.33) was taken in
a 250 ml beaker with 10 ml of distilled water. Above mixture was stirred and heated
up to 50°C until a uniform solution occurs. This solution was then introduced into a
muffle furnace preheated at 500°C. Water evaporates in first few minutes followed by
ignition of reactant mixture, yielding a solid ZnO, NS, material. The solid product
was collected after the completion of the combustion process. All the other
composition of ZnO,.,NsS, material also had been prepared by the same method.
The amine group of urea and -C=S group of thiourea are the main source of N and S,
respectively. Furthermore, with variation in ratio of urea and thiourea average

combustion temperature, reaction condition and amount of S change as well.
2.1.3 Gallium and Nitrogen Co-doped ZnO (Zn;,Ga,)(O1xN )

(Zn;_,Ga,)(0;xNy) materials were prepared by the simple SCM, following the

same procedure as mentioned in the section 2.1.1. In typical synthesis,
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Zn(NOs),,6H,0O (Merck) as zinc precursor, Ga metal (Sigma-Aldrich) as Ga source
and urea as fuel was used without any further purification. 100 ml of 0.1(M) gallium
nitrate solution was prepared by dissolving 6.975 gm of Ga in minimum volume of
concentrated nitric acid and the required distilled water was added to make up to 100

ml in a standard measuring flask. This solution was used as Ga source.

In a typical synthesis of (Zn;,Ga,)(O;xNy), urea/(Zn + Ga) molar ratio was
chosen to be either 3, 5, or 7 and Zn/Ga ratio varied between 49 and 6. Metal nitrate
solution and urea was taken in a 250 ml beaker with 10 ml of distilled water. Above
mixture was stirred till a uniform solution occurs. This was then introduced into a
muffle furnace maintained at 500°C. Water evaporates in first few minutes followed
by ignition of reactant mixture, yielding a solid (Zn;.,Ga,)(O;.xNx) material. The solid
product was collected after the completion of the combustion process. Other
composition of (Zn;_,Ga,)(0;xNy) has been prepared by the same method. After this,
selected materials were also calcined at 300°C, 550°C, 800°C for 4 hrs for further
characterization and this has been mainly to explored the thermal stability of the

materials.

2.1.4 Indium and Nitrogen Co-doped ZnO (Zny,In;)(O1xN )

Nitrogen and indium co-doped ZnO was prepared by the same procedure as
mentioned in the section 2.1.3 following SCM. Instead of Ga(NOs3)s, In(NO3); (Sigma
Aldrich) solution was employed as source of indium to prepare (Zn;.In,)(O;Nx)

materials.

2.2 Method of Catalytic Activity Studies

2.2.1 Rhodamine B Degradation

Photocatalysis degradation of dye was performed with a double jacketed
quartz reactor that was equipped with a 400-W Hg lamp; through the decomposition
of rhodamine B. Water circulation in the outer jacket of the above reactor maintains
the solution temperature at 25°C. The absorption spectrum of the rhodamine B
solution was obtained from an ultraviolet-visible-light (UV-Vis) spectrometer
(Shimadzu, Model UV-2500PC). Decomposition of rhodamine B was followed with

532 nm band in the absorption spectrum as a function of light exposure time.

Ph. D Thesis 43



Chapter 2: Experimental Methods

2.2.2 Dehydrogenation of Alcohols

Vapor phase experiments were performed at atmospheric pressure in a fixed
bed, vertical, down-flow, integral glass reactor placed inside a double-zone furnace
(Geomechanique, France). Fresh catalyst was charged each time at the center of the
reactor in such a way that the catalyst was sandwiched between the layers of inert
porcelain beads. Catalyst and porcelain beads are separated by glass wool. The upper
portion of the reactor served as a vaporizer cum pre-heater. All heating and
temperature measurements were carried out using ‘Aplab’ temperature controller and
indicator instruments. A K-type thermocouple was positioned at the center of the
catalyst bed to monitor the exact temperature of the catalyst. The reactant mixture was
fed into the reactor using a syringe pump (Braun, Germany) at a desired flow rate.
Reaction products were collected from a condenser fixed below the reactor and
circulated with ice cold water. Products were analyzed using gas chromatography
(GC) equipment (Agilent, Model 6890 J-413) that consisted of a HP 5.5% phenyl
methyl siloxane capillary column that was equipped for flame ionization detection
(FID) and gas chromatography-mass spectroscopy (GC-MS) (Shimadzu, Model GC-
17A, coupled with a Model QP 5000 mass spectrometer).

Catalytic dehydrogenation of alcohol was carried out using 1 g of catalyst with
particle size between 10-20 mesh. The fresh catalyst was activated in a sufficient flow
(20 ml/min) of dry N, at 673 K for 2 hours before the reaction and then brought to the
desired reaction temperature with a stream of N, (20 ml/min). The reactant mixture
was fed using a syringe pump without any carrier gas. Analytical grade cyclohexanol,
isobutanol or 2-butanol from Merck was used in the present study. The reproducibility
for different products was checked experimentally, and the measurements were
repeated three times with a relative error of + 2% for high conversion/selectivity
measurements and + 5% for low conversion/selectivity measurements. The thermal

process without catalysts was negligible in all the cases.
2.2.3 Anisole Acylation

Anisole acylation reactions were performed in a glass (batch) reactor on a
standard substrate, namely anisole and acetyl chloride. Anisole (1 mmol) was added

to a mixture of ZnO (powder, 0.04 g, 0.5 mmol) and acid chloride (I mmol) at room
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temperature and stirred with a magnetic stirrer. Color (pink) developed immediately
and darkened with progress of the reaction. The reaction mixture was kept at room
temperature with stirring till the reaction is complete. The solid mass was then eluted
with dichloromethane (CH,Cl,) (20 ml), and CH,Cl, extract was then washed with an
aqueous solution of sodium bicarbonate and dried over anhydrous sodium sulfate.
Evaporation of solvent furnished practically pure product. The identification of

anisole acylation products were confirmed by GC.
2.2.4 Catalytic Reactor for Nitrogen Fixation Reaction

The reactor set up used for the nitrogen fixation to ammonia consists of mass
flow controllers through which the reactant gases (N,:H, = 1:3) pass at a controlled
flow at a rate of 60 ml/min. The gases were mixed in the mixing chamber and fed to a
series of traps for removing CO, (anhydrous KOH), moisture (fused CaCl, and
molecular sieves) and O, (Cu-mesh maintained at a temperature of 300°C). The
mixture of gases was then allowed to pass through a quartz reactor loaded with the
catalyst, which was maintained at a temperature of 350°C. The out going gases were
then trapped in standardized H,SO4 (0.01N) solution. The acid trap was designed in
such a way that the gases were bubbled twice in two compartments before it is
escaping to atmosphere, ensuring the maximum trapping of NHj, which is formed.
Ammonia was estimated by the volumetric titration of the acid with NaOH (0.001)
solution after the reaction. For rapid gas dissolution the acid trap solution was stirred
on a magnetic stirrer and the trap was placed inside a beaker in the ice cold water.
This ensures cooling of hot gases coming out of the reactor outlet and thus maximizes

the solubility of the NHj3 in acid solution.

2.3 Physicochemical Characterization

2.3.1 Introduction

Detailed physicochemical characterization is one of the crucial aspects to
understand any material including catalyst. Spectroscopy, microscopy, diffraction and
methods based on adsorption and desorption are the routine material characterization
techniques. It gives information about crystallinity, surface structure, nature of active

sites, particle size and morphology, acidity, and other characteristic features. It also
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gives the understanding of nature and chemical state of dopant. Further, how activity
and selectivity change with structural and electronic properties of the catalyst is one

of the major goals in catalysis research.

The materials were characterized by adopting various physico-chemical
methods such as X-ray diffraction analysis (XRD), Raman spectroscopy, surface area
and pore volume measurements, scanning electron microscopy (SEM), Thermo
Gravimetric analysis - Differential thermal analysis (TG-DTA), X ray photoelectron
spectroscopy (XPS), Electron Paramagnetic Resonance (EPR) and Secondary ion
mass spectrometry (SIMS). This knowledge helps to understand the materials as well
as catalyst better, so that materials can be improved or designed in better way as
required. The following part gives a brief account of the theory and principle of
various characterization techniques used for the current study. The procedure for each

experimental technique is also described in this part.

2.3.2 Theory and Experimental Procedures

2.3.2.1 X-ray Diffraction (XRD)

XRD is one of the oldest and most frequently exploited techniques in catalyst
characterization. It has been the most important technique for determining the
structure of materials characterized by long-range order. It is used to identify
crystalline phase(s) of the catalyst by means of lattice structural parameters and
crystallinity [3]. The work presented in the thesis, emphasizes on the synthesis and
characterization of heteroatom doped ZnO. Therefore, crystalline nature, impurity
phase and crystal type could be identified from their XRD patterns. As the name
suggests, the sample is usually in a powder form, consisting of fine grains of

crystalline material.

X-rays are electromagnetic radiation with typical photon energies in the range
of 1000 eV - 10000 eV. For diffraction applications, only short wavelength x-rays in
the range of a few angstroms to 0.1 angstrom (1 keV -12 keV) are used. Because this
wavelength of X-rays is comparable to the size of atoms, they are ideally suited for
probing the structural arrangement of atoms and molecules in a wide range of
materials. The energetic X-rays can penetrate deep into the materials and provide

information about the bulk structure.
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Figure 2.2: Derivation of Bragg's Law using the reflection geometry and applying
trigonometry. The lower beam must travel the extra distance (AB + BC) to continue traveling

parallel and adjacent to the top beam.

X-ray diffraction occurs in the elastic scattering of X-ray photons by atoms
from the periodic lattice. The scattered monochromatic X-rays that are ‘in-phase’ give
constructive interference. If the distance between two periodic lattice planes is ‘d” and
the angle between the incoming X-rays, and the normal to the reflecting lattice plane

is ‘0 7 and A is the wavelength of the X-rays then the well-known Bragg’s equation is

nk=2dsinf;n=1,2,3 (2.8)
where 7 is an integer called the order of the reflection [4] ( as shown in Figure 2.2).

By measuring the angle, 26, under which constructively interfering X-rays
leave the crystal, the Bragg’s equation gives the corresponding lattice spacing, which
is characteristic for a particular compound. Width of the diffraction peaks signifies the
dimension of the reflecting planes. It is known that the width of a diffraction peak
increases when the crystallite size is reduced below a certain limit (<100 nm).
Therefore, XRD patterns can be used to estimate the crystallite average size of very

small crystallites from XRD line broadening is the Scherrer formula [5]

t=0.9%/B Cos 0 (2.9)

where ¢ is the thickness of the crystallites (in A), A is the X-ray wavelength, 0 is the
diffraction angle and f is the full width half maxima of the diffraction peak.

PXRD patterns of all the catalysts reported in this work were recorded using a Rigaku
Giegerflex instrument equipped with Cu Ka radiation (A = 1.5406 A) with a Ni-filter.
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2.3.2.2 Rietveld Refinement

In a single crystal structure refinement, the differences between the intensities
measured in a diffraction experiment and those calculated from an approximate model
are minimized by adjusting the atomic parameters. Since the intensities of individual
reflections in a powder pattern are often obscured by overlap in 26, this method
cannot be applied satisfactorily to powder data. In 1969, however, Rietveld [6]
developed a whole new profile fitting method for the refinement of crystal structures
using neutron powder diffraction data and thereby revolutionized the scope of powder
diffraction. He minimized the difference between the observed powder diffraction
pattern and the pattern calculated from model. By refining the fit of the powder
pattern rather than that of the individual reflection intensities (which would first have
to be extracted from the powder pattern), he was able to circumvent the overlap
problem. In the late 70’s the method was adapted to accommodate the more complex
peak shape inherent to X-ray powder patterns, and has since become the standard
refinement method for all powder X-ray data. In Rietveld refinement procedure,
initially a powder pattern is calculated from an approximate structural model using
estimated peak shape and approximate unit cell parameters. This is compared with the
experimental data and the difference between the two is calculated. This difference is
then minimized by refining the profile parameters (width and asymmetry of the peaks,
20 zero point, unit cell dimensions) and structural parameters (atomic coordinates and
thermal parameters). The refinement is continued with progressively better profile and
structural parameters until the difference plot approaches the statistical scatter of the

data.

Generally used softwares for Rietveld refinement of the diffraction data are
General Structure Analysis System (GSAS), FullProf, X-ray Rietveld System (XRS-
82), Rietveld Analysis (RIETAN), DBWS, etc. In our studies, we have used GSAS
for Rietveld analysis extensively; X Pert Plus (Rietveld refinement package provided

by Panalytical) is also used in some cases [7].
2.3.2.3 Secondary lon Mass Spectrometry (SIMS)

SIMS is a technique used to analyze the composition of solid surfaces and thin

films. It operates on the principle that bombardment of a material with a beam of ions
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with high energy (1-30 keV) results in the ejection or sputtering of atoms from the
material. A small percentage of these ejected atoms leave as either positively or
negatively charged ions, which are referred to as ‘secondary’ ions. Surface of the
samples are bombarded with primary ion gun in high vacuum with pressures below
10 Pascal (roughly 10 mbar). Ions of gaseous elements are usually generated with
duo plasmatrons or by electron ionization, for instance noble gases (Ar’, Xe"), oxygen
(07, 05", or even SFs ionized molecules (generated from SFs) and Ceo" respectively.
A second source type, the surface ionization source, is singularly used to generate Cs"
primary ions. The proper choice of primary ion beam is therefore important in
enhancing the sensitivity of SIMS. Oxygen primary ions are often used to investigate
electropositive elements or those with low ionization potentials due to an increase of
the generation probability of positive secondary ions, while cesium primary ions often
are used when electronegative elements are being investigated [8]. Only charged
secondary ions emitted from the material surface through the sputtering process are
used to analyze the chemical composition of the material, these represent a small
fraction of the particles emitted from the sample. These secondary ions are measured
with a mass spectrometer to determine the elemental, isotopic, or molecular
composition of the surface. The collection of these sputtered secondary ions and their
analysis by mass-to-charge spectrometry gives information on the composition of the
sample, with the elements present identified through their atomic mass values.
Counting the number of secondary ions collected can also give quantitative data on
the sample's composition. Thus, SIMS works by analyzing material removed from the

sample by sputtering, and is therefore a locally destructive technique.

SIMS studies were performed with a QMS-based instrument (Hiden
Analytical). Bombardment was carried out with a 5 keV O and Cs ions. The primary
ion current was 400 nA for the oxygen beam and 100 nA for the cesium beam. The
beam was rastered over an area of 1000 umz; however, the secondary ions were

collected from the central area of 200 um”.
2.3.2.4 Surface Area Determination by BET Method

The BET (Brunauer-Emmett-Teller) method is the most widely employed
procedure to determine the surface area of the solid materials by using the BET

equation:
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P/Vass (Po-P) = 1/VinC + [(C-1)/VinC] x (P/Py) (2.10)

where P = adsorption equilibrium pressure, Py = standard vapor pressure of the
adsorbent, ¥V, = volume at STP occupied by molecules adsorbed at pressure P, V,, =
volume of adsorbate required for a monolayer coverage, and C = constant related to

heat of adsorption.

To differentiate the adsorption mechanism between micro-pore and to that in
meso and macro-pores, the ¢-plot analysis was developed by Lippens and de Boer and
the same was applied [9]. The method consists of plotting the adsorption isotherm in
terms of the volume of the adsorbate versus the statistical film thickness, ¢. The pore
size distribution is obtained from the analysis of the desorption isotherms by applying
the BJH expand model [10] which involves the area of the pore walls and uses the
Kelvin equation to correlate the partial pressure of nitrogen in equilibrium with the

porous solid to the size of the pores where the capillary condensation takes place.

The BET surface area and pore volume of the catalysts were determined by N,
adsorption-desorption method at liquid N, temperature using Quantachrome Nova
1200 adsorption unit. Sample was degassed at 200°C for about 2 hours till the residual
pressure was <10~ Torr. The isotherms were analyzed in a conventional manner that
includes the BET surface area in the region of the relative pressure P/Py = 0.05 to 1
with the assumption for the nitrogen molecular area in an adsorbed monolayer is 0.16

nm?®. The total pore volume of each samples were taken at P/P, = 0.95.

2.3.2.5 UV-Visible Spectroscopy

Absorption spectroscopy in the visible region has long been an important tool
to the analyst [11]. Appearance of colour arises from the property of the colored
material to absorb selectively and reflect its complementary colour which falls within
the visible region of the electromagnetic spectrum. Absorption of energy leads to a
transition of electron from ground state to an excited state which is governed by the

following equation

A E =hv =hc/A (2.11)

where 4 represents Planck’s constant, v is the frequency of radiation, c is the velocity

of light and A is the radiation wavelength.
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Thus from the equation it seems that the UV-energy is quantized and hence a
single discrete line should be obtained from a single electronic spectrum. However,
this is not the case of reality as excitation of electronic energy levels would also
involve excitation of the embedded vibrational and rotational energy levels of an
atom, thus giving rise to a broad absorption band [12]. The intensity of the absorption
band depends on three factors namely (a) transition probability, (b) population of

states and (c) concentration or path length.

Almost all relationships between intensities of incident and transmitted
radiation and the concentration and path-length is governed by Beer-Lambert’s law

which is written as

I =Ty exp (-kcl)
log (I/T) = A = el (2.12)

where I = Intensity of the emitted radiation, Ip = Intensity of the incident radiation, k =
constant, ¢ = concentration and | = path length. A is known as the absorbance or the
optical density and x, the constant generally represented as €, known as the molar

absorption coefficient.

In a dual beam spectrophotometer, light from either the visible or ultraviolet
source enters the grating monochromator before it reaches the filter. Broad band
filters contained in a filter wheel are automatically indexed into position at the
required wavelengths to reduce the amount of stray light and unwanted orders from
the diffraction grating. The light from the source is alternatively split into one of the
two beams by a rotating mirror called a chopper; one beam is passed through the
sample and the other through the reference. The detector alternately sees the beam
from the sample and then the reference. Its output which ideally would be an
oscillating square-wave gives the ratio of I to I, directly i.e. the reference correction is

made automatically.

Array-detector spectrophotometers allow rapid recording of absorption
spectra. Dispersing the source light after it passes through a sample allows the use of
an array detector to simultaneously record the transmitted light power at multiple
wavelengths. These spectrometers use photodiode arrays as the detector. The light

source is a continuum source such as a tungsten lamp. All wavelengths pass through
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the sample. The light is dispersed by a diffraction grating after the sample and the
separated wavelengths fall on different pixels of the array detector. The resolution
depends on the grating, spectrometer design, and pixel size, and is usually fixed for a

given instrument.

Diffuse reflectance UV-Vis measurements were performed on a
spectrophotometer (Shimadzu, Model UV-2550) with spectral grade BaSO, as the

reference material.
2.3.2.6  Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR, often called Electron Spin Resonance (ESR), is a branch of spectroscopy
in which electromagnetic radiation (usually of microwave frequency) is absorbed by
molecules, ions, or atoms possessing electrons with unpaired spins, i.e. electronic spin
S > 0. In EPR, the sample material is immersed in a strong static magnetic field and
exposed to an orthogonal low- amplitude high-frequency field. ESR usually requires
microwave-frequency radiation (GHz). With ESR, energy is absorbed by the sample
when the frequency of the radiation is appropriate to the energy difference between
two states of the electrons in the sample, but only if the transition satisfies the
appropriate selection rules. In EPR, because of the interaction of the unpaired electron
spin moment (given by two projections, ms = £ 1/2, for a free electron) with the
magnetic field, the so-called Zeeman effect, there are different projections of the spin

gain different energies.

E,s = gmBBms (2.13)

Here, B, is the field strength of the external magnetic field. The SI units for
magnetic field is tesla, but, in EPR, gauss (1 G = 0.0001 T) is still used. Other terms
in equation (2.13): ms- is a spin projection on the field (ms == 1/2 for a free electron),
mB is the Bohr magneton [13]. EPR spectra were recorded on a Bruker EMX

spectrometer operating at X band frequency and 100-kHz field modulation.
2.3.2.7 X-Ray Photoeletron Spectroscopy (XPS)
All solid materials interact with their surroundings through their surfaces. The

physical and chemical composition of these surfaces determines the nature of the

interactions. Their surface chemistry will influence factors such as corrosion rates,
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catalytic activity, adhesive properties, contact potential, and failure mechanisms.
Surfaces, therefore, influence many crucially important properties of the solid.
Despite the undoubted importance of surfaces, only a very small proportion of the
atoms of most solids are found at the surface. Nonetheless the proportion of surface

contribution increases with a decrease in particle size, especially below 100nm.

XPS is based on the photoelectric [14] effect discovered by Heinrich Hertz
and explained later by Albert Einstein, which involves the bombardment of a solid
surface with X rays and the measurement of the concomitant photoemitted electrons.
XPS is a widely used technique for obtaining chemical information of various
material surfaces. The low kinetic energy (0 < 1500 eV) of emitted photoelectrons
limit the depth from which it can emerge, so that XPS is a very surface-sensitive
technique and the sample depth is in the range of few nanometers. Photoelectrons are
collected and analyzed by the instrument to produce a spectrum of emission intensity

versus electron binding (or kinetic) energy.

In general, the binding energies of the photoelectrons are characteristic of the
element from which they are emanated, so that the spectra can be used for surface
elemental analysis. Small shifts in the elemental binding energies provide information
about the chemical state of the elements on the surface. The peak area can be used
(with appropriate sensitivity factors) to determine the surface compositions of the
material. Therefore, the high-resolution XPS studies can provide the chemical state

information of the surface.
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Figure 2.3: Schematic diagram of the XPS process, showing photo ionization of an atom by

the ejection of a 1s electron.
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The photoemitted electrons have discrete kinetic energy that is the
characteristics of the emitting atoms and their bonding states. The kinetic energy, Ej
of these photoelectrons is determined from the energy of the incident X-ray radiation

(hv) and the electron binding energy (Ey) is given as

Ex=hv - Ey (214)

The experimentally measured energies of the photoelectrons are given as

Ex=hv—Ey - By (2.15)

where Ey, is the work function of the spectrometer.

The process of photoemission is shown schematically in Figure 2.3, where an
electron from the K shell is ejected from the atom (ls photoelectron). Once a
photoelectron has been emitted, the ionized atom must relax in some way. This can be
achieved by the emission of an X-ray photon, known as X-ray fluorescence. The other

possibility is the ejection of an Auger electron through a secondary process.

All the XPS data presented in the thesis were carried out on VG Microtech
Multilab ESCA 3000 spectrometer using a non-monochromatized Mg Ka X-ray
source (hv = 1253.6 eV). Selected spectra were also recorded with Al Ka x-ray (hv =
1486.6 ¢V). Base pressure in the analysis chamber was maintained around 5x10°
Torr. Binding energy (BE) calibration was performed with Au 4f7, core level at 83.9

eV. The error in BE values reported is + 0.1 eV [15].

2.3.2.8 Scanning Electron Microscopy (SEM)

SEM is a type of electron microscope that is capable of inspecting
topographies of sample surface and offer three-dimensional high resolution images of
the sample surface. The first SEM image was obtained by Max Knoll, who in 1935

obtained an image of silicon steel showing electron channeling contrast.

SEM is a type of electron microscope that images the sample surface by
scanning it with a high-energy beam of electrons in a raster scan pattern. The types of
signals made by an SEM can include secondary electrons, back scattered electrons,
characteristic x-rays and light. These signals come from the beam of electrons striking

the surface of the specimen and interacting with the sample at or near its surface. In
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its primary detection mode, secondary electron imaging, the SEM can produce very
high-resolution images of a sample surface. SEM micrographs have a very large depth
of focus vyielding a characteristic three-dimensional appearance useful for
understanding the surface morphology of a sample. This great depth of field and the
wide range of magnifications (commonly from about 25 times to 250,000 times) are
available in the most common imaging mode for specimens in the SEM through
secondary electron imaging. Characteristic x-rays are the second most common
imaging mode for an SEM. X-rays are emitted when the electron beam removes an
inner shell electron from the sample, causing a higher energy electron to fill the shell
and give off energy. These characteristic x-rays are used to identify the elemental
composition of the sample. Back-scattered electrons (BSE) that come from the sample
may also be used to form an image. BSE images are often used in analytical SEM
along with the spectra made from the characteristic x-rays as clues to the elemental

composition of the sample [16].

2.3.2.9 Energy Dispersive Analysis of X-rays (EDAX)

EDAX is a microchemical analysis technique. It is also sometimes referred to
as EDX or EDS analysis. It is a technique to identify the elemental composition of the
specimen or for an area of interest. It generally works as an integrated feature with
SEM and cannot function on its own. During EDAX analysis the specimen is
bombarded with the incident electron beam. When a voltage of 10-20 keV is used in
SEM, the incident electrons knock out the inner core level electrons of the sample.
The electrons from the higher energy levels fill up the vacancy thus created. During
this transition X-ray is emitted which is plotted as no. of counts (intensity) with
respect to the BE. The detector is made of the Li drifted Si detector, known as SiLi
detector. This detector must be operated at liquid nitrogen temperatures. The
photoelectron emitted is drawn into the Si detector, which creates electron-hole pairs.
These electron-hole pairs are attracted towards the opposite ends of the detector by a
strong electric field. The SiLi detector is often protected by Be window, hence it

protects detection of soft X-rays of elements having low atomic number.

An EDAX spectrum also shows the nature of X-rays emitted which means that
a transition from L-level to K-level is known as K-a peak, transition from M-level to

K-level is known as the K- peak and so on. This is shown in Figure 2.4.
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Figure 2.4: Schematic diagram of the possible transition lines to form an EDAX spectrum.

Elemental mapping works similarly to a scanning electron microscope: the sample is
bombarded with an electron beam, and signals that come from the sample are
collected. This enables the elements present within sample volumes of 10-30 cubic

micrometers or less to be determined

EDAX measurements described in this thesis were performed on a Leica
Stereoscan-440 scanning electron microscope instrument equipped with a Phoenix
EDAX attachment. Samples for EDAX analysis were made by drop coating the
solutions onto Si (111) wafers. In some cases, powder samples were also used directly
on the sample-holder for the measurement [16]. Elemental mapping was carried out in
above mentioned SEM system with recently equipped with an EDAX analyzer
(Bruker, D451-10C Quantax 200 with X-flash detector) attachment. X-flash 4010
detector was employed for fast and high resolution real time spectrometry and
elemental mapping. EDAX spectra were recorded in the spot-profile mode by
focusing the electron beam onto specific regions of the sample. However, materials

composition reported is based on the data collected over large areas (>300 pm?).

2.3.2.10 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used in chemistry to study
vibrational, rotational and other low-frequency modes in a system. Since vibrational
information is very specific for the chemical bonds in molecules, it therefore provides

a fingerprint by which the molecule can be identified.
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The laser light interacts with phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down. The shift in
energy gives information about the phonon modes in the system. A sample is
illuminated with a laser beam. Light from the illuminated spot is collected with a lens
and sent through a monochromator. The process where most photons are elastically
scattered is called Rayleigh scattering. Raman spectroscopy is based on the Raman
effect, which is the inelastic scattering of photons by molecules. The effect was
discovered by the Indian physicist, C. V. Raman in 1928. Spontaneous Raman
scattering is typically very weak, and as a result the main difficulty of Raman
spectroscopy is separating the weak inelastically scattered light from the intense

Rayleigh scattered laser light.

The energy of the scattered radiation is less than the incident radiation for the
Stokes line and the energy of the scattered radiation is more than the incident
radiation for the anti-Stokes line. The energy increase or decrease from the excitation
is related to the vibrational energy spacing in the ground electronic state of the
molecule. Therefore, the wave number of the Stokes and anti-Stokes lines are a direct
measure of the vibrational energies of the molecule [12]. Raman spectra were
recorded on a Horiba JY LabRAM HR 800 Raman spectrometer coupled with
microscope in reflectance mode with 633 nm excitation laser source and a spectral

resolution of 0.3 cm™.

2.3.2.11 Thermo Gravimetric Analysis (TGA)

TGA is an analytical technique used to determine a material’s thermal stability
and its fraction of volatile components by monitoring the weight change that occurs as
a specimen is heated. The measurement is normally carried out in air or in an inert
atmosphere, such as helium, nitrogen or argon, and the weight is recorded as a
function of increasing temperature. The variation in mass of a sample is measured
when it undergoes a temperature scanning in a controlled atmosphere. Such analysis
relies on a high degree of precision in three measurements: weight, temperature, and
temperature change. As many weight loss curves look similar, the weight loss curve
may require transformation before results may be interpreted. A derivative weight loss

curve can be used to tell the point at which weight loss is most apparent.
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Differential thermal analysis is a technique measuring the difference in
temperature between a sample and a reference (a thermally inert material) as a
function of the time or the temperature, when they undergo temperature scanning in a
controlled atmosphere. The DTA method enables any transformation to be detected
for all the categories of materials, providing information on exothermic and
endothermic reactions taking place in the sample, which include phase transitions,
dehydration, decomposition, redox, or solid-state reactions. In catalysis, these
techniques are used to study the genesis of catalytic materials via solid-state reactions

where alumina is used as a reference material [17].

In TGA experiment, test material is placed into a high alumina cup that is
supported on, or suspended from an analytical balance located outside the furnace
chamber. The balance is zeroed, and the sample cup is heated according to a
predetermined thermal cycle. The balance sends the weight signal to the computer for
storage, along with the sample temperature and the elapsed time. The TGA curve
plots the TGA signal, converted to percent weight change on the Y-axis against the
reference material temperature on the X-axis. Thermal analysis experiments were
measured in Perkin-Elmer’s Diamond TG/DTA at a rate of 10°C/min in air or N,

atmosphere. Al,O3 was used as an internal standard.
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Chapter 3(A): (ZnO,..N,) Materials

3  Structural, Spectroscopic, Electronic Structure and
Catalytic Activity Studies of (ZnO14Ny) and (ZnO;.4;N,S,).

Part A: ZnO..N, Materials

3.1 Introduction

Versatile application in wide range of area makes ZnO a key technological
material [1]. However, both n- and p-type materials are required for improvement of
various applications including homojunction light-emitting diodes (LEDs) and laser
diodes (LDs) application. Normally, undoped ZnO acts as n-type semiconductor and
its conductive properties are due to native donors such as zinc interstitials (Zn;) and
oxygen vacancies (V,), though the quantification of participation from both the
donors is still not clear. Synthesizing p-type ZnO is a big challenge because of the
presence of native donor defects and low dopant solubility. Furthermore, p-type
material often has poor quality due to low hole concentration and mobility. It tends to

revert to n-type behavior over the course of time at room temperature.

Density functional theory (DFT) predicts that the introduction of group-I
elements such as Li, Na, and K, on Zn sites could be a possible approach to obtain p-
type ZnO [2]. However, doping with these elements typically suffer from a very high
diffusivity and self-compensation effects as well. The most frequently used procedure
for acceptor doping is the introduction of group-V elements, mainly N, P, or As,
which generate acceptor states if incorporated in oxygen sites. However, possessing
much larger ionic radii than oxygen, density functional theory suggests significantly
deeper acceptor levels in p-type ZnO compared to doping by group-I elements. Both P
and As also form significantly larger bond lengths and, therefore, produce the lattice
strain. Theoretical calculations have shown that among the heteroatoms, nitrogen (N)
is widely acceptable owing to its compatible size and electron affinity to oxygen (O)
and it has the smallest ionization energy as well. Nitrogen cannot be incorporated in
the ZnO lattice in the form of N, using pure nitrogen source (e.g. during the growth in

air), however, it can be introduced as single atom or ion using nitrogen plasma source

[3].
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To dope nitrogen into ZnO system, many sophisticated methods such as
pulsed laser deposition, molecular beam epitaxy, hydrothermal synthesis and metal
oxide chemical vapor deposition have been employed and various kind of nitrogen
sources like N,, NO, N,O, NH3 and Zn3;N;, have also been used depending on the
growth techniques [4]. Indeed, poor nitrogen solubility in ZnO is a hindrance and, to
date, nitrogen doping can be performed to a maximum of 10'” cm™ [1] or to a surface
doping level of 6 atom % [5]. Furthermore, the formation of Zn-O is energetically
more favorable than the formation of Zn-N bonds. It is predicted that an enhancement
of the doping level of nitrogen in ZnO and a reduction in the nitrogen acceptor levels
are required for the fabrication of low-resistive p-type ZnO [6]. Hence, a suitable
method to prepare ZnO with large nitrogen content could be helpful to enhance its
utilization toward various applications, such as p-type conductors and photocatalyst,
because of the delocalization effect. In spite of several reports, concentration of
nitrogen in ZnO lattice is still controversial. The results showed that the nitrogen
incorporation in ZnO is increased in the presence of NHi, enhancing the hole
concentration. In addition, ZnO is also a very good catalytic material, and hence,

nitrogen doped ZnO can further be explored towards catalytic application.

Oxidation-reduction reactions play an important role in organic chemistry.
Oxidation of alcohols to form aldehyde, ketone or carboxylic acids is a fundamental
reaction. Primary alcohols and secondary alcohols can be oxidized to aldehyde or
carboxylic acids and to ketone, respectively. One of the important alcohol oxidation
reactions is cyclohexanol dehydrogenation since cyclohexanone is a very important
chemical, used mainly as a starting material for the synthesis of two important
polymer fibers i.e. caprolactam and nylon-6. Copper-containing catalysts have been
used in the process for dehydrogenation of cyclohexanol to cyclohexanone for many
years. Ce0,-ZnO composite catalysts have also been investigated for cyclohexanol
dehydrogenation. Cyclohexanone was obtained as main product for cyclohexanol
transformation reaction carried out over these mixed oxide -catalysts due to

dehydrogenation on basic sites.

The Friedel-Crafts acylation of aromatic compounds is also an important
transformation in organic synthesis. In a typical Friedel-Crafts acylation reaction, an

aromatic compound undergoes electrophilic substitution with an acylating agent in the
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presence of more than 1 equiv of acid catalyst. Sharghi ef al. identified ZnO alone can
promote Friedel-Crafts acylation reaction of activated and unactivated aromatic

compounds with acyl chlorides at room temperature in a very efficient way [7].

We successfully prepared up to 15 atom % N incorporated ZnO (ZnO,.4\Ny) by
a very simple SCM. In this part (part A) we have discussed on detailed
characterization of nitrogen doped ZnO to confirm the state and amount of nitrogen.
The samples were characterized by powder XRD, UV-visible, XPS, Raman
spectroscopy and TG-DTA. A detailed investigation has been carried out in the
present chapter to explore the effect of nitrogen in ZnO lattice in the photocatalytic
decomposition of rhodamine B, acylation of anisole and Cyclohexanol

dehydrogenation reaction.
3.2 Results and Discussion

Throughout the chapter ZnO; Ny materials are denoted as UZm where m
being the ratio of urea/Zn(NO3), used. Any numerical value followed by m represents

calcination temperature of the corresponding material.
3.2.1 X-Ray Diffraction

To explore the structural properties of the material, powder X-ray diffraction
(PXRD) was carried out. Figure 3.1 shows the PXRD pattern of ZnO; Ny materials.
For comparison purposes, the diffractograms of the ZnO was included. It is clear from
the figure that all diffraction features from ZnO,; <Ny matched with that of the pattern
shown for the bulk ZnO and no additional peak was observed due to N incorporation
in ZnO. The major peaks of ZnO,.\Ny material appeared at (20) 31.8°, 33.4° and 36.2°,
which were assigned to the diffractions from the (100), (002) and (101) planes,
respectively. This observation clearly demonstrates the formation of the hexagonal
Waurtzite structure [8]. Rietveld refinement profiles of UZ1, UZ3 and UZ5 materials
are presented in Figure 3.2. An excellent agreement between the experimental and the
fitted data indicated that the XRD pattern could be indexed satisfactorily well to the
Waurtzite structure with a space group P6smc. The sharp and high intensity diffraction
peaks would prove the highly crystalline nature of ZnO,4«Nx materials. Compared to

ZnO, small shift to higher diffraction angle associated with ZnO; 4Ny materials reveal
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Figure 3.1: PXRD pattern of ZnO,..\N, materials prepared with different urea/Zn(NOj3), ratio
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Figure 3.2: Rietveld refinement profiles of (a) UZI, (b) UZ3, and (c) UZ5 materials.

Experimental data points are given in black color line and calculated intensity is given in

orange open circle. The difference plot is given at the bottom.
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an overall contraction of the lattice. Indeed, there is a small change in the lattice

parameters and it depends on the amount of urea employed in the preparation.

Rietveld analysis clearly suggests the largest decrease in the lattice parameters
(a =3.2323 A and ¢ = 5.1784 A) observed with UZ1, which also shows maximum
bulk N-content (15.1 atom %), compared to commercial ZnO (¢ = 3.25 A and ¢ =
5.205 A) (Figure 3.3a). Moreover, with increasing urea content peak broadening
occurs and peak intensity gradually decreases which indicates that an increase in urea
concentration in reaction mixture deteriorates the crystallinity of the material. Further,
decrease in lattice contraction was observed with increase in urea content in the
reaction mixture and the lattice parameter moves closer toward ZnO as shown in
Figure 3.3a. Significant amount of zinc carbonate formation is evident from the XRD
patterns of UZ7 and UZ10, along with an increase in surface area and change in
sample color (from light orange to white) because of the high urea content in the
reaction mixture. Diffraction peaks due to zinc carbonate were also observed in the
PXRD analysis and are indicated by an asterisk symbol (*) in Figure 3.1. Urea, a good
fuel, produces more CO, along with NHj, with increase in urea content during

combustion; this causes the carbonate formation in UZ7 and UZ10 [9].
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Figure 3.3: (a) Lattice parameters of ZnO,..N, materials calculated from Rietveld analysis of
the PXRD data. (b) PXRD pattern of UZI material calcined at different temperature
compared with standard ZnO.
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Table 3.1 Physicochemical characteristics of ZnO,.<N, materials

ZnO 4Ny Lattice Parameters!™ Surface area  density (g/cm’ )f Bulk and Surface atom percent! Color

codel® (m?/g)

a(A) c(A) Zn 0) N (Zn/N)surt

uz1 3.2323 5.1784 1 5.81 24.4 60.5 15.1 72 Brownish orange
UZ1-650 -—- --- 1 29.7 64.3 6.01 --- Orange
UZ1-950 3.2511 5.2007 1 344 65.6 --- --- Off white
uUZzZ3 3.2390 5.1892 3 5.62 24.7 64.8 10.5 7.6 Orange
UzZs 3.2421 5.1924 7 5.58 17.7 72.7 8.6 6.3 Pale orange
uz7 3.2414 5.1934 19 5.49 16.8 72.2 7.1 2.02 Pale orange
Uz10 102 5.23 14.9 551 02 0.58 White

[a] Urea:Zn(NOs); 6H-O mole ratio is given next to UZ followed by (any) calcination temperature in ‘C. [b] Lattice parameters for pure ZnO (a = 3.25 4
and ¢ = 5.205 A). [c] Bulk and surface atomic content measured from EDAX and XPS, respectively. [d] UZ0.8 (Urea:Zn(NO3), 6H,O = 0.8) shows similar
characteristics as that of UZI. [€] Bulk carbon content of UZ10 is 29.8 atom % and surface atomic ratio of Zn:C from carbonate is 0.98. Carbon content is
1 and 3.9 atom % on UZS5 and UZ7, respectively. [f] Density of ZnO is 5.606 g/cm’.
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Carbonate formation with more urea would certainly change the atom percentage

trend which was observed for materials with urea: Zn(NOs), > 5 (above UZ5).

Figure 3.3b shows XRD peak of UZI materials annealed at different
temperature in static air for 6 hours and reveals that there is no change in Wurtzite
structure due to calcination. However, with increasing calcination temperature there
was a change in color of the material with shift of most intense peak towards higher
angle. Therefore, it can be concluded that with increase in calcination temperature
unit cell volume decreases and thermal contraction occurs due to loss of nitrogen from

lattice and/or interstitial position which also reflects in decrease in cell parameter.
3.2.2 Energy Dispersive Analysis of X-rays (EDAX)

Table 3.1 describes the EDAX analysis of all ZnO; 4Ny materials along with
surface Zn/N ratio. However, atom content measured via EDAX on individual
particles differs significantly, and the values reported in Table 3.1 are the average
values obtained over a large area. EDAX analysis revealed the lowest Zn/N ratio in
UZ1 and it was continuously increasing with increase in urea content in preparation
mixture (from UZ1 to UZ10). Brownish orange colored UZ1 contained 15.1 atom %
nitrogen and UZ3 showed a decrease in the N atom content to 10.5% and a
simultaneous increase in O atom content to 64.8%. This directly suggests that the
introduction of nitrogen was at the expense of oxygen. In contrast, lowest Zn/N
(surface) observed for UZ10 was due to preferential surface nitrogen doping along
with carbonate formation. Effective combustion might be a reason for the surface
segregation (or surface doping) of nitrogen on ZnO in UZ7 and UZ10. The bulk N
atom content in ZnO; 4Ny reduced linearly as the urea content in the initial reactants
mixture was increased. However, the O atom content changed to higher atom % with
the urea content between UZ1 and UZ5. EDAX and XPS analyses demonstrate the
presence of carbon in form of carbonate (or carbonate-like) species. The likelihood of
occupancy of nitrogen atoms in oxygen lattice positions in ZnO can be confirmed
from the observations mentioned above. Nevertheless, a small amount of nitrogen in
extra-lattice positions might remain which could not be detected from any of the

characterization methods employed in the present study.
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It is to be noted that a significant difference in the density values of ZnO;_ (N
materials were observed, compared to that of ZnO (5.606 g/cm’®) (Table 3.1). UZ1
(and UZ0.8) especially exhibits higher density (5.81 g/cm’) than all other
compositions and ZnO, suggesting a considerable change in composition and/or
compact nature of the material. A large amount of nitrogen and a higher density

indicates that some amount of interstitial Zn might be present in the lattice.

Indeed, interstitial Zn and oxygen vacancies (EPR studies, Figure 3.10)
present in the lattice are mainly present to compensate for the excess anionic charge
from the significantly large nitrogen content (15%) and to maintain the charge
neutrality of the entire lattice. This is further supported by a decrease in the lattice
parameter with increasing nitrogen content. In view of this, the actual stoichiometry
of UZ1 would be Zn;;5005sNp. 15, and the value of 6 > 0.05, from density values.
Furthermore, the low surface area value that is observed for UZ1 (1 m?/g) and the
higher density corroborates well and supports the compact nature of UZ1. When UZ1
is subjected to air calcination at 950°C, the material turns colorless and the density
value of UZ1-950 (5.62 g/cm’) is similar to that of ZnO (Table 3.1), which supports
the removal of nitrogen from the UZ1 lattice and a simple oxidation to ZnO. The low
surface area observed after the aforementioned calcination with UZ1-950 is due to the
sintering effect. Density values observed for UZ3 and UZS5 is comparable to that of
ZnQO; furthermore, the surface area also increases significantly and corresponds to
decreasing nitrogen content, indicating a decreasing interstitial Zn content in UZ3 and
UZS5. A large increase in the surface area and a significant decrease in the density
values of UZ7 and UZIO suggest an increasing porosity of these materials.
Furthermore, the nitrogen content decreases along with a change in the nature of
materials that contain more carbonates (Figure 3.1 and Table 3.1), clearly indicating
that the effective introduction of nitrogen can be performed with a stoichiometric

amount of urea and zinc nitrate.
3.2.3 Scanning Electron Microscopy (SEM)

Figure 3.4 displays the surface morphology of ZnO; <Ny by SEM. It reveals
that as-prepared sample of UZ0.8 (and UZ1) (Figure 3.4a and b) exhibits triangular
and hexagonal-prism-shaped crystals with an edge length of ~400 nm to 1.5 um;

however, the triangular structure dominates over the prismatic structure. The
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(a) UZ0.8 (b) UZ1

(c) UZ1-500 (d) UZ1-650

(e) UZ1.5 (f) UZ5

Figure 3.4: SEM images of (a) UZ0.8, (b) UZI, (c) UZI-500, (d)UZI1-650, (¢) UZL.5 (f) UZ5.

measured thickness of the triangular particles is ~250 nm, irrespective of the edge
length. The uniform contrast that is observed within any triangular/ prismatic particle
is believed to result from the stress-free and well-grown crystals, which is expected
from slow crystallization. It is interesting to note that such well-grown crystals were

observed from the ZnO; 4Ny materials prepared via the SCM method, which is indeed
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a rapid preparation method. Thus the SEM results well support and reflect the
crystalline nature of the samples found from X-ray diffraction analysis. Due to the
exposure of smaller particles to relatively high-temperature zones around flame
temperature (700-1000°C) during combustion preparation, a significant amount of
triangular agglomerates was also observed. This might be a reason for significantly
different atomic composition of individual crystallites measured by EDAX analysis.
After calcination at 500°C for 6 h, agglomeration increased in UZ1 (Figure 3.4d);
however, sharp edges could still be observed. Calcination to higher temperatures
(650°C) increased the agglomeration and lotus-type agglomerates were observed on
UZ1-650. As the urea/metal ratio was increased and reached stoichiometric (1.66)
value, no single or unagglomerated triangle shaped particle was observed, rather
particles agglomerated to form precursor structure of lotus type particle. With a ratio
of urea:Zn >2 in the reaction mixture, no specific particle morphology was observed,
and it is attributed to the increasing exothermicity of the combustion reaction. The
high urea content in the mixture of reactants made the combustion better, and
therefore in situ combustion temperature reached very high with releasing more gases
emanating during SCM which helped to form micro-pores with a high surface area on
UZ7 and UZ10 (Table 3.1). Hence, controlled combustion with urea content lower
than a stoichiometric value (in UZ1 and UZ0.8) produced well-defined particle
morphology.

The addition of NH4NOs3, instead of urea, to zinc acetate did produce similar
ZnO; 4Ny materials but without any specific morphology, which suggests the in situ
formation of NH,/NH; during combustion and the same is required for nitrogen
doping, and the nitrogen source is from urea and not the nitrate nitrogen. Below Zn:
urea = 0.8 the combustion was not possible as minimum oxidant concentration

required was well below the stoichiometric ratio of Zn: urea = 1.66.
3.2.4 Raman Spectroscopy

Figure 3.5 displays the Raman spectra of the as-synthesized (UZ1, UZ3 and UZS) and
calcined (UZ1 at different temperature) ZnO; 4Ny materials. Raman spectra of the
ZnO were also included for comparison purposes. ZnO exhibits a hexagonal Wurtzite

structure and belongs to the Cs, symmetry group. Typical Raman-active phonon

modes in first order spectrum E,, A;(TO), A;(LO), E{(TO), and E;(LO) are expected
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[10]. The B; modes are silent. According to the selection rules E; and A;(LO) modes
are expected to be observed in unpolarized Raman spectra. All the above Raman
modes were found for ZnO; 4Ny, rather than ZnO. A unique feature of the ZnO
spectrum is that it’s LO signal is weak. A strong and sharp peak observed at 437 cm’™
on all ZnO; 4Ny and ZnO was attributed to the typical E,(high) mode. This mode
corresponds to the band characteristic of the Wurtzite phase. A;(TO) and E;(TO)
modes were observed at 380 and 415 cm™ respectively. Among these Raman shift
peaks, the mode at 437 cm ™' showed the strongest intensity and narrower line width of
9 c¢m ', This phenomenon indicates the high crystal quality of the material which

supports the XRD analysis.

In addition to the above, three new peaks were noted at 507, 582, and 642 cm’ on
Zn0O; 4Ny materials which don’t belong to first or second order structure of ZnO. A

broad peak at 582 cm™ peak was attributed to A;(LO) as reported by Wang et al. [11]
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Figure 3.5: Raman spectra of ZnO,.N, materials, calcined UZI and ZnO. Note with
increasing calcination temperature Zn-N local vibrational modes intensity gradually

decreases due to nitrogen loss.
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and suggested that these modes may be related to nitrogen doping. It is to be
mentioned that A;(LO) and E;(LO) peaks at 580 cm™ are low in intensity for pure
ZnO, and high intensity observed at 582 cm™ was attributed to the Ex(Zn-N) mode
from ZnO; «Ny. The other two peaks (507 and 642 cm'l) were also identified as Zn-N
related local vibration modes (LVMs). A large content of nitrogen in UZ1 can be
confirmed by comparing the intensity of Zn-N (582 cm™) to Zn-O (437 cm™). It is
clear from the Raman features that the E»(Zn-O) mode at 437 cm™ is much higher in
intensity on ZnO than on UZ1, indicating that the Zn-N features are at the expense of
Zn-0O features. These changes in intensity underscore the higher covalency of Zn-N

than the parent Zn-O bonds.

Kaschner et al. [12] found that there is a proportional relationship between the
intensity of the nitrogen LVM peaks and the nitrogen concentration in nitrogen-doped
Zn0O. A comparison of Raman spectra of as-prepared sample (UZ1) and calcined UZ1
clearly demonstrates a decrease in the intensity of Zn-N LVMs with an increasing
calcination temperature, especially for the feature at 582 cm™. Hence, it can be
concluded that nitrogen desorbs from the lattice of as-prepared sample during
calcination >500°C. All nitrogen atoms disappeared on 950°C calcined sample and
showed the identical Raman spectra as that of ZnO. However, decrease in intensity
was different for different peaks. This is because of different modes of breaking
probability of the nitrogen containing compounds. This provides the evidence to
support the direct bonding between Zn and N in the ZnO;.«Ny system. In this system,
only ZnO as well as nitrogen related LVMs were present. From calculations based on
a modified valence-force model of Kane, Kaschner et al. obtained the values of 272
and 587 cm™ for LVMs of nitrogen on a substitutional oxygen site in the ZnO lattice,
which is good agreement with the observation from the present study [12]. With
increasing urea concentration in reaction mixture, peaks related to LVMs of Zn-N
bond were found to broaden. This supports a decrease in crystallinity of the materials.
The decrease in intensity also indicates that the amount of nitrogen (bulk nitrogen) in

the lattice decreases.

3.2.5 UV-Visible Spectroscopy

UV-visible absorption spectra of ZnO; 4Ny materials were measured and compared

with pure ZnO material and the results are shown in Figure 3.6. Pure ZnO shows an
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absorption cutoff edge at ~375 nm [13]. In addition to the above, a new and broad
visible absorption band with an absorption onset at ~600 nm and a band maximum at
~480 nm was noticed on all ZnO, 4Ny materials, except UZ10. The energy difference
between the aforementioned two features demonstrates the creation of a midgap (deep
level acceptor) state in the band gap. UV-Vis absorption spectra in Kubella Munk unit
(K. M. Unit) is displayed in Figure 3.6b giving the similar information. Low intensity
of absorption features may be attributed to the forbidden transition from midgap state
to CB. However, despite a high N content, no hole conductivity was observed and all
ZnO; 4Ny materials exhibited insulating characteristics similar to that of ZnO. This
observation clearly reinforces the conclusion that N 2p states are far removed from
the top of the O 2p VB. UZI1 annealed at 950°C shows no visible light absorption,
because of the complete loss of nitrogen. This suggests that the visible light
absorption was due to the introduction of N into the ZnO lattice and the N 2p derived
midgap state. The band gap energy of the present samples was roughly estimated to
be ~2.5 eV based on the absorption maximum and band in visible region of diffuse

reflectance spectra, which is substantially smaller than that for ZnO (3.2 eV).

(b)

== = ZN0O

— UZ1

—UZ3

—UZ5

uz7

A — Uz1-950
S --—=-UZ10
| 1

400 600 800 400 600 800
Wavelength / nm

Reflectance / A. U.
K. M. Uni

Figure 3.6: (a) Diffuse reflectance UV-Visible spectra of the ZnO,.N, materials, UZI1-950
and ZnO. (b) UV-Vis absorption spectra of the same in K.M. unit.
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Density functional theory (DFT) calculation reveals that the bottom of the CB
for pure ZnO is mainly composed of unoccupied levels consist of Zn 4s and 4p
orbital, while the top of the VB consists of O 2p and Zn 3d orbital. The lower part of
VB, which is located about 10 eV lower than the upper VB, is essentially composed
of O 2s and Zn 3d orbital. However, doping of N 2p creates mid gap state between
VB and CB. Based on calculations of band structures, visible-light responses for
ZnO; 4Ny arose from band narrowing by mixing of N 2p and O 2p. Nonetheless,
present experimental results suggest that there is hardly any energy overlap between
O 2p and N 2p states, and it is may be due to the nature of nitrogen. This will be
discussed more in XPS result in section 3.2.7. ZnO; 4Ny powder contained not only
nitrogen but also oxygen vacancies. Electronic levels due to the oxygen vacancies are
slightly below the CB edge, and hence, responsible for visible-light responses. Indeed,
the color intensity associated with ZnO; 4Ny decreased from orange-brown for as-

prepared material to white after calcination at 950°C.
3.2.6 Thermo Gravimetric Analysis

Figure 3.7 exhibits the result obtained from thermal analysis of the as-prepared
sample (UZ1, UZ5 and UZ10) performed in simulated air atmosphere. It can be seen
from Figure 3.7 that hardly any weight loss (0.4 wt %) was observed up to 800°C for
UZ1 and this indicates a high thermal stability of the sample. No considerable weight
loss was observed at <500°C due to loss of any physisorbed H,O and NHj3, or nitrate
decomposition. This suggests the high purity of ZnO; Ny materials as well as the
hydrophobic nature of UZ1. A broad endotherm observed from 300°C to 850°C in
DTA suggests some desorption. Indeed, N desorption was expected above the yellow
flame temperature (>600°C). Further, it can be noted from Table 3.1 that the lattice
parameter of UZ1-950 and ZnO are comparable. A marginal weight gain is normally
expected to get during oxidation of ZnOy 5Ny ;5 (UZ1) to ZnO. However, instead of
weight gain via the oxidation of ZnO; 4Ny to ZnO (at >600°C), an overall weight loss
(0.4 wt %) was observed due to a net oxygen loss throughout the heating in the TG-
DTA experiment. Further, change in color from orange to white, (UZ3 to UZI0,
respectively) supports a decrease in the N content. A small but sharp change in weight
loss (~1 wt %) was observed at ~550°C on UZ5, with a corresponding exothermic

change in DTA (Figure 3.7a) and it is attributed to decomposition of carbonate.
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Figure 3.7: Thermo-gravimetric and differential thermal analysis of (a) UZI, UZ5 and (b)

UZ10 carried out in air atmosphere at a heating rate of 10°C/min.

To explore this aspect deeper, UZ10 was also subjected to TG-DTA measurements.
Very sharp and large weight loss (~40%), accompanied by an exotherm observed in
DTA at ~550-660°C on UZ10 (Figure 3.7b), is attributed to the decomposition of the
carbonate species. XPS results also support the formation of carbonates between UZ5
and UZ10. So, it can be inferred that when the urea content increased in the
preparation (for UZ7 and UZ10), the weight loss also increases due to carbonate
formation. Though a significant intensity corresponds to the carbonate decomposition
peak was observed for UZ5, the absence of a carbonate feature in the XRD analysis
(Figure 3.1) suggests that the carbonate formation is likely limited to surfaces, rather
than the bulk. However, a large weight loss in TG and the observation of Zn(COs),
diffraction peaks in Figure 3.1 demonstrates the bulk nature of Zn(CO3); in UZ10.

3.2.7 X-ray Photoelectron Spectroscopy

XPS spectra of ZnO, 4Ny samples are shown in Figure 3.8 for N ls, Zn 2p;35, C s,
and O 1s core levels. N 1s core level from ZnO; N material showed a single peak
and appeared at around 399.6 + 0.2 eV suggesting the nature of nitrogen, especially
the charge density is similar to that of ammonia or amines. The typical nitride binding

energy (BE) is reported to be ~397 eV [14], and the above mentioned observation
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suggests that the electron density on nitrogen in ZnO; 4Ny is less than that of nitrides.
This might be attributed to a more-covalent character of Zn-N bonds in ZnO;.xNy.
However, aforementioned XPS results indicate that the surface N content increased
linearly with the amount of urea used in the preparation. Although UZ10 was
colorless, high surface N content suggests preferential N segregation on the surface
and is further supported by EDAX results (Table 3.1). Importantly the nature of N and

its charge density seems to decide the band gap modifications.

(a)N1s ) (dO1s

,Carbonate

Adventitious i Carbon

Carbon ! —e—Uz10

(b)Zn 2p,_, (c)C1s

Intensity / A. U.

'396 400 404 1017 1021 1025 200 528 532 536
Binding Energy / eV Binding Energy / eV

Figure 3.8: XPS spectra collected from (a) N Is (b) Zn 2ps,; (c) C 1s and (d) O Is core levels
of ZnO, N, materials.

O 1s peak appeared at 530.5 eV for UZI and it is in agreement with that of
ZnO [15]. However, a broadening occurred on the high BE side with increasing urea
content in the preparation. From UZS to UZI10 shifting of O ls peak to higher BE
suggests the formation of carbonate. On UZ10 presence of O ls peak at 532 eV is due
to carbonate formation. Furthermore, significant amount of carbonate is evident from
C ls spectra of UZ7 and UZ10 implies the high BE component (532.0 eV) in O s
core level [16], which can be confirmed from XRD and thermal analysis. Further to
mention that Zn 2p;, core level appeared at BE 1021.6 + 0.1 eV for all ZnO; Ny
materials, except UZ10 indicates that the electron density on Zn is slightly higher than
that of ZnO.
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3.2.8 SIMS Analysis

In the present investigations efforts to measure the nitrogen content using the
Kjeldahl method with ZnO; 4Ny materials did not yield meaningful results, unlike that
observed with organic compounds and peptides. This is the main aim for the

measurement of nitrogen content in ZnO;_,N, materials via analytical methods.
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Figure 3.9: SIMS measurements display secondary ion intensities obtained from (a) UZI and
(b) UZ5.

Secondary-ion mass spectrometry (SIMS) results obtained on ZnO;Nx
materials are shown in Figure 3.9 with representative results from UZ1 and UZS.
Species that exhibited <100 counts/s were not considered due to high level of noise.
The initially recorded mass spectrum with significant intensity illustrated the presence
of different species, namely, Zn, N, ZnN, Zn-O, and O. Secondary-ion intensities of
the first four species are shown in Figure 3.9, as a function of sputtering time or
depth. Qualitatively, the same trend in intensity of all the species was observed on
UZ1 and UZS5. No significant decrease in N and ZnN species with sputtering time
emphasizes the bulk nitrogen doping in Zn-O and the uniformity of the substitution
throughout the bulk. Nonetheless, Zn-N and Zn-O species counts were significantly
different on UZ1 and UZS. Considerably large Zn-N species on UZ1 underscore the
fact that the level of nitrogen doping was higher than UZS5 and corresponds with the
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values obtained from EDAX (as given in Table 3.1). In spite of being the host lattice,
Zn-O showed the lower count rate than that of Zn-N, primarily due to different
ionization capacity of emitted species. This phenomenon is strongly dependent on the

local surface characteristics of the materials, known as ‘matrix effect’ in SIMS [17].

On the other side, another reasoning for the higher intensity of Zn-N than Zn-
O can be pointed out from the fact that it is difficult to break the bonding ions from an
increasing covalent character. An important point to be mentioned here is that no
other N-related species, such as N, sz', NO, NO,, NO3", Zn-N-O, or NH,, were
noticed in the mass spectra, which suggests that the status of N in ZnO, 4Ny material
is none of the above. The fact that only one type of N observed in all of the
aforementioned characterizations underscores the status of N being unique in ZnO,.

«Nx materials, and it is very likely the reason for the replacement of lattice O by N.
3.2.9 Electron Paramagnetic Resonance Studies

EPR studies carried out at room temperature on UZ1 and UZ1-950 is shown in
Figure 3.10. This shows the features are due to Zn vacancies at g = 2.00, but relatively

small intensity for oxygen vacancies at g = 1.96.

ZU1-950

Wihmaroto

ZU1

Intensity / A. U.
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Figure 3.10: EPR spectra of the UZ1 and UZ1-950 recorded at 298 K.
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No feature due to nitric oxide (NO) type species was observed hinting the absence of
direct N-O linkages. No significant change in intensity was also marked for the above
features after calcinations at 950°C. However, an overall decrease in intensity of other
features, mostly due to localized defects was observed. This is further supported by

XPS studies (Figure 3.8), in which no N 1s peak was observed at >400 eV.
3.3 Catalytic Activity Study

3.3.1 Rhodamine B Degradation

G COOH
=
- +
O NHz Cl-

A) Structure of rhodamine B B) Structure of rhodamine

cl- Hz

Scheme 3.1: Structure of Rhodamine B and Rhodamine

The photocatalytic degradation of harmful organic compounds is of great
interest and important for environmental protection also. It has been evident from the
reported studies that many organic and inorganic pollutants present in water or air
stream can be fully decomposed by means of photocatalysis. Dyestuffs are ubiquitous
and are one of the main classes of contaminants in wastewater, especially those from
the textile and photographic industries. An efficient photocatalytic process of dye
degradation usually includes the separation of electron hole pairs and the subsequent
reduction-oxidation reactions. Photocatalytic activity of ZnO; Ny, in the present
research work, was examined through the photodecomposition of rhodamine B

solution.

100 mg ZnO; 4Ny catalyst was suspended in 100 ml of 10 ppm rhodamine B
solution and used for photocatalysis studies. The concentration of rhodamine B was
determined by monitoring the intensity changes from the absorbance band at 532 nm.
Figure 3.11a shows the changes in the UV-Vis absorption spectra of rhodamine B

concentration for a reaction period of 3h of photocatalytic decomposition with UZ]1.
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Figure 3.11:(a) UV-Visible absorption spectra of rhodamine B decomposition plotted as a
Sfunction of UV-light illumination time on UZI. (b) Photocatalytic decomposition profiles of
rhodamine B on UZI and UZ5.

The aforementioned measurements demonstrate the complete decomposition of
rhodamine B within 3 hrs for ZUl (and ZUS5). For a better understanding, the
degradation rate of rhodamine B (In (C/Cy)) is plotted against illumination time in
Figure 3.11b for UZ1 and UZS. The initial 10 ppm concentration of rhodamine B was
taken as Cy and C; were the concentration measured after a specific reaction time. The
rate of degradation of rhodamine B shows that it follows approximately pseudo-first-
order kinetics: k¢ = In (C/Cy), where k is the apparent reaction rate constant (the value
of which was determined to be 0.017 and 0.024 min™ for UZ1 and UZ5, respectively).
UZ5 showed a relatively higher decomposition rate, and it is attributed to higher

nitrogen content on the surface.
3.3.2 Anisole Acylation Reaction

It is well known that ZnO can be a dehydrogenation catalyst and a good
catalytic support for many reactions, including steam-reforming reaction. Recently
ZnO has been used for alkylation and acylation reaction [7] and we demonstrate here
that ZnO, 4Ny exhibits acylation activity with high selectivity in a simple pot reaction

at room temperature (RT).
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OMe OMe OMe
Catalyst COCH,
+ CH,COCI +
RT/ Solvent free
COCH,
Anisole 4-methoxy 2-methoxy
Acetophenone Acetophenone

Scheme 3.2: Reaction scheme for Anisole acylation reaction.

Table 3.2: Catalytic acylation of anisole with acetyl chloride on ZnO; N, at RT

Catalyst Anisole Selectivity of the product
conversion
(Mol %) 4-methoxy 2-methoxy 2, 6-di-methoxy
Acetophenone  acetophenone  acetophenone (Mol
(Mol %) (Mol %) %)
Uz1 65 90 7 3
uzs 72 92 6 2

Conversion of anisole and selectivity towards 4-methoxy acetophenone in
anisole acylation reaction was reported in Table 3.2. UZ5 shows better conversion

than UZ1 which is likely due to better surface area and surface nitrogen segregation.
3.3.3 Dehydrogenation of Cyclohexanol

Dehydrogenation of alcohol on metal oxide catalysts has been studied for
decades due to its practical importance in the chemical industry. ZnO based catalysts
are known for dehydrogenation reactions. Hence, it is worth investigating ZnO; 4Ny
materials for catalytic dehydrogenation of alcohols. A research for the selective

catalytic dehydrogenation of cyclohexanol was carried out with ZnO; Ny systems.

OH O

Cyclohehexanol Cyclohexanone

Scheme 3.3: Reaction scheme for cyclohexanol dehydrogenation.
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3.3.3.1 Effect of WHSV or Contact Time

Figure 3.12 shows weight hour space velocity (WHSV) dependence for
cyclohexanol conversion and cyclohexanone selectivity on ZnO; Ny (UZ5) at 400°C.
Figure 3.12 demonstrates that the cyclohexanol conversion decreases with increasing

WHSV. A marginal increase in conversion was observed with WHSV =4.8 h”'
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Figure 3.12: Effect of WHSYV on the catalytic activity of UZ5 with time on stream at 400°C.

compared to 2.9 h™'. Though cyclohexanol conversion is high at WHSV < 3 h’!
(higher contact time), but yield of cyclohexanone was low due to gaseous product and
coke formation. At WHSV = 6.7 h™', conversion and yield decreases relatively rapidly
hinting deactivation of the catalyst. An optimum of 72% cyclohexanol conversion
with nearly 95% cyclohexanone selectivity was achieved at WHSV = 4.8 h' (or
contact time = 0.21h). This above optimized WHSV was fixed for all further studies
in this chapter.

3.3.3.2 Effect of Reaction Temperature

Effect of reaction temperatures on cyclohexanol dehydrogenation on ZnO; Ny
(UZ5) is given in Figures 3.13. Cyclohexanol conversion and cyclohexanone yield
increased significantly with increasing the reaction temperature from 350°C to 400°C.
However, at high temperature (450°C), substrate conversion is high but the yield of

cyclohexanone decreases mainly due to gaseous product formation like alkenes, CO,.
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Figure 3.13: Effect of temperature on the catalytic activity of UZ5 at a WHSV of 4.8 h™" at

time on stream.

3.3.3.3 Comparison of Catalytic Performance

Figure 3.14a and b show the cyclohexanol conversion and cyclohexanone
yield, respectively, on different ZnO; Ny materials at 400°C and WHSV = 4.8 ht.
Activity studies have been carried out without water in the feed. It is to be noted that
UZS5 shows very high cyclohexanol conversion, compared to other two materials. For
all the catalysts composition, the conversion and yield decreases with time on stream.

The reason of deactivation has been discussed later part of the chapter.

Cylcohexanone selectivity remains > 90% on all the catalyst compositions.
UZ1 and UZ10 were showing 60% conversion with near about 55% yield; on ZU10
selectivity towards cyclohexanone was 90%. High urea concentration, during
preparation of UZ10, increased the surface area as well as carbonate formation.
Among the above series, UZ1 exhibits low surface area and UZ10 displays high
surface area, but UZ10 contains a good amount of zinc carbonate. Furthermore, the
surface nitrogen content is greater in UZ10 and lower in UZ1. Thus, low conversion
in UZ1 is attributed to lower surface area and lower nitrogen concentration on the
surface, whether in UZ10 due to carbonate formation selectivity is poor. UZ5 exhibits

surface area is higher than that of UZ1, so both conversion and yield reach maximum.
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Figure 3.14: Comparison of catalytic performance of ZnO, N, with different compositions
(UZ1, UZ5 & UZ10) at 400°C at a WHSV of 4.8 I

3.3.3.4 Reason of Deactivation

XRD pattern and Raman spectroscopy of the fresh and the spent catalysts are

compared in Figure 3.15. The spent catalysts are crystalline and all the peaks could be
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Figure 3.15: (a) XRD and (b) Raman spectra of spent catalyst compared with fresh catalyst.
Spent catalyst and fresh catalyst mentioned as (S) and (F), respectively after catalyst name.
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indexed like fresh catalyst. No significant change in the XRD pattern of spent ZnO,.
«Nx materials is observed with respect to fresh catalyst. This is attributed to the
structural integrity of the material retained after reaction also. However, in Raman
spectra intensity of N containing peak decreases and intensity of Ex(high)z,n at 582
cm’' decreases in intensity and that of ZnO increases at the expense of Zn-N features,
which is likely due to N loss during the reaction condition. However, calcination of
UZ1 under static air 500°C shows no N loss attributed another possibility of lowering

the intensity of peak could be coke formation, which is blocking the N containing site.
3.4 Conclusions

Zn0O, 4Ny materials were prepared using SCM, and it has been characterized
by a variety of physicochemical, structural, spectroscopy, and microscopic
measurements. Except for a minor lattice contraction, no significant change in the
ZnO-Waurtzite structure was observed, even with 15% nitrogen in ZnO,;4Nx. Density
measurements suggest the presence of some amount of interstitial Zn when the
nitrogen content is high (15%). Charge neutrality of the entire lattice, because of the
high nitrogen content in ZnO; 4Ny, was maintained by the aforementioned interstitial
Zn species and some oxygen vacancies. Nanometer- to micrometer-sized and
triangular/prism-shaped particles were observed via SEM. High thermal stability was
identified from thermal analysis. Raman, SIMS, and optical studies demonstrate the
direct Zn-N bond and the N 2p states forms the midgap (deep level acceptor) band,
respectively. XPS indicates that the charge density of nitrogen on ZnO; 4Ny is similar
to that of NH;. Decomposition of rhodamine B on ZnO; Ny with UV light reveals its
effectiveness as a photocatalyst. No significant visible-light photocatalytic activity
and the insulating character of ZnO,; <Ny suggest that the N 2p states do not change
the band gap of ZnO; Ny, compared to ZnO, because N 2p states are in the forbidden
region of the band gap. It is likely that suitable surface modifications of the present
material with a noble metal might be a visible light driven photocatalyst and it is
worth exploring further in this line. ZnO,.<Nyx materials also exhibit highly selective
acylation catalytic activity at RT. Visible-light absorption and a large nitrogen content
observed, along with the presence of triangular or prismatic shapes, suggests a high
potential associated with ZnO,; 4Ny toward applications, such as low-threshold

semiconductor lasers and photocatalysts such as N-doped TiO,.
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Part B: Solid Solution of ZnS in ZnO, ZnO4.«.,N,S, Materials.

3.5 Introduction

TiO, and ZnO based semiconductors are potential candidates for solar energy
conversion applications, particularly as photocatalysts for H, generation from water
[18]. Unlike other semiconductors such as GaP, InP, or CdTe, oxides such as TiO,
and ZnO do not contain any precious metals or toxic elements. For a wide-band gap
semiconductor, the addition of impurities often induces dramatic changes in its
electrical and optical properties. Heteroatom doped titanium oxide (TiO,) has been
extensively studied for photocatalysis under UV and/or visible light, as nonmetal
doping can narrow the band gap and improve the utilization of the solar spectrum
[19]. The band gap reduction and photocatalytic promotion under visible light were
most pronounced for sulfur-doped TiO, [20]. Both cation substitution (S**/S®") on the
Ti site and substitutional anionic S on the O sites have been reported. Meanwhile, co-
doping with double nonmetal elements has attracted more attention [21], such as N, S-
codoped TiO,. Nonetheless, there is serious concern about the efficacy of the S-TiO,
[22]. However, in case of ZnO, implication to S or N-S co-doping has not yet been

explored significantly.

ZnO is a multifunctional semiconductor material with versatile properties [1].
Due to their promising perspectives in these myriad areas, many approaches including
both physical and chemical strategies have been developed for the preparation of this
oxide. However, suitable doping of hetero atoms either in the place of zinc or oxygen
can make use of ZnO in better ways. Especially, anionic impurity can introduce a new
level in valence band, which provides effective modification of electronic structure,
and helps to shift the threshold wavelength to the visible light [23]. In addition to the
various types of dopant, its concentration and the method of doping can also broaden
its application. Among the heteroatoms, N is widely acceptable. Nonetheless, sulfur
can also be substituted in place of oxygen as sulfide under appropriate conditions.
However, the outer shell electronic configuration of sulfur matches with oxygen
which provide charge neutrality effectively in the lattice but the atomic radius of the
sulfur is larger than that of oxygen. S-doping in a ZnO system is expected to modify

the electrical and optical properties. This change in properties could be
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assigned to the large electronegativity and size differences between S and O (rs/ro =
1.3) [24]. In addition, band gap engineering is possible because of the larger band gap
of ZnS (3.66 ¢V) compared to that of ZnO. Regardless of these possibilities, S has
been rarely doped in ZnO because of problems in synthesis and stabilization of ZnS
owing to the significant difference in growth conditions. Interestingly, ZnO and ZnS
belong to same phase. However, few reports are available on synthesis of S doped

ZnO by pulse laser deposition or chemical vapor deposition method [25].

Among the transition metal sulphides, ZnS has some significant special
properties, which make it a key technological material with versatile applications.
ZnS is a semiconductor with a large direct band gap of 3.7 eV for the hexagonal
Waurtzite phase and of 3.66 eV for the cubic zincblende phase in the UV region. It has
wide range of applications like ZnO in the area of optical phase modulation, IR
antireflection coatings, light guiding, in integrated optics, for the development of
electroluminescent displays, in light emitting materials for color display systems, as a
window layer in heterojunction photovoltaic solar cells and in multilayer dielectric
filters [26]. ZnS also touted for activity of the photocatalytic decomposition of
organic materials due to trapped holes arising from surface defects on the sulfide [27].
To utilize potential offered by ZnS in better way, more emphasis are given to get

various sizes of ZnS starting from nano to micro size with variable morphology [28].

Here we made an attempt to incorporate sulfur predominantly along with
nitrogen in ZnO lattice to vary the band gap through SCM. Thiourea and urea were
used as the source of S and N, respectively. Prepared material was characterized by
various spectroscopic and microscopic methods. Effect of sulfur and nitrogen co-

doping was explored through alcohol dehydrogenation reaction.

3.6 Results and discussion

Zn0, NS, materials prepared by SCM using various urea and thiourea ratio
and physicochemical properties are listed in Table 3.3 and compared with standard
ZnS, ZnSO4 and ZnO materials. The metal ion to fuel ratio (urea + thiourea) was
fixed to be 1, however, urea to thiourea ratio was taken as 100:0, 75:25, 50:50, 25:75
and 0:100 and as prepared materials are designated as UZ1, UZS1, UZS2, UZS3 and
UZS4 respectively, through out the chapter unless stated. It is to be noted that UZ1
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exhibits higher density (5.8 g/em®) [29] than all other composition and ZnO (5.6
g/cm’), suggesting a considerable change in composition and compact nature of the
material. It was earlier (chapter 3(A)) demonstrated with the above material that large
amount of N and charge density was compensated by interstitial Zn and oxygen

vacancies, and supported by EPR measurements.
3.6.1 XRD Analysis

Figure 3.16 presents XRD pattern of the ZnO; NS, materials in the range of
10° to 75°, which reveals that the as prepared material also exhibited a hexagonal
Waurtzite structure and its diffraction pattern was changing with ratio of urea to
thiourea in the preparation mixture. For the comparison purposes, XRD patterns of

Zn0, ZnS, ZnSOs3, Zn;0(S04), and ZnSO4 were also included.

Zn0(s0,),

1

ZnsSO, 7H,0

Intensity / A. U.

20 / Deg

Figure 3.16: (a) PXRD pattern of ZnO,...N.,S. along with ZnO and ZnS. (b) Zoomed XRD
pattern of ZnO,...N.S. . materials for better clarity and compared with Zn;0(SO,); ZnSO,
7H>0 and ZnSO;s,. (*) indicates ZnS phase.

XRD patterns of pure ZnO and ZnS show hexagonal Wurtzite structure,

whereas ZnSQO, is of orthorhombic structure and Zn3;O(SOs), shows monoclinic
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structure [8, 25(b), 30]. Ionic radii of S (1.7 A) is much higher than that of O (1.2 A),
and hence, the addition of small amount of sulfur containing fuel, especially thiourea
in the preparation mixture prefers to form a separate phase of finely distributed sulfur
related compound in the prepared materials. Furthermore, with variation in ratio of
urea and thiourea average combustion temperature, reaction condition and amount of
sulfur change as well. This reflects the formation of different sulfur related
compounds in the as prepared material. In the case of UZSI, urea to thiourea ratio
was high which leads to complete and fast combustion, as urea is known for good fuel
material and with higher urea amount average combustion temperature is also high
[31]. Therefore, under this combustion condition significant amount of sulfur gets
oxidized to sulfite and zinc sulfate and/or zinc oxide sulfate. However, in UZS1
material 100% intense peak was indexed satisfactorily to hexagonal ZnO Wurtzite
structure with space group of P6sy,.. Low intense peaks observed between 20 and 37°
are attributed to a mixture of zinc oxy sulfate and zinc sulfate, with the former one
dominating on UZS1. Very broad and low intense ZnS features could be seen on
UZS1 at 28.7°, corresponding to the 002 facets of ZnS, indicating the oxidation of

surface ZnS to sulfate related features.

Table 3.3: Preparation condition, color and surface area of the ZnO), _.N,S..

Zn0;_,N,S, Code” Urea:thiourea Color of the Samples Surfacze e
mole ratio in % (m”/g)
Zn 0400.84No.15 (UZ1) 100:0 Brownish yellow 1
7Zn0y g5No.08S0.11 (UZST) 75:25 off white 5
7Zn0y75N0.07S0.17 (UZS2) 50:50 off white 8
Zn0y64No.05S031 (UZS3) 25:75 Light yellow 15
Zn0y 51N 03S0.47 (UZS4) 0:100 Light yellow 20
ZnO - White
ZnS - White

[a] The fuel (urea + thiourea):Zn(NOjs), molar ratio is taken as 1. Material composition

measured from energy-dispersive X-ray analysis.
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In the case of UZS2 peak intensity for ZnSOs;, Zn3;O(SO4), decreases
enormously and intensity of ZnS increases notably. Unlike UZS1 and UZS2, no
impurity was observed in the cases of UZS3 and UZS4. With increasing thiourea
concentration in the preparation mixture, reaction atmosphere changes predominantly
towards sulfides along with ammonia. This is at least partially due to no presence of
oxygen in thiourea compared to urea, and hence, enough amount of oxygen was not
provided by the fuel. The lack of oxygen in thiourea does not allow to form oxidized
product of sulfur, and significant ZnS phase begins to form. Unlike UZS1 and UZS2,
no sulfate impurity diffraction lines were observed in the cases of UZS3 and UZS4.
However, ZnS phase was observed. Nonetheless, in UZS4 material strong diffraction
lines of both ZnO and ZnS are found together. For UZS4 100% thiourea was used as
the fuel which is likely the reason for incomplete oxidation and favors ZnS formation
under such combustion condition, attesting the successful use of thiourea as a source
of sulfur. Sulfur species which are not oxidized help to form large amount (50%) of
hexagonal ZnS Wurtzite phase. Therefore, distinct and strong ZnS features observed
in the XRD pattern along with ZnO. It is reasonable to conclude that when S* replace
the O ions in the lattice of ZnO, a lattice distortion would be created due to a large
ionic radius difference between S*~ (1.7 A) and O*” (1.22 A) due to which ZnS phase
has been observed distinctly in cases of UZS2, UZS3 and UZS4. It is likely the

structural similarity of ZnS and ZnO helps to form the solid solution of 1:1 ratio.

Not only the diffraction pattern, but also the relative intensity of the material
also varied with changing thiourea concentration in the reaction mixture as well. For
lower thiourea concentration, good crystallinity of the compound (UZ1 and UZS1)
can be observed as it shows very sharp peak. However, with increasing thiourea
concentration in the preparation mixture, crystallinity of the compound decreases and
FWHM of the peaks increases with significant peak broadening due to formation of
smaller crystallite sizes of ZnS. In the XRD pattern of the UZS4 material, it can be

viewed specifically.

Thermal stability of the ZnO,,NxS, materials have been explored with XRD
after calcination of UZS4 and UZSI at different temperatures for 4 hours in air and
the results are shown in Figure 3.17. There is a strong effect of calcination on each

material. In as prepared UZS4 material shows distinct peaks for ZnS and ZnO.
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However, with increase in calcination temperature peak intensity of ZnS decreases
and simultaneously the peak intensity for the ZnO increase. ZnS is oxidizing to ZnO
under air atmosphere with an increase in calcination temperature, which directly
reflects in the relative XRD intensity of ZnO and ZnS in the calcined samples. Hence,
peak intensity of ZnO increases at the expense of ZnS. It is clear from the XRD
patterns recorded after calcination at 300°C and 500°C, the peak intensity of ZnS is
comparable to that of as prepared UZS4 sample. However, at 600°C calcined sample
shows relatively less ZnS intensity compared to as prepared sample. Above results are
compared with XRD pattern of physical mixture of ZnO (30%) and ZnS (70%). A
glance at the results indicates a difference in intensity patterns of prominent
diffraction peaks in Figure 3.17a. (100) facet shows higher intensity than other facet
of ZnS, however, in the physical mixture (002) facet shows higher intensity.
Importantly, there is a shift of ZnO diffraction lines to lower angle (compared to pure
Zn0O) indicates that the materials prepared are solid solution and not physical mixture.
Other characterizations provide strongly supporting evidences for this. Furthermore,

800°C calcined sample shows pure ZnO peak.
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Figure 3.17: PXRD pattern of calcined UZS4 shown in (a) and (b) compared with respective
calcined materials and a physical mixture of ZnS:ZnO (7:3)._(c) shows calcined UZS1.
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Except for peak narrowing, UZS1 material calcined at 550°C (Figure 3.17b) does not
show any significant changes in XRD diffraction. Upon further calcination to 800°C it

shows exclusive ZnO features. Similar trend was also observed for UZS2 material.
3.6.2 SEM Analysis

The morphology of ZnO x ,N«S, materials was explored using SEM. From the
SEM images of as prepared material shown in Figure 3.18, it is clear that the
materials exhibits pores of the order of 1-10 um and they are significantly macro
porous. It is also important to compare the morphology and textural properties of
UZ1. UZ1 shows ordered hexagonal prism and triangular shape particles without any
pores. Indeed the well ordered microcrystals observed in Figure 3.18c for UZ1
highlights the compact micro single crystals of ZnO;4Ny. Further, the surface area of
UZ1 is also low at 1 m%/g underscores the above points. UZS1 material shows porous
structure with needle shape particle highlights the role of thiourea in changing the
surface and particle morphology. Needle shape one dimensional particles observed

predominantly is attributed to ZnO,x.,NyS,, and white patches observed are attributed

(b)

Figure 3.18: SEM images of ZnO,.,.
-N.S. materials with different urea
and thiourea ratio. (a) shows UZSI
and (b) shows UZS. This materials
morphology compared with UZI in

(©).
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Figure 3.19: Elemental mapping of ZnO,....N.S. materials for UZS2 and UZS4, for Zn, N and
S (a and ¢), and only N and S on b and d. Color coding for different elements are shown on
the images (N — red, S — green and Zn — blue).

to sulfate related compounds on the surface. On moving from UZS1 to UZS4, above
sulfate related compounds decrease in content and the particle morphology changes
drastically from needle to V-shape two-dimensional arrays with an approximate edge
size of 1 um. Indeed the surface area also increases from 5 m%/g to 20 m*/g from

UZS1 to UZS4, respectively, indicating an increased porosity from UZS1 to UZS4.

EDAX analysis was carried out to measure the material composition as well as
to find out the extent of homogeneity of uniform distribution over a large area.
Representative results are given in Figure 3.19 for UZS2 (a and b), and UZS4 (¢ and
d). Elemental mapping of all the elements have been carried out and shown with color
coding for different elements. High intense and low intense (or diffused) color

indicating the particular element’s high and low content, respectively, in a particular
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area/spot. Two or more elements in the same spot create a new color due to a
combination of colors. Figure 3.19b and d shows only the nitrogen and sulfur
mapping of the above materials to show the homogeneous distribution. First of all the
above results confirms the homogeneous distribution of doped elements at
microscopic level over a large area and indicating the effectiveness of the preparation
method. A careful look at the elemental map (Fig. 3.19a and c) reveals the association
of Zn and S more on UZS4 than UZS2, suggesting the large percentage of ZnS in
Zn0O and solid solution nature. It is also to be noted that the atom percent measured
through EDAX on individual particle differs significantly, and values reported in
Table 3.3 are the average values obtained over large areas (>1 mm?®), as shown in
Figure 3.19. An increase in sulfur content is evident from an increase in green density
from Fig. 5b to 5d. Indeed the red color (for N) could be seen better on Figure 3.19b
than Figure 3.19d, indicating a decrease in N-content in UZS4. The results from XRD
and EDS indicate that with lower thiourea ratio, the obtained crystals are not the
simple mixtures of ZnS and ZnO, but their solid solutions. Both thiourea and urea at
500°C dissociate and form in situ ammonia and sulfur related gaseous product, which

helps to incorporate both N and S in the ZnO lattice.
3.6.3 Thermo Gravimetric Analysis

Figure 3.20 depicts the thermal analysis of (a) UZS4 material in air and N,
atmosphere, (b) UZS1 material in air atmosphere and compared with that of ZnS (in
a) and ZnSO4, 7H,0 (in b) respectively. USZ1 and UZS4 show about 2% weight loss
up to 150°C is due to elimination of water and adsorbed components. Between 150
and 570°C UZS4 material shows hardly any change in weight and a sharp weight gain
of 2.5% was observed between 570°C and 680°C. Above 680°C, weight loss begins
and continues up to 850°C. On comparison of UZS4 results with that of pure ZnS in
air it can be inferred that the weight gain between 570 to 680°C is mainly due to
oxidation of ZnS to sulfate/sulfite like compounds. This conclusion can be supported
by the XRD of calcined material at different temperature. An exothermic peak
observed in DTA curve of UZS4 at 690°C similar to that of ZnS at 660°C supports the
oxidation of sulfur. Significant shift in the temperature of the above peak for UZS4
indicating a relatively better stability for solid solution compared to bulk ZnS.

However, a shift of +30°C temperature observed in exotherm (Figure 3.20a inset) for
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Figure 3.20: Thermo-gravimetric of (a) UZS4 and (b) UZSI carried out in air and nitrogen
atmosphere at a heating rate of 10 °C/min compared with ZnS and ZnSO, .(Inset differential
thermal analysis of (a) UZS4 and (b) UZSI carried out in air atmosphere at a heating rate of
10 °C/min compared with ZnS and ZnSO,, respectively.)

UZS4 is likely due to the distribution of smaller clusters of ZnS in ZnO lattice in
UZS4. Weight loss observed between 680°C to 850°C is due to decomposition of
sulfate/oxide sulfate of Zn to ZnO and it is in good correspondence with that of
ZnS0O4 7H,0 results (Figure 3.20b). No significant weight loss occurs above 850°C
and supports complete removal of sulfur related species from UZS4. Thermal analysis
of UZS4 material in N, atmosphere shows no weight gain between 500 and 650°C,
rather a minor weight loss observed between 600 and 700°C, which clearly suggests

that any oxidation is fully prevented in nitrogen atmosphere.

However, for UZS1 material weight loss pattern with increasing temperature
is quite different in air atmosphere compared to UZS4. TG —DTA results of ZnSO4
7H,0 given in Figure 3.20b is worth comparing with that of UZS1. For pure ZnSO4
TH,O sample there is initial weight loss of about 42% up to 250°C is due to loss of
crystalline water. About 5-6% weight loss observed up to 270°C on UZSI is mainly

due to adsorbed and crystalline water. A sharp weight loss of 29% was observed
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between 700 and 880°C for ZnSO4 7H,O is mainly due to the decomposition of
sulfate to oxide. Indeed the weight loss observed between 600°C and 850°C (Fig.
3.20a) is due to the decomposition of ZnSO4 to ZnO. The loss of SO,/SO; leads to
weight loss in TG. It is also to be noted that the endothermic nature of ZnSO4
decomposition, in contrast to exothermic oxidation of ZnS to ZnSO; is followed by

decomposition.
3.6.4 UV-Visible Spectra

Usually, anion doping obviously affects light absorption characteristics of any
oxide material, and ZnO is not an exception. Diffuse reflectance spectra (DRS) of
Zn0 x,N,S, were shown in Figure 3.21 and it is compared with reference materials
such as standard ZnS, ZnO and a physical mixture of ZnS and ZnO (ZnS:ZnO = 7:3).
Zn0x,N,S, exhibits significant absorption in the visible light regime among the
materials. It is to be noted that ZnS and ZnO shows absorption cut off around 340 nm
and 375 nm, respectively. However, the absorption cut off is extended at least to 520
nm for UZS4; UZS1 and UZS2 also show absorption up to 470 nm. There is red-shift
observed in ZnO;,NsS, materials with increasing ZnS content and it has been
caused by the modified chemical environment between Zn, O and S supports the
formation of solid solution of ZnS and ZnO. The above observation demonstrates that
the ZnO,x,NxS; is indeed a solid solution and not a physical mixture. It is further
confirmed from the absorption spectrum recorded for a physical mixture ZnS:ZnO
(7:3) which exhibits absorption due to ZnS up to 340 nm and up to 375 nm due to
ZnO as expected. Physical mixture of any ratio of ZnS and ZnO does not exhibit
absorption above 375 nm confirms the materials prepared are indeed solid solution of

ZnS and ZnO.

Band-gap energies calculated from the DRS results for ZnO, 4., NS, materials
show a prominent decrease with increasing ZnS content. Band gap calculated from
the absorption spectrum of UZS4 is 2.85 eV suggesting a significant band gap
reduction and changes in the electronic structure of solid solution compared to pure
components. The band-gap diminution of the above materials has been caused by the
formation of hybrid orbital in the VB. It is expected that S 3p and O 2p are likely to
overlap in the VB of UZS1-UZS4. S exists as an anion (S2°) in UZS4 and the top of
its VB may be predominantly composed of S 3p energy levels as they have slightly
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Figure 3.21: (a) Diffuse reflectance UV-Visible spectra of the ZnO,..N.,S. materials along
with ZnO, ZnS and physical mixture of ZnS and ZnO (7:3). (b) UV-Visible spectra of calcined
UZS1 and UZS4 (inset) calcined at 550 and 800°C and ZnO.

higher orbital energies than O 2p levels. Thus in VB, S 3p and O 2p overlaps and
broadens it than in ZnO [27a]. It is expected that the CB of UZS1-UZS4 formed by
Zn 3d as well as S 3d orbitals.

UZS1 and UZS4 calcined at high temperatures have been subjected to optical
absorption studies and the results are shown in Figure 3.21b. They exhibit a
systematic decrease in visible light absorption with increasing calcination
temperature, above 550°C. However, UZS4 exhibit some visible light absorption even

after calcinations at 800°C.
3.6.5 X-ray Photoelectron Spectroscopy

To explore the electronic structure as well as the nature of surface of ZnO1 .
NxS, materials, XPS analysis has been carried out for all the composition. Core level

spectra of S 2p Zn 2ps;, and N 1s are compared in the Figure 3.22.

It can be seen from Figure 3.22a that the S 2p core level peak displays two
different peaks at BE around 168.5 and 161.6 eV. A comparison of observed BE to
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the BE values reported for different S compounds demonstrate that the oxidation state
of S at 162.1 eV is -2 as in sulphide and at 169.3 eV is due to +6 as in sulfate [14].
The peak at 162.1 eV corresponds to the ZnS and demonstrates the formation of solid
solution of ZnS in ZnO. In UZSI1, characteristic peak for sulphide was found albeit
with low intensity, along with majority of sulfate on the surface is evident. Above
sulfide feature increases in intensity from UZS1 to UZS4 and directly supports the
observation of XRD. Peak intensity at 168.5 eV remains constant from UZSI to
UZS3; and decreased for UZS4; however, at the same time peak for sulphide builds
up its intensity from UZS1 to UZS4. The above observation supports the oxidation of

sulfide species on the surface to sulfate under reaction conditions.

It is clear from Figure 3.22a that with increasing thiourea concentration in the
preparation mixture total sulfur concentration on the surface also increases, which was
eminently shown in elemental mapping of USZ4 as well. This can be clearly seen in

as prepared material (in UZS3 and UZS4), where a prominent peak for both sulphide

and sulphate was observed.
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Figure 3.22: XPS spectra collected from (a) S 2p (b) N Is and (¢c) Zn 2ps3n core levels of
ZnO.,..N,S. materials.

N 1s core level (Figure 3.22b) appears at around 399.6 + 0.2 eV for all ZnO,

NxS, materials suggesting the nature of nitrogen on the surface, especially the charge
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density, is similar to that of ammonia [29]. Nitrogen peak in XPS is attributed to the
dissolution of nitrogen in the ZnO lattice and no nitride phases, such as ZnN species
was found. However, the amount of surface nitrogen is very less compared to the bulk

nitrogen estimated by EDAX.

The BE values for the Zn 2p;, core level (Figure 3.22¢) were found around
1022.2 eV, which is very close to the literature values reported for ZnO (1022 eV)
and ZnS (1021.9 eV) [29, 32]. Except for a minor narrowing of core level features,
BE value of the Zn 2p;/; region does not show a significant variation with increasing
thiourea concentration, although the nature of bulk materials shows a gradual change
in sulfur content from UZS1 to UZS4. Significant amount of sulfate related species on
the surface, as shown by SEM results, leads to broadening of Zn 2ps, core level of

UZSI.
3.6.6 Raman Spectra

The Raman spectra of the as synthesized ZnO; NS, (UZS1, UZS2, UZS3
and UZS4) materials along with ZnO, UZ1, ZnSO,4, 7H,0 and ZnS were measured at
ambient condition and depicted in Figure 3.23. ZnO exhibits a hexagonal Wurtzite
structure and belongs to the Cg, symmetry group [10]. ZnS shows characteristic
phonon modes with high intensity at 428 (2E,) and 711 cm™ (A1/E{(2LO)), and two
other features at 492 and 611 (2TO) cm™. All the above four modes were observed for
UZS2 to UZS4 materials. UZS1 shows broad features and it is likely due to sulfate
species present in it; however, no new mode for sulfate species was observed. Indeed
it is surprising that first order E, and A,/E;(LO) phonon modes are not observed,
rather second order 2E; and A;/E;(2LO) modes were observed with high intensity for
ZnS as well as ZnO;«.,NiS,. A strong and sharp peak observed at 433 cm™ on all
Zn0 NS, materials, 437 cm™ on ZnO and 429 cm™ on ZnS is due to the typical
E>(high) mode and this mode is characteristic of Wurtzite phase. Among the above
Raman modes, the E,(high) mode at 437 cm™' has the strongest intensity in ZnO and
on all ZnO; ,N«S, materials indicating the high quality of the material. Presence of
the above mode in ZnO,,NyS, material indicates that they exhibit the same local
geometry, however, intensity decreased and peak broadening occurs due to sulfur
doping. Nonetheless, it is to be noted that all ZnO, x.,NS, materials exhibit the above
2E, mode at 433 cm’! and exactly in between the E, modes of ZnO and ZnS
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indicating the mixed character of the above compounds and suggesting the solid
solution nature of ZnO;4,NxS, materials. In addition to the above, broad peaks are
observed at 497 cm™ on Zn0 x, NS, materials which don’t belong to first or second
order structure of neither ZnO nor ZnS; further this mode is not observed for UZS1

suggesting that it is not due to sulfate related species.

In addition to the above, broad peaks are observed at 497 cm™ on ZnO1.,,N,S,
materials which don’t belong to first or second order structure of ZnO. A broad peak
at 274, 507 and 582 cm™ peak in UZ1 is attributed to A;(LO) related to N doping [11,
29]. This is direct evidence to support the bonding between Zn and N in the ZnO; Ny
system. However, absence of these features excludes the probability of bigger clusters
of Zn-N related species. This is likely due to presence of S element in the ZnO; .
/NxS; materials which does not allow to form Zn-N species, since S has stronger

affinity towards Zn than N.
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Figure 3.23: Raman spectra of ZnO,.,..N,S. materials, compared with UZ1, ZnS, and ZnO.

Two new peaks are observed at 500 and 707 cm™ for UZS2, UZS3 and UZS4

materials which are not present in UZS1. Above phonon modes are very characteristic
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of ZnS and Raman spectrum of pure ZnS reflects that. This demonstrates that indeed
Zn0O;4x,N,S, is a solid solution of ZnS in ZnO. Intensity of the above features
increases from UZS2 to UZS4 suggesting the ZnS content increases linearly.
Although XRD does not show prominent ZnS features for UZS2, Raman results
shows the same highlighting the formation of solid solution on UZS2.

3.6.7 SIMS Analysis

SIMS was employed to explore the nature of different S and N related species
in the prepared ZnO;,NxS, materials especially the homogeneity of doping from
surface to bulk, and the results obtained are shown in Figure 3.24. Species that
exhibited <10 counts/s were not considered due to high noise level. The initially
captured mass spectrum with significant intensity illustrated the presence of different
species, namely, Zn, S, ZnO, ZnN, ZnS, N and O. Secondary-ion intensities of the
first five species are shown in Figure 3.24, as a function of sputtering time or depth.
No significant decrease in counts/intensity of any species with sputtering time
emphasizes the bulk sulfur doping in ZnO and the uniformity of the substitution
throughout the bulk. However, S related species dominate over N related species
indicating the N-content is relatively lower. This is further confirmed from the SIMS

results from UZ1, in which N and Zn-N exhibit considerable high intensity. It is
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Figure 3.24: SIMS measurements display secondary ion intensities obtained from (a) UZSI
(b) UZS4 and it is compared with (¢) UZI.
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surprising that heavier element like S does compete to N and preferential ZnS
formation occurs under SCM. Nonetheless, counts for all the species were
significantly different on UZ1, UZS1 and UZS4, indicating the material characteristic
are significantly different. Although bulk N-content is in UZS1 is half of that of UZ1,
very low ZnN species observed on UZS]1 reiterates that the ionization capacity vary
for the same species from sample to sample, especially when the nature of materials
changes significantly. In spite of this a decreasing ZnO count rate from UZSI to
UZS4 supports solid solution of ZnS in ZnO. An important point to be mentioned
here is that no other N and S-related species, such as N, NO, ZnNO, NHy, SOy (x =1-
4), NS, are observed in the mass spectra, which suggests that the status of S and N in
ZnO; Ny and ZnO;,N,S, material is none of the above. It is also confirmed here

that, the nature of S changes increasingly towards sulphide from UZS1 to UZS4.

3.7 Catalytic Activity

3.7.1 Dehydrogenation of Isobutanol

CH3 . CHs

Isobutanol Isobutyraldehyde

Scheme 3.4: Reaction scheme for isobutanol dehydrogenation reaction.

Isobutanol dehydrogenation reaction was carried out on ZnO_«.,NxS, materials
and it is compared with UZ1 catalyst. Isobutanol conversion examined at 400°C
increases with increasing WHSV from 2.4 h™' to 4 h™', but further more increase (5.6
h™") in WHSV leads to decrease in conversion which indicates a lower residence time
of isobutanol on catalyst surface that leads to lower conversion, and hence, declining
the yield of isobutyraldehyde. An optimum of 48% isobutanol conversion with nearly
46% isobutyraldehyde yield was achieved at WHSV = 4.0 h™ on UZS] catalyst. This
above optimized WHSV was followed for all studies.

Temperature dependent catalytic activity measurements obtained up to 12 hrs
are shown in Figure 3.24a. It is clear that the isobutanol conversion increases with

increase in temperature on all ZnO;.«.,NS, materials and UZ1 compositions. Further
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at 400°C, isobutanol conversion jumps to about 40-45% on ZnO;,NxS, materials,

compared to conversion levels below 20% at 350°C. Indeed conversion levels are

below 20% on UZ1 and it increases to about 40% at 500°C. Low conversions

associated with UZ1 are attributed to low surface area. Isobutanol conversion

increases up to 75% on ZnO;,NiS, materials with further increase in temperature to

500°C. UZS1 shows somewhat higher activity than UZS4 and it is likely due to

presence of S as sulfate and associated acidic sites helps to increase the conversion.

However, the major contribution to the catalytic conversion originates from ZnS.
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Figure 3.24: Effect of N and S on (a) conversion of isobutanol dehydrogenation reaction and

(b) yield of isobutyraldehyde with variation of temperature on the ZnO,.,.N,S, and UZI

materials.
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Isobutyraldehyde selectivity remains high between 90-95% on all the catalyst
compositions <400°C; however, it starts decreasing with increasing temperature.
There is a significant effect of the temperature on the yield of isobutyraldehyde with a
volcano type activity pattern with temperature. With increase in temperature yield
also increases up to 450°C, and above 450°C yield decreases due to the formation of
secondary product. With increase in reaction temperature, more gaseous side
products, such as isobutene, are formed. UZS1 material shows the maximum yield of
isobutyraldehyde of about 55% at 450°C. Nonetheless, it is to be noted that the
conversion and yield maintains the same value from the beginning till 12 h indicating

the catalytic activity remains the same and no poisoning of the surface.
3.8 Conclusions

Zn0, NS, materials were prepared through SCM using various ratio of urea
and thiourea as fuel, and it has been characterized by a variety of physicochemical,
structural, spectroscopy, and microscopic measurements. All the major peaks in XRD
of prepared materials were successfully indexed to ZnO Wurtzite structure, however,
with increase in thiourea content, increase in ZnS content was also observed. Lower
thiourea ratio leads to formation of sulfates of ZnO. Porous structure with needle
shape particles observed with small amount of thiourea changed to V-shape particles
with 100% thiourea as fuel were observed via SEM. Raman, SIMS, and XRD studies
demonstrate the direct Zn-N and Zn-S bond. XPS indicates that the charge density of
nitrogen on ZnO, 4, NxS, is similar to that of as in ZnO; \Nx. High urea content favors
sulfate formation in addition to sulfide, on the surfaces of ZnO,..,NxS, however, with
increasing thiourea content amount of ZnS increases with a subsequent decrease in
sulfate and it is supported by XPS studies. Thermogravimetric analysis also
demonstrates the presence of ZnS in UZS4 and the solid solution nature of ZnO .
NxS, materials. Optical absorption studies demonstrate a significant decrease in band
gap to 2.85 eV for UZS4 compared to higher band gap for pure components (ZnO and
ZnS). The band-gap diminution of the ZnO; ,NyS, materials has been attributed to
the formation of hybrid orbitals in the VB and CB. It is expected that S 3p and O 2p
are likely to overlap in the VB of UZS1 to UZS4, and the extent of overlap increases
from UZS1 to UZS4. Sulfur exists as an anion (S*) in UZS4 and the top of the VB
might be predominantly composed of S 3p energy levels as they have higher orbital
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energies than O 2p levels. Thus in VB S 3p and O 2p overlaps and broadens it than in
ZnO or ZnS. Above studies affirms the solid solution nature of ZnO;«_, NS, materials
and further it has been compared with a physical mixture to confirm the solid solution

identity.

Zn0x,NS, materials have been evaluated for the catalytic conversion of
isobutanol to isobutyraldehyde. Highly selective production of isobutyraldehyde was
observed under optimum conditions highlighting the potential to be employed as

heterogeneous catalyst.
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4 Solid Solution of GaN in ZnO, [(Zn;.,Ga,)(O1.xN,)].

4.1 Introduction

Band gap engineering of electronic materials is taking the center stage of
research since exploration of this aspect is capable of providing new life to the known
materials to use with desired and/or refined properties. Especially III-V and 1I-VI
semiconductors with d'’ electronic configuration are believed to be advantageous as
photocatalysts due to the suitability of the CB and the energy overlap of s and p
orbitals of metals ions. The large dispersion of hybridized s and p orbitals leads to an
increased mobility of photogenerated electrons in the CB and thus high photocatalytic
activity. ZnO is such II-VI semiconductor material and used in applications ranging
from optoelectronics to gas sensing via catalysis to cosmetics [1]. Doping in the ZnO
lattice helps to reach many of the above mentioned applications in a better way. In
ZnO VB consists of hybridized orbitals of Zn 3d and O 2p. Addition of other metals
containing 3d orbital having comparable energy with Zn 3d can shift VBx to higher
levels. In this case Ga fits very well as the ionic radius of Zn>" (0.74 A) is comparable
to Ga>* (0.61 A). Only N-doping in ZnO (ZnO;..N,) was expected to create acceptors
close to the valence band (VB) and can introduce (a) p-type conductivity in N-ZnO
[2] and (b) deep acceptor levels that cannot induce p-type doping [1,3,4]. Nitrogen
doping in ZnO was explored significantly, but not able to be reproduced by other
research groups even when the experimental conditions are the same [3]. N-ZnO films
have been prepared by many sophisticated methods for optoelectronics applications,
and there is no breakthrough yet. A maximum of 6 % N-doping in ZnO has been
reported till date, and it is due to the poor solubility of N in ZnO [1-3]. However,
large amount of nitrogen could be introduced in ZnO lattice by SCM [4], and N 2p
states occupy mid-gap states without any change in band gap. Nevertheless, oxygen
vacancy in ZnO, considered as a problem, was effectively utilized by SCM to

introduce large amount of nitrogen in ZnO.

However, both donor-acceptor co-doping can facilitate the introduction of
large amount of heteroatoms in better way. n-type doping causes a decrease in the

Madelung energy by forming a shallow donor level while p-type doping gives rise
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to an increase in the Madelung energy forming a deep acceptor level in the electronic
band structure. Considering a remarkable decrease in the Madelung energy,
introduction of group III elements like Al, Ga, or In, metal ion in Zn site are
considered best substitution species to fabricate stable p-type ZnO [5]. n-type doping
in ZnO causes the stabilization of the ionic charge distribution in the material,
especially, at O sites. As the cohesive force of Ga-N bond is larger than that of ZnO,
so higher affinity exists between Al or Ga and N species than between Zn and N
species. Further, formation of Zn-O is energetically favourable than Zn-N bonds.
Thus, both Ga and Al are suitable for use in co-doping with N acceptor. Hence,
presence of Ga will enhance the incorporation of N in the ZnO lattice. Based on the
analysis of a change in the lattice energy and electronic structures by the co-doping,
we find that two pairs, (N and Ga) and (N, Al) are more effective. Among the group
III elements Ga is a preferable element as the Ga-N bond distance (1.95 A) in GaN
being similar to the Zn-O bond distance (1.97 A), and it reduces the elastic
contribution to the energy of formation of the N-acceptor atom at O sites, thus
stabilizing the system [5]. It might minimize the deformation of the ZnO lattice even
with high GaN content, since both exhibit Wurtzite structure. Yamamoto [5] reported
that the formation of clusters consisting of acceptor—donor-acceptor that occupy
nearest neighbor sites or second-nearest ones is energetically favorable due to the
strong attractive interaction between the N acceptor and Ga donors which are used as
co-dopants at high doping levels. Hence, Ga and N co-doping not only helps to
increase the solubility of nitrogen in the medium [5], but also decrease the Madelung
energy of the system. Formation of -N-Ga-N-Ga-N- clusters that occupy near-
neighbor sites is favorable due to the strong attractive interaction between them, and it
helps to increase the solubility of N in ZnO. Moreover, when Ga and N are codoped

in ZnO system VB and CB position changes as well.

N and Ga co-doped ZnO has been synthesized by SCM and characterizes by
various physicochemical methods. This material exhibits an electronic structure that is
significantly different from ZnO and/or GaN. Being a good catalyst and/or support
material, ZnO deserves to be explored for catalysis applications, especially when the
electronic structure is significantly modified as in the above solid solution. Ammonia
spans its utility in variety of field like fertilizer industry, chemical and explosive

industry and as a rocket fuel. Apart from industrial application it is also the best

Ph. D Thesis 109



Chapter 4. (Zn;..Ga,)(0,.N,) Materials

model reaction for conceptual development of thermodynamics. Even though Fe
based catalyst has been commercialised for nearly a century, but it suffers serious
limitation of decline activity due to severe reaction condition [6]. Bimetallic nitrides
are known to be good catalyst for ammonia production. Presence of GaN and Ga-N-
Zn species in (Zn;,Ga,)(O;xNx) leads us to explore for N, fixation through NH;

formation at ambient pressure.
4.2 Results and Discussion

In this chapter, ZnO; Ny and (Zn;_,Ga,)(O;xNy) materials are denoted as UZx
and UZxGQGy, respectively, with x and y being the molar ratio of urea/(Zn+Ga) and Ga

atom %, respectively, unless specified.

4.2.1 X-ray Diffraction (XRD)

Figure 4.1 shows the x-ray diffraction (XRD) patterns of the (Zn;,Ga,)(O;.
«Nx) materials. A single hexagonal Wurtzite phase (space group P6smc) similar to the
GaN and ZnO was obtained for all prepared samples [1]. All of the peaks could be
indexed to ZnO lattice. The highly crystalline nature of prepared materials is evident
from the sharp and high intensity diffraction peaks. With increasing Ga concentration
FWHM of the peaks are increasing and it depicts a reduction in average crystallite
size. Neither ZnGa,04 nor Ga,0; peaks were observed in XRD patterns up to 12% Ga
doping, which implies that Ga atoms replace zinc in the hexagonal lattice. In 15% Ga
doping, clear Ga,O3 peak was observed at 30.4°. A small amount of zinc carbonate
was observed at 38.9° on nitrogen incorporated ZnO (UZ7) along with ZnO features.
It is due to effective combustion of urea that produces CO, [4]. However, no
carbonate formation was observed in XRD as well as in photoemission results on
(Zn;.,Ga,)(0;xNx) materials, indicating the suppression of carbonate formation in the

presence of Ga.

The positions of the (100) and (101) diffraction peaks were successively
shifted to higher angles (20) with increasing Ga doping, indicating that the obtained
samples were not physical mixtures of GaN and ZnO phases but rather solid solutions
of GaN and ZnO. This peak shift is reasonable, as the ionic radius of Zn* (0.74 A) is
larger than that of Ga>* (0.61 A) [7]. In contrast, the position of the (002) diffraction
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Figure 4.1: (a) PXRD patterns of (Zn;..Ga,)(O,..N,), prepared with urea/(Zn+Ga) = 7, UZ7,
and ZnO. (b) Main diffraction lines are shown in an expanded way for better clarity.
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Figure 4.2: Rietveld refinement profiles of (a) UZ5, (b) UZ5G2, (c) UZ5GS5, and (d) UZ5G10
(Zn;.Ga,)(O,N,) materials. Experimental data points and calculated intensity are given as

orange and black colored lines. The difference plot is given at the bottom in green color.
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Table 4.1 Physico-chemical parameters of (Zn;.Ga,)(O,..N,) materials.

Material code and composition * Surface area (m’/g) a(A) c(A)
UZ5G2 - Zng93Gag.0200.91No.09 5 3.2504 (4) 5.2052 (2)
UZ5GS5 - Zng95Gag.0s00.9No.1 9 3.2405(7) 5.1907 (2)
UZ5G8 - Zng9:Gag0s00.33No.115 12 3.2354(5) 5.1873(2)
UZ5G10 - Zny9Gag 100.84No.15 17 3.2318(8) 5.1833 (3)
UZ5G12 - Zny 33Gag 1200.85No.15 18 3.2315(6) 5.1846 (2)
UZ5G15 - Zng35Gag.1500.93No o8 20 3.2239(4) 5.1731 (3)
uzs - Zn0y 914N 086 7 3.2421 (5) 5.1924 (2)
ZnO 60 3.250 5.205
GaN --- 3.188 5.183

[a] Urea/(Zn+Ga) = 5 and Ga atom % is given after G in sample code. Material composition
was determined from XRF, EDAX and chemical analysis.

peak did not undergo a shift, attributable to the smaller difference in c-axis lengths
between GaN and ZnO compared to the difference in a-axis lengths. The same
tendency was confirmed by Rietveld analysis, using the computer program X-pert
plus. Rietveld refinement analysis of ZnO, 4Ny [4] and (Zn;.,Ga,)(O,xNx) materials is
given in Figure 4.2. An excellent agreement between the experimental and the fitted
data indicated that the XRD pattern could be indexed satisfactorily to the hexagonal
Waurtzite structure with a space group of P63mc. Composition of UZ5-series materials
with lattice parameters and surface area is given in Table 4.1. A linear decrease in a
and c¢ lattice parameters with increasing Ga% was observed. A systematic
incorporation of Ga’" ions in the Zn”" site, the lattice parameters are expected to
decrease, due to the smaller ionic radius of the former compared to the latter. Indeed,
a decrease in the lattice parameter from a = 3.2504 A (¢ =5.2052A) to 3.2239A
(5.1924A) was observed from 2% Ga to 15% Ga, respectively [7(a),8]. This confirms
that at least most of Ga’™ ions are incorporated in the zinc oxide lattice forming
homogeneous (Zn;.,Ga,)(O,xNx) solid solutions. The a- and c-axis lengths of (Zn,.
/Ga,)(0;xNy) decreased almost linearly with increasing Ga concentration (x),

although the c-axis length deviated slightly from this linear relationship due to the
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smaller difference in c-axis lengths between GaN and ZnO. However, a uniform
distribution of small clusters of GaN in ZnO is unexpected, especially under the
vigorous reaction conditions employed in the present work. Theoretical calculations
reported by Schaefer et al. [9] predicts small clusters of a size between 30 and 40
oligomers of GaN under similar conditions are in good agreement with our

experimental results.

Simultaneous incorporation of appropriate concentration of N and Ga
introduces offsetting local lattice expansion and contraction, subsequently minimizing
the lattice strain. To a large extent, charge compensation was also taken care by the
above co-doping. Further, this too allows the N-acceptor to exist in a stable anionic

state [5].
4.2.2 Thermogravimetric Analysis

Figure 4.3a depicts thermogravimetric analysis of (Zn;_,Ga,)(O;xNy) powders
in air and nitrogen atmosphere. The initial weight loss up to 1% was observed below
200°C 1is attributed to water loss. Weight loss continues up to another 1-2%,

depending on the material composition, until 550°C is due to some carbon removal

(a) b
100 1 (b) Uz5G10

UZsG 5-N,

(]

2 99 _ 800°C

F < ey
z 2
%93- c
= 3
£

- 300°C
97 -
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'200 400 600 800 10 20 30 40 50 60 70
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Figure 4.3: (a) Thermogravimetric analysis of (Zn,..Ga,)(O,.N,) in air and N, atmosphere
and (b) XRD patterns of UZ5G10 calcined at 300, 800°C for 6 hrs in air. Formation of Ga;0;

is evident up on calcination from the additional peaks appear and marked with *.
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and oxygen loss. No significant weight loss was observed in nitrogen atmosphere,
compared to the same material (UZ5GS) in air, supports the above conclusion.
Nevertheless, a weight gain occurs above 600°C in air atmosphere for all Ga-
containing materials. The above weight gain is attributed to simultaneous N-loss and
Ga,O; formation. TGA in nitrogen atmosphere shows lower weight loss, and no
weight gain above 700°C confirms that the weight gain in air atmosphere is due to
Ga,0; formation. Further with increase in Ga % weight gain above 600°C is

increasing, indicates more amount of GaN oxidizing to Ga,0s,

This is further confirmed from the XRD pattern of 300°C and 800°C calcined
UZ5G10 (Figure 4.3b). 800°C calcined sample shows new peaks at 11.6°, 23.4°, 30.4°
and 35.9°. In comparison to XRD pattern of Ga,Os, above new peaks can be attributed
to Ga,0s3. However, there are no peaks observed for Ga,0Os in 300°C calcined sample.
This clearly indicates the N-atoms in the lattice were replaced progressively by O-
atom above 600°C to Ga,O3; and ZnO, which is displaying in the XRD pattern of

calcined sample as well.

4.2.3 UV-Visible Spectroscopy

Figure 4.4 shows UV-visible absorption spectra of (Zn;.,Ga,)(O;«xNx)
materials along with standard ZnO and GaN for comparison purposes. ZnO and
GaN show absorption onset at 375 and 365 nm, respectively. A broad visible
absorption band at 480 nm with low intensity was observed on UZ5 [4] apart from
the typical absorption cut off for ZnO at 375 nm. This suggests the creation of N
2p derived midgap states in the forbidden gap of ZnO. As explained in chapter 3,
no change in the conductivity of UZS, compared to ZnO, underscores the

generation of deep level acceptors [4].

Interestingly, co-doping of Ga and N displays an absorption onset around
550 nm and extend into UV regime gradually. Band maximum of the new band in
the visible region shows a red shift from 410 to 450 nm for 2% to 12% Gea,
respectively. A new band observed in the visible region shows intensity comparable
to that of the band in the UV regime, suggesting the large density of states in the new
band at high Ga content. Above co-doping helps to form shallow acceptor and

donor levels, and decreases the band gap up to ~2.5 eV, depending on the
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composition of (Zn; ,Ga,)(O;«Ny). Physical mixture of ZnO and GaN does not
show any absorption in the visible region underscores the true solid solution natue

of (Zn1-,Ga,)(01Ny) [5,8].

800° 550'W o
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T T
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Figure 4.4: UV-Visible absorption spectra of (Zn,..Ga,)(O,.N,) materials prepared with
urea/(Zn+Ga) = 5, GaN and ZnO. Inset shows the UV-Visible reflection spectra obtained
from calcined UZ5G10 materials.

Density functional theory (DFT) calculation revealed that the bottom of the
CB for ZnO is mainly composed of unoccupied levels, consists of Zn -4s and -4p
orbital while the top of the VB consists of O 2p orbital. However, doping of N 2p
generates a hole at the top of the VB and mainly creates mid gap state. For the II-VI
semiconductors, Wei and Zunger pointed out that the p-d repulsion repels the VB
upward without affecting the CBpi, [10]. Furthermore, in (Zn;,Ga,)(O;xNy)
materials the bottom of the CB composed of the Zn-Ga hybridized orbital and the
presence of Ga 3d band in addition to the Zn 3d band in the upper VB further
provides the p-d repulsion for the VB, reducing the band gap. It is likely that a
strong mixing of 4s and 4p states of Zn and Ga near CB and 2p orbital of O and N in
the VB is responsible for the narrow band gap. A good overlap between N 2p (from
nitride) and O 2p derived states at the VB and 4s and 4p states from Ga and Zn at the
CB is attributed to the above decrease in band gap.
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Calcination of (Zn;_,Ga,)(O;xNyx) (UZ5G10) in air at <550°C shows only
minor changes in optical absorption characteristics (inset in Figure 4.4). However,
calcinations at >550°C lead to a fast decrease in visible light absorption and a blue
shift was observed. Absorption spectra recorded after calcination at 800°C leads to a
pattern resembling that of ZnO. This is in good correspondence to weight gain at
>600°C in TGA. Indeed, XRD pattern recorded for 800°C calcined material indicates
a mixture of Ga,0O; and ZnO and hence shows complete oxidation of the above
material (Figure 4.3b). Nitrogen is replaced by oxygen at high temperatures treatment

in air. Above observations confirms the visible light absorption is mostly due to N *".
4.2.4 X- Ray Photoelectron Spectroscopy

XPS of (Zn;_,Ga,)(0,xNx) was recorded and shown in Figure 4.5 for N 1s, Ga
2pspn. Zn 2p3;n and O ls core levels. N 1s peak appears at a BE 399.4 eV on UZ3
indicating the charge density on N is similar to that of ammonia or ammine [4, 11].
However, (Zn;_,Ga,)(O;xNx) shows N 1s peak at 397 eV due to N ", along with the
above peak (Figure 4.5a). A decrease in BE of 3 eV, compared to ZnO; Ny,
indicating the presence of nitride (N*") type nitrogen. However, there is another
shoulder appears at lower BE side around 394 eV is attributed to the Auger transition
from Ga. Indeed, XPS analysis of GaN shows N 1s peak at 397 eV [11], and confirms
the presence of N>. Amount of nitrogen also increases in Ga doped materials
compared to ZnO; 4Ny It is also to be mentioned here that interstitial zinc and oxygen
vacancies are present in the (Zn;,Ga,)(O;xNx) material, and it is mainly to
compensate for the excess anionic charge from the significantly large nitrogen content
and to maintain the charge neutrality of the entire lattice. Further, nitrogen at higher
binding energy (> 401 eV) was also not observed which confirms no features due to

nitric oxide (NO)-type species, which suggests the absence of direct N-O linkages.

XPS for Ga 2pj3); core level appears at BE 1117.6 ¢V, indicating the Ga®" state
as in GaN (Figure 4.5b). It is clear that the charge density of N in ZnO; 4Ny is as that
of NH3, but Ga and N co-doping helps to form N*" through GaN. Due to the above,
optical absorption onset of (Zn;,Ga,)(O;xNx) is shifted to higher A. It is likely that a
strong mixing of 4s/ 4p states of Zn and Ga near CB and 2p states of O and N in the
VB is responsible for narrow band gap [10, 12]. XPS for Zn 2ps; core level
demonstrates the BE at 1021.7 eV for ZnO; <Ny, indicating the oxidation state of Zn
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Figure 4.5: XPS spectra from (a) N s, (b) Ga 2ps, (¢) Zn 2p;, and, (d) O s core levels of
(Zn;..Ga;)(0;..N,) materials.

to be 2+ as in ZnO (Figure 4.5¢). However, upon Ga-doping the BE of Zn 2ps; shifts
to lower BE of 1021.7 eV indicating an overall increase in electron density on Zn and
it is attributed to the presence of nitride in the lattice and it intensifying with Zn. The

surface Zn concentration also decreases with Ga content as Ga is replacing Zn atom.

O 1s core level peak is broad for UZ5 at 531 eV compared to (Zn;,Ga,)(O;.
«Nx) at 530.4 eV indicating that at least two kinds of oxygen species were present on
UZS5 (Figure 4.5d). Deconvolution demonstrates (not shown) a peak at 530.5 eV is
due to the ZnO crystal lattice oxygen, while the peak at about 532 eV is due to
carbonate oxygen. However, there is no carbonate observed in Ga-containing
materials. UZ5G5 and UZ5G10 show a narrow O ls peak around 530.5 eV
corresponds to that of ZnO. The above details from XPS suggest that the nature of Zn
and O is relatively electron rich compared to its UZ5 counterpart; however, lower

width also suggests a uniform distribution of GaN in ZnO.
4.2.5 Raman Spectroscopy

Figure 4.6 presents Raman spectra of as synthesized (Zn;.,Ga,)(O;xNy)
materials and it is compared with standard ZnO and ZnO; 4Ny material. A strong

and sharp peak observed at 437 cm™ on all synthesized and standard ZnO is
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attributed to E,(high) Raman active phonon mode of ZnO, [12] and its intensity
decreases very significantly on (Zn;,Ga,)(O;«Nx). However, Raman active
phonon modes of GaN [13] is also observed in (Zn;.,Ga,)(O;xNx) materials at 560,
579, and 730-740 cm’ corresponding to E{(TO), Ex(high), A;(LO) and E;(LO)
mode, respectively. However, in Ga doped samples as Ga and N content increases,
four impurity modes appear at 510, 582, 642 and 734 cm™'. A broad peak at 582
cm’! is attributed to A1(LO) and E(LO) mode of ZnO; <Ny [4]. It is to be noted
that this peak is low in intensity for pure ZnO and high intensity is observed on
ZnO,4N,. Some of the above modes overlap around 575 cm™ and a broad feature
observed for z<5% in (Zn;_,Ga,)(O;xNy) is due to heterogeneous near-neighbour
environments. However, it becomes sharper at high z (>5 %) values hinting a more
homogeneous environment and supporting the solid solution nature of the
materials. A new peak at 730 cm™' observed which is assigned as A;(LO) mode of
GaN compound and the peak at 570 cm™ contains contributions from both the
Ei(TO) mode and the high frequency E; mode of both Zn-N and Ga-N bond.
E»(high) and A(TO) clearly weaken with the increase in Ga content [12,14].

Zn0
uzs
UZ5G2
UZ5G5
Uz5G8
UzZ5G10

E,(High), .

Zn-N

Intensity / A. U.

Raman Shift/ cm’

Figure 4.6: Raman spectra of ZnO, UZ5 and (Zn,..Ga,)(0,..N,) materials.
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Two peaks at 510 and 642 cm™ are due to Zn-N related modes [13] and the
high frequency E, mode of both Zn-N and Ga-N bond. This is direct evidence to
support the direct bonding between Ga and N in the (Zn;.,Ga,)(O;xNy) system. A
sharp decrease in the intensity of E,(high)(ZnO) at the expense of Zn-N and Ga-N
related Raman active features suggests an increase in co-valent character of the

material and very widely and uniformly distributed GaN crystal in the medium.
4.2.6 Secondary lon Mass Spectrometry Analysis

Figure 4.7 shows the SIMS data of UZ5, UZ5GS5 and UZ5G10. Secondary ion
intensities of different species as a function of sputtering time reflect the presence of
the corresponding constituents as a function of depth. Same trend was observed in
case of UZ5GS5 and UZ5GI10 materials. Presence of N (from N and ZnN) was
observed on all the materials, apart from the expected species, such as Zn, ZnO, Ga,
and GaN of the corresponding constituents as a function of depth. Additionally, the
direct observation of GaN from UZ5GS and UZ5G10 underscores the solid solution

of GaN in ZnO. Zn-N-Ga species suggests a direct interaction between N*" to Zn also.
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Figure 4.7: Secondary ion intensities of various species as a function of sputtering time are

given for (a) UZS5, (b) UZ5GS5 and (c) UZ5G10.
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However, counts of N species are lower in the UZ5G5 and UZ5G10 than UZS, is
likely due to formation of GaN. Further, counts for GaN and ZnN species are higher
in case of UZ5G10 compared to UZ5GS5, which directly suggests that with increase in
Ga concentration in corresponding material, nitrogen incorporation also increases.
Crucially, signal intensities remain constant at deeper levels highlights the solid
solution nature and uniform distribution for all the materials. This conclusion
corroborates well with Raman spectra and XPS results. No observation of Ga,Os and
nitric oxide (NO) species suggests the efficacy of combustion method to introduce N*
in the ZnO lattice in overall reductive atmosphere. No feature due to N-O type species
is observed also in electron paramagnetic resonance studies, which suggests the
absence of direct N-O linkages. It is to be noted that the intensity of ZnO and Zn is
relatively lower compared to that of ZnN, Ga or GaN, despite the fact that the volume
content of ZnO (parent) is much higher than the doped species. This is attributed to
the fact that the ionization efficiency of certain emitted species is dependent on local

surface chemistry of the sample, known as "matrix effect" in SIMS [15].
4.3 Catalytic Activity Studies

4.3.1 Ammonia synthesis

Ammonia synthesis from its elemental constituents is one of the crucial
reactions. In view of drastic changes in electronic structure of (Zn;,Ga,)(O;Ny),
such as decrease in optical band gap to 2.5 eV, direct Zn-N and Ga-N bonds, Zn-N-Ga
species, solid solution nature etc ammonia synthesis reaction was explored

significantly.

Representive results are given in Table 4.2. ZnO; Ny materials (UZ5 and
UZ7), does not show any significant activity towards NH3 formation. UZ5G10 shows
almost same activity (0.44 mmol/h g) for the first three hours and then decreases
rapidly. The maximum NHj; formation activity of 1.51 mmol/h g was observed on

UZ7G10 for the first hour, and then it decreases with increasing time on stream.

Catalytic activity of UZ7G10 is comparable to that of CosMosN [16];
however, the activity is an order of magnitude less than that of commercial or Cs-

promoted CosMosN catalysts (15 to 30 mmol/h g). It is to be noted that the above
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Table 4.2 Ammonia synthesis activity on (Zn;..Ga;)(O;.xN,) in mmol/hr.

Time on Stream (h) UzZ5G10 uz7G10
1 0.44 1.51
2 0.48 0.74
3 0.42 0.24

activity reported with commercial or Cs-promoted bimetallic catalysts was measured
at 400°C, 100 bar, and with electronic promoters [17]. It is also to be mentioned that
the present reaction was at ambient pressure, at 350°C, without any promoter, and the
nitride content is far less than that of bimetallic nitrides [17]. This underscores the
potential nature of (Zn;.,Ga,)(O,xNx) towards NH; synthesis. Amount of nitrogen
present in 1gm of UZ7G10 is 0.026gm. However, the amount of ammonia produced
in the first three hrs is 2.5 mmol and this corresponds to 0.0425 gm nitrogen. This
large amount of nitrogen involved in produced NH 3 indicates that indeed the reaction

is catalytic and nitrogen source is from reactant and not from lattice N.

Addition of promoters may facilitate the dissociation of N, molecule as well as
enhance desorption of NHj; which is of has fundamental importance. Using this
concept potassium was used as electronic promoter to increase the turn over number
of the reaction. Potassium (5 wt % and 10 wt %) impregnated (Zn;.,Ga;)(O;xNx)
catalyst was prepared through wet impregnation method using potassium nitrate as
potassium precursor. It is known that addition of 0.5% potassium oxide in Fe-alumina
increase ammonia production [18]. This leads to conclusion that K can act as very
good electronic promoter. A three to four fold increase in ammonia production was
observed and reaction got extended upto 5™ hr with 5 wt % potassium loaded
UZ7G10 attesting the effectiveness of addition of K as promoter. It is likely that, the
presence of potassium enhances the desorption of adsorbed ammonia from the
surface, making more sites available to chemisorbed dinitrogen to dissociate by
donating electron from the surface. Therefore, increase in the rate of ammonia
synthesis was observed. However, more increase in K (10 wt %) loading leads to
more increase in ammonia formation in the 1% hour, though activity decreases

drastically in the next 3 hours.
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4.3.2 Deactivation Mechanism

To know the reason of deactivation, structural and optical studies of the spent
catalyst has been carried out and compared with the corresponding fresh catalyst.
XRD pattern and UV spectra of spent catalyst were compared with fresh catalyst and

results are depicted in Figure 4.8.

Compared to fresh catalyst, spent catalyst shows that there is no significant
change in structural integrity. However intensity of K,O peak decreases significantly
on spent catalyst and it inferred that less amount of K was present in the bulk of spent
catalyst. So, it can be concluded that K ion helps to keep catalyst active for longer
time; however, during reaction, K ions are diffusing towards the surface and getting
segregated on the surface. It is well known that addition of K as electronic promoter
helps to increase ammonia formation, but with more K in the catalyst leads to faster
formation of K,O on surface and this leads to faster deactivation with 10 wt % K

loaded catalyst.

From optical absorption spectra, it is clear that there is not much change in
visible light absorption on spent catalyst compared to fresh catalyst. It has been
already demonstrated that that nitride nitrogen is responsible for visible light
absorption in (Zn;.,Ga,)(0;xNx) materials. So retention of visible light absorption
underscores that there is no loss of nitride nitrogen from the catalyst due to the
reaction. Hence, for ammonia formation elemental N, was utilized and it is not from

the lattice nitride nitrogen.

XPS of spent catalyst was recorded and the results have been compared with
fresh catalyst. Core level binding energy of Ga 2p3,, O 1s, K 2p and N 1s are shown
in Figure 4.9. Binding energy of K 2p shows a peak at 293.0 eV both in fresh and
spent catalyst indicating oxidation state of K is +2. From the result, it is clear that
there is no change in nature of K in both fresh and spent catalyst. However, compared
to fresh catalyst, spent catalyst shows huge amount of K on the surface, which also
reflects as an additional peak in O ls core level. Binding energy of O ls in the fresh
catalyst shows a peak at 530.5 eV, which is only for ZnO. However, on the spent
catalyst a new hump as well as peak broadening was also observed at 532.0 eV, which

is due to K,O. XRD pattern of the spent catalyst also shows less amount of K,O,
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XRD Spectra of Spent Zn,_Ga O, N UV-Vis Absorption Spectra
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Figure 4.8: (a) PXRD pattern and (b) UV-Visible spectra of fresh and spent K incorporated
(Zn;..Ga;)(0O,.N,), prepared with urea/(Zn+Ga) = 7. * indicates contribution due to K,O.
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Figure 4.9: XPS spectra from (a) C 1s-K 2p (b) O Is (¢) N Is and (d) Ga 2p;,, core levels of
fresh and spent UZ7G10 and K incorporated UZ7G10.

which is due to leaching of K ion towards the surface from the bulk. Thus, the XPS
results well support and reflect the result of XRD analysis of spent catalysts.
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There is no significant change in the nature and amount of surface nitrogen in
the fresh and used catalyst. Spent catalysts show two types of nitrogen as that of fresh
catalyst. One type of nitrogen is like nitride nitrogen which shows a peak at 397.0 eV
and other one is ammonia type nitrogen. These observations indicate that there is no
change in nitrogen oxidation state in the catalyst during reaction. However, less
amount of Ga was observed on the surface compared to fresh catalyst. This is due to

surface segregation of K,O, which masks other species.

4.4 Conclusions

Solid solution of GaN in ZnO {(Zn;,Ga,)(O;xNy) (x and z = 0-0.15)} has
been prepared by SCM. XRD studies confirm the presence of hexagonal Wurtzite
phase, and no extra peak was found due to nitrogen incorporation or Ga doping. The
electronic spectra show visible light absorption and an optical band gap decreased to
2.5 eV compared to 3.4 eV with ZnO and GaN. Raman spectroscopy and SIMS
results suggest the presence of Zn-N and Ga-N bonds. Two types of nitrogen were
found in XPS, charge density of one of the nitrogen in (Zn;_,Ga,)(O;xNy) is similar
to that of ammonia/ammines, and another one is like nitride. Calcination of (Zn;.
/Ga,)(O;xNy) in air <550°C leads to minor changes in optical absorption
characteristics. However, calcination >550°C leads to fast decrease in visible
absorption band, and 800°C calcined material shows an optical absorption similar
to that of ZnO. Above observations indicate the visible light absorption is mostly
due to nitride. XRD pattern of 800°C calcined samples shows a mixture of Ga,03
and ZnO and confirms the oxidation of GaN. Above results suggest the N 2p states
from nitride occupy the states just above the O 2p VB and reduces the band gap. The
presence of GaN in (Zn;,Ga,)(O;xNy) and supported by physicochemical analysis
underscores the importance of reaction atmosphere generated in the present

experimental conditions.

Catalytic activity towards N, fixation was observed at atmospheric pressure at
350°C on (Zn;_,Ga,)(0,«xNy) indicates its potentiality as a catalyst. Further, addition of
potassium as electronic promoter helps to increase NH; production and keeps catalyst
active for longer time. However, leaching of K ion from bulk to surface and formation
of huge K,O on the surface are possibilities for deactivation. Hence, it is worthwhile

to look similar type nitride base materials for NH3 production in ambient condition.
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5 Solid Solution of InN in ZnO [(ZNn1.,1n,)(O1xNy)]

5.1 Introduction

Co-doping method is widely explored in case of ZnO in order to achieve better
potential offered by it. The importance of ZnO in gas sensing to UV light emitters and
ceramics is well-known [1]. Furthermore, suitable choice of metal ion is required to
achieve desired activity in both physical and chemical applications point of view. N
has been considered as the best candidate for doping in ZnO, however the p-type
behavior obtained in N doped ZnO (ZnO,;4Ny) is not reproducible, and controversies
still exist [2]. Further, N-monodoping creates a deep acceptor level, which is
unfavorable to induce p-type conductivity. 15 atom % of N incorporated ZnO lattice
can be prepared by SCM [3], however, without p-type conductivity, since N 2p states
are found to be in the forbidden-gap. Further, the charge density of N on ZnO; Ny is
not as in any typical nitride, but resembles to that of ammonia/ammines. However, co-
doping method was followed to change the status of N into N°~ and to enhance the N*-
content as well. Nonetheless, there is limited success with thin-film materials
prepared by various methods, especially in increasing N solubility [4]. Our recent
studies on co-doping of Ga and N in ZnO lead to a solid solution of nanoclusters of
GaN in ZnO with a significant decrease in the optical band gap up to 2.5 eV, from
3.37 eV for ZnO [5]. In addition, the above method also stabilizes good amount of N
as N*". However, unlike Ga-N co-doping, very few reports are available on co-doping
of In and N in ZnO. Similar method was adapted here to dope In and N in ZnO lattice
simultaneously. Chen et al. [6a, b] recently reported on the synthesis of p-type ZnO
films by means of In and N co-doping and Raman spectroscopy measurements were

made by Kong e al. [6¢]. Hole density was observed ranging around 10"® cm™.

Although In (0.84 A) is slightly bigger than Zn (0.72 A), Zn could be
substituted for In due to the structural similarity, and InN possesses the hexagonal
Waurtzite crystal structure (a = 3.537 A, ¢ = 5.704 A) as that of ZnO (a =3.250 A, ¢ =
5.205 A), but with a band gap of 0.7 eV [7]. Further, there is void space available in
the Wurtzite (B4) (and zincblende (B3)) structure makes it feasible to accommodate

bigger ions. In view of this, if In could be doped successfully, then the chances of
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forming a solid solution of InN in ZnO is easy. At present, the III-V nitride
compounds such as AIN, GaN, and InN and N-doping in oxides, particularly TiO,
have received considerable interest because of their potential applications in
microelectronic and optoelectronic devices, and they are chemically and mechanically
stable [8]. Furthermore, the co-doping technique is an effective approach in producing

p-type ZnO, regardless of AI-N, Ga—N, or In—N pairs [4, 5].

In this chapter, we are going to discuss the effect in ZnO if we dope, up to 14
atom % N and up to 8 atom % In into ZnO as InN through SCM. These prepared
materials have been characterized by various physicochemical, spectroscopic and
structural methods, and alcohol dehydrogenation reaction was explored via
heterogeneous catalysis. In the present case, the resulting solid solution of InN in
Zn0O, (Zn;.In,)(0;xNy), exhibits an electronic structure that is markedly different
from ZnO and/or InN. Indeed (Zn,_, In,)(O,xNx) materials exhibit an optical band gap
of about 2.3 eV due to the N 2p states from N>~ occupying the states above O 2p VB.

5.2 Results and Discussion

Throughout the chapter ZnO; Ny and (Zn;_,In,)(O;xNx) materials are denoted
as UZx and UZxIny, respectively, with x and y being the ratio of urea/(Zn+In) and In

atom %, respectively, unless specified.
5.2.1 X-ray Diffraction:

Figure 5.1 shows the characteristic XRD patterns of various materials (Zn;.
An;)(O1xNx) synthesized in the present investigation and compared with ZnO,; N,
Zn0O, InN and In;O;. Figure 5.1a shows the XRD patterns obtained with different
ratios of urea/(Zn+In) (3, 5 and 7) for 5% In concentration. The XRD pattern of pure
ZnO and InN shows a hexagonal Wurtzite structure. A sharp and well refined ZnO
pattern is observed for UZ5In5. However, there is significant peak broadening
observed for both UZ3In5 and UZ7In5 with In,O; features which were clearly
observed at 20 = 30.76° (JCPDS data card No. 71-2194). In,O; features was also
observed for materials prepared with In % higher than 5 with urea/(Zn+In) ratio other
than 5. In view of this, observation of most of results has been presented from

UZS5Iny, unless specified.
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Figure 5.1: Powder X-ray diffraction pattern of (a) (Zng.oslngos)(01..Ny), prepared with
urea/(Zn+in) = 3, 5 and 7, and (b) (Zn;.In,)(0,..N,) prepared with urea/(Zn+In) = 5 with In-

content between 0 and 10 atom percent. UZS5, In,O;, InN and ZnO are also plotted for

comparison. Si has been used as an internal standard. * indicates contribution due to In;0;.

Table 5.1 Physico-chemical characteristics of (Zn;_.In.;)(0,.N,) materials

Material code * Surface area (m®/ gm) a(A) c(A)
UZ5In2 - Zng 9sIng 0200.90No.10 7 3.25258(2) 5.2080(2)
UZ5InS - Zng 951ng.0s00.86No. 14 10 3.25515(6) 5.2103(8)
UZ5In8 - Zng 92Ing 0300 85No.15 18 3.26203(5) 5.2132(2)
UZ5In10 - Zng9Ing 100 87No.13 22 3.26555(8) 5.2150(5)
UZS5 - ZnOg.914No 086 7 3.2421(5) 5.1924(2)
UZ7 - ZnOg.93Np 071 19 3.2414(7) 5.1934(4)
ZnO 50 3.250 5.205
InN --- 3.533 5.693

[a] The urea:metal molar ratio is given after “UZ”, followed by In atom %. [b] Bulk and

surface atomic content, measured from EDAX and XPS, respectively.
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Figure 5.1b shows the XRD patterns obtained from UZSIny (y< 10) and
compared with standard reference materials. Well resolved high intensity reflections
have been observed up to In = 8% without any impurity phases; especially no peak
corresponding to impurities such as In,Os and ZnIn,O4 was observed even up to 8
atom % In containing materials. It is worth noting that the as-prepared In containing
materials are highly crystalline (Figure. 5.1b), attesting the effectiveness of the SCM

to induce in situ crystallization during the material formation.

However, with increasing In content, the full width at half maximum (FWHM)
value of all the peak increases, implying decreasing crystallite size due to
incorporation of In and N atoms. The lattice parameter ‘a’ (c¢) value increases from
3.250 A (5.205 A) for pure ZnO to 3.26203 A (5.2132 A) for 8 atom In % (Zn,.
An,)(O1xNy) (Table 5.1). This suggests that In® replaces Zn*" in the ZnO lattice with
a concomitant increase in the lattice parameters due to larger size of In’". It is also to
be noted that percent increase in unit cell parameter ‘a’ is significantly higher than
that of ‘c’ (Table 5.1) with increasing In-content. This also indicates that the materials
prepared are not physical mixtures of InN and ZnO, rather a solid solution of InN and
Zn0O. XRD pattern of InN given close to UZ5In8 demonstrates that the broadening
observed at higher In-content (= 8%) is due to InN. It is likely that nano InN clusters
might be dispersed homogeneously in the ZnO lattice system attributing that there is

no peak specific to InN was observed, rather a shift to lower angle is observed.

Attempts to synthesize materials with higher In loadings lead to a mixed phase
of (Zn;_In,)(O;xNx) and In,Os. Reflection corresponds to In,O; was observed when
In % >10. Further urea to metal ratio of 7 and 3 employed also leads to In,Os phase,
especially with In % >5. A new peak appears at 20 = 30.76°, which indicates the
formation of In,Os. Urea being a good fuel, complete combustion takes place and the
average combustion temperature increases with urea content [9]. This underscores the
necessity of optimum temperature for effective preparation of (Zn;_In,;)(O;xNy)
which is achieved around a ratio of urea/(Zn+In) = 5. The Rietveld refinement profiles
of materials prepared by SCM using urea/(Zn+In) = 5 with different In loadings are
presented in Figure 5.2. An excellent agreement between the experimental and the
fitted data indicated that the XRD pattern could be indexed reasonably well to the

Waurtzite structure with a space group P6;..
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Figure 5.2: Rietveld refinement profiles of (a) UZ5, (b) UZ5In2, (c) UZ5In5, and (d) UZ5In8
materials. Experimental data points are given in open circle and calculated intensity is given

in red color line. The difference plot is given in dark yellow color at the bottom.

The positions of major (100, 002 and 101) diffraction peaks were successively
shifted to lower angles (20) with increasing In content, indicating that the (Zn;.
In;)(0;xNx) materials were indeed, solid solutions of InN in ZnO (Figure 5.1b). Peak
shift is considerable, as the ionic radius of In’" (0.84 A) is higher than that of Zn*
(0.72 A) [10]. However, the covalent bond length of In-N (2.4 A) is larger than that of
Zn-O (1.97 A), and In substituted at Zn sites would increase the lattice parameter as
well as volume, thus justifying the peak shift to the lower angle. It is clear from the
above observations that N and In atoms occupied the O and Zn lattice positions,

respectively.

It is known that InN begins to decompose with loss of nitrogen between 425
and 550°C [11]. To explore the stability of the (Zn;_.In,)(O,xNx) materials prepared,
calcination at different temperatures and thermal analysis experiments were
performed. As already indicated, the materials prepared by SCM get exposed to high

temperatures during synthesis and hence, a better thermal stability is expected.
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Figure 5.3: Powder X-ray diffraction pattern of calcined (Zn,.In.)(O,.N), prepared with
urea/(Zn+In) = 5, In,O;3 and ZnO.

Indeed the XRD pattern measured for UZ5In5 after calcination at 800°C does not
show any impurity peak (Figure 5.3); however, UZ5In8 exhibits an additional peak at
30.76° and a clear peak broadening at 36.5° was observed as well. Above new features
are attributed due to the formation of In,O;. Due to calcination in static air InN gets
oxidized to In,O3 which does not belong to Wurtzite phase and reflects in the XRD
patterns. However, with In-content <5% no formation of In,Os; was observed,
indicating that the smaller InN clusters are might be stable and resistant to oxidation

at least up to 500°C.
5.2.2 Thermogravimetric Analysis

It is necessary to understand the oxidation mechanism of InN in (Zn;_In,)(O;.
xNx) materials at high temperatures in air and N, atmosphere, mainly to understand
the thermal stability at high temperatures. The oxidation process of pure InN films is
rather complicated since the oxygen incorporation and the nitrogen desorption occur
simultaneously [12]. During this process, InN oxidizes to cubic bixbyite In,O3 phase.

Thermal analysis of UZ3In5, UZ5InS and UZ7In5 (Figure 5.4) was carried out in air

Ph. D Thesis 132



Chapter 5: (Zn;.In;)(0;..N,) Materials

atmosphere up to 1000°C. A sharp change in weight loss (about 4 wt %) was observed
between 500 and 560°C on UZ3In5 with corresponding exothermic change in DTA
(Figure 5.4). In addition to the above weight loss, another feature was observed
between 370 and 440°C with UZ7InS with corresponding exothermic change in DTA.
Weight loss observed with exothermic peaks between 370 and 560°C, suggests

decomposition and it is attributed to the decomposition of carbonate species.
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Figure 5.4: Thermogravimetric and differential thermal analysis of UZ3In5, UZ5In5 and
UZ7In5 carried out in air atmosphere. UZ5In5 analysis carried out in nitrogen atmosphere is
also given. Weight gain observed on UZ5In5 around 500°C (feature multiplied 3 times for

clarity) in air atmosphere supports the oxidation of InN to In,0;.

Interestingly, no such weight loss due to carbonate was observed on UZS5In5,
rather a mild weight gain was observed around 500°C. This is attributed to the
oxidation of InN to In,Os. To validate this conclusion, similar experiment has been
carried out in nitrogen atmosphere. TG-DTA result from UZ5In5 in N, atmosphere
does not show any weight gain around 500°C confirms the above conclusion. Further,
no weight gain feature was observed on UZ3In5 and UZ7In5 is mainly due to
overlapping of carbonate burning weight loss feature and oxidation weight gain

feature. Considerable weight loss was observed at < 400°C due to loss of physisorbed
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H,O, NHj3 or nitrate decomposition on all samples. Nonetheless, after calcination to
high temperatures around 800°C, none of the (Zn,_In,)(O;«Nx) materials shows any
nitrogen and it is affirmed from the XPS results. With increase in In content weight
loss also increases, which proves that there is more amount of nitrogen introduction
with higher In %. No In,O; feature observed in XRD on UZ5In5 after heating at

800°C might be due to smaller cluster sizes.
5.2.3 Textural Properties

The morphology of the as prepared samples was examined by SEM. Figure
5.5 shows representative SEM images of UZ5In2 and UZ5In5 material. As-prepared
materials exhibit a good distribution of fine primary particles with an average size of
about 200-300 nm. However, some bigger particles are also observed. No particular
particle shape has been observed, unlike the predominant triangle shape of UZ1 [3],
however, with UZ5 there is no particle morphology and random distribution was

observed (Section 3.2.3).

To find out the distribution of particle sizes, dynamic light scattering (DLS)
measurements have been carried out with the above materials dispersed in
isopropanol solvent (Figure 5.6). It has been assumed that all of the particles are
spherical in shape. Majority (90%) of particles from UZS5In5 exist in a size range
between 230 and 330 nm, and the remaining (10%) shows higher diameter between
1050 and 1250 nm. Both SEM and DLS experimental results are in good agreement
with each other, and confirms the nano size regime of (Zn;_In,)(O;4Nx) materials,
although the preparation method adopted was SCM, which involves high temperature
between 700 and 1000°C.

EDAX analysis carried out to measure the material composition as well as to
find out the extent of doping homogeneity. Representative results are given in Figure
5.7 for UZ5In5 (a and b), and UZ5In10 (¢ and d). Elemental mapping of all the
elements has been carried out and shown with color-coding for different elements.
High intense and low intense (or diffused) color indicating the particular elements
high and low content in a particular area/spot. Figure 5.7b and d depicts only the N
mapping of the above materials to show the homogeneous distribution over a large

area. First of all the above results confirm the homogeneous distribution of doped
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elements at microscopic level and indicating the effectiveness of the preparation
method. A careful look at the elemental map (Figure 5.7a) reveals the association of

In and N more than Zn and N, suggesting the solid solution of InN in ZnO.

(a) UZ5In2 (b) UZ5In5

Figure 5.5: SEM images of as prepared (a) UZ5In2 and (b) UZ5In5.
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Figure 5.6: Particle size analysis data by DLS of UZ5In5 material. Table shows the
cumulative distribution of particle size. 90% of the particles are in the size range between 230

and 330 nm. Similar particle size trend has been observed for other compositions.
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Figure 5.7: Elemental mapping of (Zn;..In.)(0,..N,) materials (a and b) UZ5In5, and (c and

d) UZ5Ini0, (a and c) for all constituent elements, and (b and d) for nitrogen, respectively.

Color coding for different elements are shown on the images.

It also confirms the microscopic homogeneous uniform distribution of doped
elements seen over the large area of 360 x 310 pm” and indicating the effectiveness of
the preparation method. It is also to be noted that the atom percent measured through
EDAX on individual particle differs significantly, and values reported in Table 5.1 are
the average values obtained over large areas, as shown in Figure 5.7a and c. A glance
at UZS5In5 (Figure 5.7a) and UZ5In10 (Figure 5.7¢) highlights the change in surface
composition from the former to the latter. First of all there is an increase N-content
with higher In % as seen in Figure 5.7d, compared to Figure 5.7b. Indeed the red color
(for N) could be seen better on Figure 5.7c than Figure 5.7a. Although apparent N-
distribution and content seems similar on both materials, quantitatively it could not be
shown as the decrease in relative oxygen content is small. Further the change in

predominantly fluorescent green on UZ5In5 (Figure 5.7a) to blue + cyan on UZ5In10
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(Figure 5.7c) underscores the change in composition from predominantly ZnO on the
former to ZnO + InN on the latter, respectively. Measurement of nitrogen content of
(Zn;,In,)(0;xNx) materials through chemical method did not yield meaningful results

which lead us to follow analytical method.
5.2.4 Optical Absorption

Optical absorption spectra of as prepared (Zn;,In,)(O;xNx) and calcined
materials have been measured, and the results are shown in Figure 5.8 along with
UZS5, In,03, and ZnO. Pure ZnO shows a well defined absorption cut-off edge at 380
nm; however In,O; shows a gradual decrease in absorption from 370 to 440 nm [13].
A new visible absorption band with low intensity is observed at 480 nm on UZS5

material.

Our recent studies [3] confirm the creation of a mid-gap state by N 2p states
between VB and CB, and hence, there is no change in resistivity. Evidently, after
doping In and N, visible light absorption onset is extended, at least, upto 550 nm as
shown in Figure 5.8a. Further, the new visible light absorption band of (Zn;_In,)(O;.
«Nx) materials, around 450 nm, shift to higher wavelength and the absorption
coefficient increases with increasing In content up to 8% as well. There is a
characteristic shift in color from pale greenish yellow for In,O3; to brown color (Zn;.
An;)(O1xNy), and it is unlikely that there is any In,O; in the co-doped materials
containing In < 10%. N and In co-doping helps to form a shallow donor and acceptor
levels from N 2p and In 5s/5p, respectively, and effectively decreases the band gap by
about 1 eV to 2.3 eV. Our VB studies with XPS (section 5.2.6) demonstrate that

nitride contributes to a large extent towards band gap reduction.

(Zn;,In,)(O1xNx) materials were subjected to calcinations at different
temperatures and UV-Vis. absorption spectra were recorded subsequently.
Representative result from UZ5In5 is given in Figure 5.8b. Significant changes in
absorption characteristics could not be marked from UZ5In5 calcined up to 400°C.
However, on calcination at 500°C, there is a considerable increase in absorption
coefficient, and apparently a new absorption band develops around 440-450 nm.
Similar observation was recorded for UZ5In8 after calcinations at 500°C. This new

feature is definitely not due to In,O;, as it exhibits absorption below 440 nm, and thus
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it still contains the scope for further explorations. However, on further calcination at
temperatures > 500°C, as mentioned above, new band gradually disappears, and
800°C calcined material shows cut off edge as that of a physical mixture of ZnO and
In, O3, since all InN was oxidized to In,O;. There is a good correspondence between
the features in visible light region for In,O3; and UZ5In5-800°C demonstrates that all
InN got oxidized to In,O3. Nevertheless, the important point is that the visible light
absorption is exclusively due to two types of nitrogen that is combined with In and
Zn. Similarly, color of UZ5In8-500°C material is yellowish brown, which turns to
very pale yellow after calcination at 800°C. As shown in XRD, UZ5In8-800°C
exhibits a new peak at 26 = 30.76° which corresponds to the In,O; peak.
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Figure 5.8: UV-Visible absorption spectra of (Zn;..In)(0,.N,) materials prepared with
urea/(Zn+in) = 5 for (a) different In-content, and (b) after calcination at different

temperature for UZ5InS, and compared with In,Oz and ZnO.

There are few suggestions on the mechanism of band gap reduction by Inoue
et al. [14] and Domen et al. [15] especially on fully-filled ' systems (such as ZnO-
based, GaN-based, GesNy-based), such as p-d repulsion or p-d coupling responsible
for shifting the VB maximum (VB..x) and hence, a decrease in the band gap. For the
II-VI semiconductors, Wei and Zunger [16] pointed out that the p-d repulsion shifts
the VBn.x upward without affecting the CB minimum (CBp,). However, in the
present (Zn;_,In,)(O;xNy) materials there is less possibility of interaction of In 4d and

N 2p states, since the In 4d orbital is located as shallow core levels around 18 eV in
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valence band XPS. As the energy difference between N/O 2p and In 4d levels is high
(12-16 eV), it is unlikely that N/O 2p - In 4d repulsion is likely to play any role.
However, the possibility of lowering the CBp, also to be considered, which is

composed of Zn 4s/4p and In 5s/5p orbitals [17].
5.2.5 Raman Spectroscopy

Figure 5.9 shows the Raman spectra of (Zn;_,In,)(O;xNx) with different In
content and compared with ZnO and In;Os. ZnO exhibits a hexagonal Wurtzite
structure and belongs to the Cg, symmetry group [18]. InN exhibits two strong optical
phonons at 490 cm™ (E,(high)), and 583 cm™ (A;(LO), which can be easily observed
with common excitation sources [6¢, 19]. A strong and sharp peak observed at 436
cm” on all synthesized and standard ZnO is attributed to characteristic nonpolar
E,(high) of the Wurtzite structure. Phonon mode centered at 488 cm ! is attributed to
Es(high) mode of InN and it is in good agreement with literature reports [19 b,c].
However, this phonon mode shifts to higher frequency (504 cm™) and broadened with
lower In-content (2 and 5%), indicating the smaller cluster sizes of InN. Moderate
intense peak at 582 cm’ is attributed to A;(LO) and E;(LO) modes of (Zn,_In,)(O,.
«Nx), especially for Zn-N as well as In-N related mode. This peak is not observed for
pure ZnO and it is characteristic for typical nitrides, such as GaN, InN and ZnO; 4Ny
[3,5,18,19]. Ex(high) and A;(TO) modes of ZnO clearly weakened with an increase in
In content in (Zn;_,In,)(O,xNx) supports the solid solution nature. In fact, all Zn-N and
In-N related phonon modes intensity increased with N and In co-doping. This is a
clear evidence to support the direct bonding between Zn/In and N in the (Zn;_,In,)(O;.
N,) system. A;(LO) phonon mode of InN at 582 cm™ overlaps with that of Zn-N
related and difficult to resolve, since they appear at the same frequency. Interestingly,
E,(high) of In,O; observed at 303 cm’ is not observed on (Zn;_,In,)(01xNx)
suggesting that the present co-doping leads to exclusive solid solution of InN in ZnO.

This observation is in agreement with XRD results and confirmed by XPS studies.

The lowering of the intensity of ZnO modes with a concomitant increase in In-
content in (Zn;In,;)(O;<Ny) indicates a breaking of the total symmetry of the ZnO
molecular structure. Especially, the FWHM value of E,(high) at 436 cm™ is found to
be ~18 ¢cm™! for (Zn;_,In,)(OxNx) compared to 11 cm™! for ZnO. This indicates the

presence of nano-sized InN clusters in the samples synthesized by SCM.
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Figure 5.9: Raman spectra of (a) (Zn;.In.)(O,.N,) with metal to urea ratio 5 and compared
with ZnO, UZ5 and, (b) UZ5In5 and the same calcined at 500 and 800°C.

Raman spectra recorded after calcination of UZ5In5 at 500 and 800°C are
shown in Figure 5.9b. E(high) phonon modes around 436 and 490 cm™, exhibit a
shift towards lower frequency and a simultaneous decrease in FWHM. In addition,
InN phonon modes (Ej(high) and A;(LO)) intensity decreased dramatically with
increasing calcination temperature supporting the disappearance of InN. Nevertheless,
no In,Os; phonon mode has been observed on calcined materials is likely due to

smaller clusters.
5.2.6 Photoelectron Spectroscopy

XPS measurements have been performed mainly to examine the electronic
structure details such as VB, oxidation states of constituent elements and surface

composition of (Zn;_,In,)(O;«Ny) materials.
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Figure 5.10a displays the XPS results from N ls core level of UZS5, UZ5InS,
UZ5In5-500°C, UZ5In8, and UZ5In8-500°C. Deconvolution has been carried out to
show the overlapping N components. On ZnO; 4Ny materials, N 1s core level appears
to be a sharp and symmetrical peak at a BE value 399.7 eV (FWHM = 2.4 V)
indicating the charge density on N is similar to that of ammonia type nitrogen [3, 20].
However, N 1s peak is broad (FWHM = 3 eV) and appears around 398.8 eV for (Zn,.
In,)(O;xNx) materials hinting that there is more than one component. Deconvolution
of N 1s core level reveals two components and the feature at 399.7 eV is same as in
Zn0O; 4Ny materials. In addition, a low BE component appears at 398.1 eV. The peak
at 398.1 eV could be attributed to nitrides as in GaN/InN (397.1 eV) [20].

Indeed the BE observed here for nitride is higher than the typical nitrides, and
it is attributed to the influence of surrounding majority oxide (ZnO) environment (Zn;.
An;)(0;xNx) which is likely to make it somewhat electron deficient. Elemental

mapping also definitely shows a uniform distribution of nitrogen in ZnO environment,
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Figure 5.10: (a) XPS spectra from N Is core level of UZ5, UZ5In5, UZ5In5-500°C, UZ5InS,
and UZ5Ins8-500°C. (b) Valence band photoelectron spectra measured from UZ5 and (Zn;.

An.)(0;.:N,) materials. Feature observed around 2 eV is due to nitride 2p features.
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and it is likely to influence to some extent. UZ5In8 also shows similar feature as that
of UZ5In5. Generally, In doping enhanced the nitrogen content very significantly and
it is evident from XPS as well as EDAX results.

Valence band photoelectron spectra of UZ5 and (Zn;In,)(O;«xNx) materials
have been measured with Al Ko X-ray source and shown in Figure 5.10b. Prominent
Zn 3d and O 2p VB features were observed for all the above materials around 10 and
3-7 eV. For UZ5 (or ZnO,«Ny) materials, there is a band observed at Fermi level, Er
=0 eV, is because of satellite contribution from Zn 3d which is due to secondary X-
ray radiations associated with Al Ko at energies higher by 9.8 and 11.8 eV than the
parent radiation component [21]. Nonetheless, for all (Zn;_In,)(O;xNx) materials, a
new and distinct VB band feature was observed between 1-3 eV, and this is in
addition to the above satellite contribution. This indicates the intrinsic nature of this
feature to (Zn;_In,)(O,xNx) materials. Indeed the above new band (hatched area in
Figure 5.10b) is attributed to the N 2p contribution, especially from nitride. Lower BE
for nitride feature observed in N s core level also supports the above conclusion. A
shift of VB by 0.5 eV was observed earlier by Nambu et a/ [22] for nitrogen doped
TiO, due to N-induced features, compared to TiO, surfaces. New VB feature
underscores the major change in electronic structure of the (Zn;.In,)(O;xNy)
materials due to nitride formation compared to ZnO;Ny. Further, this also
demonstrates the change in the nature of the VB from O 2p dominated on ZnO,; 4N to
nitride dominated on (Zn;,In,)(O;«Ny) materials. It is expected that this would
significantly influence various properties, including optical and catalytic properties. In
4d and O 2s shallow core levels appear around 18 eV and indicating the overlap in
their energy. However, In 4d level is far away from the VB and it is unlikely to

influence the VB energy due to N/O 2p — In 4d repulsion, as suggested earlier.

UZ5In5 and UZ5In8 were subjected to XPS after calcination at 500°C for 6
hrs. Although the above calcined materials acquired brown color, the surface nitrogen
content decreased. It is to be noted that the peak intensity has been multiplied 3 times
to show the features with clarity and comparable intensity as that of UZ5In5/8.
However, the features observed are as that of as-prepared samples at the same BE, but
with lower intensity. This result combined with TG-DTA results confirms that indeed

(Zn;_,In,)(O,xNx) material undergoes oxidation, especially InN transforms to In,Os.
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Figure 5.11a shows XPS spectra for Zn 2ps3;, core level BE appearing at
around 1021.5 eV for ZnO; Ny and (Zn;In,)(O;«Ny) materials with different In-
content. The above BE is significantly lower than that of ZnO, which appears at
1022.0 eV. Although the formal oxidation state of Zn to be +2 in all of the above
materials [20(a)], the relative electron density is relatively high on ZnO; 4Ny and (Zn,.
An,)(0;xNx) materials compared to ZnO. This is mainly attributed to the significant
amount of N in the above materials, especially as nitride, which is electron rich and it
is likely to influence the charge density to the neighboring cations. It is likely that

there is some redistribution of electron density, at least locally on the above materials.

XPS data of In 3d core level shows spin-orbit doublets at 444.7+0.1 eV (3ds)2)
and 452.2+0.1 eV (3d3,) with an energy separation of 7.5 eV (Figure 5.11b). BE
values around 444.8+0.5 eV for 3ds;, core level has been reported for InN as well as
In,O3 by several groups [20 a]. Apparently the BE of In 34 levels are not sensitive to
chemical environment and it is difficult to ascertain the nature of In only from the BE
values. Nevertheless, it can be concluded that In exists in the +3 oxidation state.
Further, InN exhibits higher FWHM (2.1 eV), compared to In,Os3 (1.5 eV) [23] and
Figure 5.11b shows a FWHM of 2.2 eV supports that the nature of In is as in InN.

Intensity / A. U.

1018 1022 1026 444 448 452 456
Binding Energy / eV

Figure 5.11: XPS spectra from (a) Zn 2ps; and (b) In 3ds); core levels of UZ5In2, UZ5In5,
UZ5In8, ZnO, and UZ5.
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5.2.7 SIMS Analysis

Figure 5.12 shows the SIMS data of UZ5In5 and UZ5In10. Secondary ion
intensities of different species as a function of sputtering time reflect the presence of
those species as a function of depth. The initially captured mass spectrum with
significant intensity illustrated the presence of different species, namely ZnO, ZnN,
InN, InO ZnNIn, N, Zn, and O. Secondary-ion intensities of the first five species are
shown in Figure 5.12. The direct observation of InN from UZ5In5 and UZS5In10
underscores the solid solution of InN in ZnO. Additionally, presence of Zn-N-In and
ZnN species suggest a direct interaction between N°™ to Zn as well as Zn and In
together. It is surprising than InO species is also present in UZ5In5, though it was not

observed through any other characterization methods.
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Figure 5.12: Secondary ion intensities of various species as a function of sputtering time are

given for (a) UZ5In5 (b) UZ5In10.

This is likely due to presence of highly dispersed small InN clusters which is likely to
interact with ZnO at interface boundary between InN and ZnO. Crucially, signal
intensities of all the species except ZnN in UZ5In10 remain constant at deeper levels

highlights the solid solution nature and uniform distribution for all the materials.
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5.3 Catalytic Activity

5.3.1 Dehydrogenation of 2-Butanol

ZnO being a traditional catalyst employed for dehydration and
dehydrogenation reactions [24], (Zn;..In,)(O,xNx) materials have been explored for
catalytic dehydrogenation of 2-butanol to methyl ethyl ketone (MEK) as a model
reaction. MEK is a good solvent, especially for coating applications and also used in
dry erase markers as the solvent for the erasable dye and refining industries. It is also
an important raw material for organic chemical industries and is used for the
production of MEK peroxide and oxime, as an intermediate in the perfumery industry,
as an antioxidant. Currently, MEK is commercially produced using the two-step n-
butylene technique. Gas phase dehydrogenation is widely used in the industry, as it

involves a simpler process flow sheet and the low investment.

OH O
\)\ — \)k
2_butanol 2-butanone

Scheme 5.1: Reaction scheme for 2-butanol dehydrogenation reaction.

Figures 5.12 and 5.13 show the catalytic conversion of 2-butanol and yield of
2-butanone as a function of time on stream for three different catalyst compositions
(UZ5, UZS5InS and UZS5In8) between 300 and 450°C. MEK formed as a major product
along with some gaseous product like CO, and butene. Hardly there is any catalytic
activity below 300°C for this particular reaction and without catalyst as well. Initially
the reaction was carried out at different space velocity and it has been observed that at
WHSYV = 5 gave maximum conversion, and hence, all our studies have been carried
out at this value. Catalytic conversion of 2-butanol increases steadily, with increasing
temperature, from 300°C (Figure 5.12). An important observation to be noted is the
catalytic conversion remains at the same level from the beginning till 12 hrs for all
catalyst compositions. 30-40% catalytic conversion observed at 300°C for all catalyst
compositions increases to 100% conversion at 450°C for UZS5, but at 400°C for In-

containing materials.
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Figure 5.12: Catalytic conversion of 2-butanol on UZ5, UZ5In5 and UZ5In8 materials in the
temperature range between 300 and 450°C.
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Figure 5.13: 2-butanone yield obtained on UZ5, UZ5In5 and UZ5In8 in the temperature
range between 300 and 450°C.

100% conversion was obtained with UZ5In5 at 400°C suggesting the influence

of InN content towards better activity. However, with further increase In
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concentration in the catalyst (UZ5In8 and UZS5In10) does not show any further

increase in overall activity hinting the optimum activity is with UZ5In5.

Figure 5.13 displays the MEK yield observed for three different catalyst
compositions between 300-450°C as a function of TOS. At 300°C, MEK yield is
observed between 30 and 40 mol % irrespective of catalyst compositions. However,
with increase in temperature (up to 400°C) the MEK yield increases up to 64% on
UZ5. Yield decreases dramatically above 400°C and it decreases to 50% at 450°C on
UZS5. Very similar trend was observed with In-containing catalysts also. However, the
highest yield around 75% was observed with UZ5In5 at 400°C. The selectivity and
yield of MEK decrease for all the catalysts above 400°C. It is to be noted that
introduction of In induces Lewis acidity and that is likely to be responsible for higher
catalytic activity, and it is well known that acid-base properties changes the catalytic
activity [25]. An important point to be noted is the stable conversion and yield for all
the three catalysts over the entire reaction period (12 h). No decline in activity

indicates no or very less changes in the nature of the materials surface characteristics.
5.4 Conclusions

(Zn;,In,)(0O1xNx) materials were prepared by simple SCM and it was
characterized by a variety of physico-chemical, structural, spectroscopy, microscopy
and catalytic measurements for dehydrogenation reaction. Above detailed studies
suggest that the nature of above material is a solid solution of InN in ZnO. Except for
a minor lattice expansion, no significant change in ZnO Wourtzite structure was
observed even up to 10% InN in (Zn;,In,)(O;xNx) materials. Even though
combustion method involves high temperatures between 600 and 1000°C, almost
homogeneous nano size particles were observed by SEM. Elemental mapping of (Zn;.
In;)(0;xNx) materials displays a homogeneous distribution of doped elements and
InN formation. Good thermal stability, at least up to 500°C, was identified from
thermal analysis and supported by other characterization methods. A new absorption
band in the visible region was observed with the onset of absorption at 550 nm. UV-
Visible absorption spectral studies and valence band XPS results demonstrate the
creation of a new band derived from N 2p states of nitride just above the O 2p VB,
and primarily responsible for the reduction of optical band gap to 2.3 eV. Raman

spectral studies directly show the linkage between Zn/In and N, and E,(high) and
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A1(LO) modes corresponding to InN were clearly observed. XPS data indicates that

there are two types of nitrogen on (Zn;_In,)(O;<Ny) with different charge density; N

1s BE appeared at 398 eV (399.7 eV) corresponds to nitride (ammonia). All the above

studies and characterization demonstrates that (Zn;_Iny)(O;xNx) is indeed a solid

solution of InN in ZnO. (Zn;In,)(O:.yNy) materials also show high selectivity and

yield towards methyl ethyl ketone from catalytic dehydrogenation of 2-butanol.

1.

5.5 References

(a) C. Klingshirn, Chem. Phys. Chem. 8 (2007) 782. (b) U. Ozgiir, Y. 1. Alivov,
C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V. Avrutin, S. J. Cho and H.
Morkoc, J. Appl. Phys. 98 (2005) 041301. (c) I. Melian-Cabrera, M. Lopez
Granados, P. Terreros and J. L. G. Fierro, Catal. Today 45 (1998) 251. (d) B. G.
Mishra and G. Ranga Rao, J. Mol. Cat A: Chem. 243 (2006) 204. (¢) B. M.
Bhanage, S. Fujita, Y. Ikushima and M. Arai, Green Chem. 5 (2003) 429.

(a) K. Iwata, P. Fons, A. Yamada, K. Matsubara and S. Niki, J. Cryst. Growth
209 (2000) 526. (b) X.-L. Guo, H. Tabata and T. Kawai, J. Cryst. Growth 237
(2002) 544. (c) S. Yamauchi, Y. Goto and T. Hariu, J. Cryst. Growth 260 (2004)
1. (d) D. C. Look, D. C. Reynolds, C. W. Litton, R. L. Jones, D. B. Eason and G.
Cantwell, Appl. Phys. Lett. 81 (2002) 1830. (e) G. Xiong, J. Wilkinson, B.
Mischuck, S. Tuzemen, K. B. Ucer and R. T. Williams, Appl. Phys. Lett. 80
(2002) 1195. (f) C. L. Perkins, S. H. Lee, X. Li, S. E. Asher and T. J. Coutts, J.
Appl. Phys. 97 (2005) 034907.

M. Mapa and C. S. Gopinath, Chem. Mater. 21 (2009) 351.

(a) K. Sato and. H. Katayama-Yoshida, Jpn. J. Appl. Phys. 46 (2007) L1120. (b)
T. Yamamoto and K Y. Hiroshi, Physica B. 302-303 (2001) 155. (¢) T.
Yamamoto, Thin Solid Films 420-421 (2002) 100. (d) A. V. Singh, R. M. Mehra,
A. Wakahara and A. Yoshida, J. Appl. Phys. 93 (2003) 396. (e) T. Ohshima, T.
Ikegami, K. J. Edihara and A. R. Thareja, Thin Solid Films 435 (2003) 49.

M. Mapa, K. S. Thushara, B. Saha, P. Chakraborty, C. M. Janet, R. P. Viswanath,
C. M. Nair, K. V. G. K. Murty and C. S. Gopinath, Chem. Mater. 21 (2009) 2973.

(a) L. L. Chen, J. G. Lu, Z. Z. Ye, Y. M. Lin, B. H. Zhao, Y. M. Ye, J. S. Li and
L. P. Zhu, Appl. Phys. Lett. 87 (2005) 252106. (b) L. L. Chen, Z. Z. Yea, J. G.

Ph. D Thesis 148



Chapter 5: (Zn;.In;)(0;..N,) Materials

Lu and K. P Chu, 4ppl. Phys. Lett. 89 (2006) 252113. (¢) J. F. Kong, H. Chen, H.
B. Ye, W. Z. Shen, J. L. Zhao and X. M. Li, Appl. Phys. Lett. 90 (2007) 041907.

7. (a) http://www.ioffe.rssi.ru/SVA/NSM/Semicond/InN/basic.html (last accessed
on 5/09). (b) J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E. Haller, H.
Lu and W. J. Schaff, Appl. Phys. Lett. 80 (2002) 4741.

8. (a) S. C. Jain, M. Willander, J. Narayan and. R. V. Overstraeten, J. Appl. Phys.
87 (2000) 956. (b) III-V Nitrides, Ed. F. A. Ponac, T. D. Moustakas, I. Akasaki
and B. A. Monemar, MRS Symp. Proc. 449, MRS, Pittsburg, 1997. (c) H.
Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov and M. Burns, J. Appl.
Phys. 76 (1994) 1263. (d) S. Nakamura, T. Mukai and M. Senoh, Appl. Phys.
Lett. 64 (1994) 1687. (e) J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager, E. E.
Haller, H. Lu, W. J. Schaff, Y. Saito and Y. Nanishi, Appl. Phys. Lett. 80 (2002)
3967. (f) R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki and Y. Taga, Science 293
(2001) 269. (g) M. Sathish, R. P. Viswanath and C. S. Gopinath, J. Nanosci.
Nanotech. 9 (2009) 423. (h) M. Sathish, R. P. Viswanath and C. S. Gopinath,
Chem. Mater. 17 (2005) 6349. (i) C. S. Gopinath, J. Phys. Chem. B 110 (2006)
7079.

9. (a) K. Deshpande, A. Mukasyan and A. Varma, Chem. Mater. 16 (2004) 4896.
(b) R. K. Lenka, T. Mahata, P. K. Sinha and A. K. Tyagi, J. Alloys Comp. 466
(2008) 326. (c) C-C. Hwang and T-Y. Wu, J. Mater. Sci. 39 (2004), 6111.

10. (a) S. D. Dingman, N. P. Rath, P. D. Markowitz, P. C. Gibbons and W. E. Buhro,
Angew. Chem. Intern. Ed. 39 (2009) 1470. (b) Y-R. Tzeng, P. Raghunath, S-C.
Chen and M. C. Lin, J. Phys. Chem. A. 111 (2007) 6781.

11. (a) D. A. Neumayer and J. G. Ekerdt, Chem. Mater. 8 (1996) 9. (b) A. C. Jones,
C. R. Whitehouse and J. S. Roberts, Chem. Vap. Deposition 1 (1995) 65. (¢) 1.
Akasaki and H. Amano, J. Cryst Growth 146 (1995) 455. (d) L. Grzegory, J. Jun,
M. Bockowski, St. Krukowski, M. Wroblewski, B. Lucznik and S. Porowski, J.
Phys. Chem. Solids 56 (1995) 639.

12. (a) A. Bellosi, E. Landi and A. Tampieri, J. Mater. Res. 8 (1993) 565. (b) A. D.
Katnani and K. I. Papathomas, J. Vac. Sci. Technol. A 5 (1987) 1335. (c) C. P.
Foley and J. Lyngdal, J. Vac. Sci. Technol. A5 (1987) 1708. (d) K. L. Westra, R.

Ph. D Thesis 149



Chapter 5: (Zn;.In;)(0;..N,) Materials

13.

14.

15.

16.

17.

18.

19.

20.

21.

P. W. Lawson and M. J. Brett, J. Vac. Sci. Technol. A 6 (1988) 1730. (e) I. J. Lee,
J.-Y. Kim, T.-B. Hur and H.-K. Kim, Phys. Stat. Sol. A 201 (2004) 2777.

K. Kamata, K. Maeda, D. Lu, Y. Kako and K. Domen, Chem. Phys. Lett. 470
(2009) 90.

Y. Inoue, Energy Environ. Sci. 2 (2009) 364.

(a) K. Maeda and K. Domen, J. Phys. Chem. C 111 (2007) 7851. (b) F. E.
Osterloh, Chem. Mater. 20 (2008) 35. (c) K. Maeda, K. Teramura, T. Takata, M.
Hara, N. Saito, K. Toda, Y. Inoue, H. Kobayashi and K. Domen, J. Phys. Chem.
B 109 (2005) 20504.

S. H. Wei and A. Zunger, Phys. Rev. B 37 (1988) 8958.
J. Sato, H. Kobayashi and Y. Inoue, J. Phys. Chem. B. 107 (2003) 7970.

(a) D. Wang, H. W. Seo, C. C. Tin, M. J. Bozack, J. R. Williams, M. Park, N.
Santhitsuksanoh, A. Cheng and Y. H. Tzeng, J. Appl. Phys. 99 (2006) 1135009.
(b) U. Haboeck, A. Hoffmann, C. Thomsen, A. Zeuner and B. K. Meyer, Phys.
Stat. Sol. B 242 (2005) R21.

(a) M. Kuball, J. W. Pomeroya, M. Wintrebert-Fouquet, K. S. A. Butcher, H. Lu
and W. J. Schaff, J. Cryst. Growth 269 (2004) 59. (b) T. Inushima, M.
Higashiwaki and T. Matsui, Phys. Rev. B. 68 (2003) 235204. (c) X. D. Pu, J.
Chen, W. Z. Shen, H. Ogawa and Q. X. Guo, J. Appl. Phys. 98 (2005) 033527.
(d) V. M. Naik, R. Naik, D. B. Haddad, J. S. Thakur, G. W. Auner, H. Lu and W.
J. Schaff, Appl. Phys. Lett. 86 (2005) 201913. (e) A. Dixit, C. Sudakar, R. Naik,
G. Lawes, J. S. Thakur, E. F. McCullen, G. W. Auner and V. M. Naik, Appl.
Phys. Lett. 93 (2008) 142103.

(a) http://srdata.nist.gov/xps/ (b) N 1s spectra were recorded with Al Ka, to
ensure that no contribution from Zn-L3;M;3M,3 Auger level (395-430 eV with Mg
Ka) to N 1s region. (¢) K. R. Reyes-Gil, E. A. Reyes-Garci’a and D. Raftery, J.
Phys. Chem. C 111 (2007) 14579.

(a) C. D. Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder and G. E. Muilenberg,
Handbook of X-ray photoelectron spectroscopy; Perkin-Elmer Corporation: Eden
Prairie, MN, 1979. (b) C. S. Gopinath, S. Subramanian, M. Huth and H. Adrian,
J. Electron Spectrosc. Relat. Phenom. 70 (1994) 61.

Ph. D Thesis 150



Chapter 5: (Zn;.In;)(0;..N,) Materials

22. A. Nambu, J. Graciani, J. A Rodriguez, Q. Wu, E. Fujita and J. Fdez Sanz, J.
Chem. Phys. 125 (2006) 094706.

23. 1. J. Lee, C. Yu, H-J. Shin, J-Y. Kim, Y. P. Lee, T-B. Hur and H-K. Kim, Thin
Solid Films 515 (2007) 4691.

24. (a) W. A. Lazier and H. Adkins, J. Am. Chem. Soc. 47 (1925) 1719. (b) S .Ravi,
and T. S. Raghunathan, Ind. Eng. Chem. Res. 27 (1988) 2050. (c¢) V. K Raizada,
V. S. Tripathi, D. Lal, G. S. Singh, C. D. Dwivedi and A. K. Sen, J. Chem.
Technol. Biotechnol. 56 (1993) 265.

25. (a) T. Mathew, B. S. Rao and C. S. Gopinath, J. Catal. 222 (2004) 107. (b) T.
Mathew, S. Shylesh, B. M. Devassy, C. V. V. Satyanarayana, B. S. Rao and C. S.
Gopinath, Appl. Catal. A:Gen 273 (2004) 35. (c) S. B. Waghmode, R. Vetrivel, S.
G. Hegde, C. S. Gopinath and S. Sivasanker, J. Phys. Chem. B 107 (2003) 8517.

Ph. D Thesis 151



Chapter 6
Conclusions and Future Outlook



Chapter 6. Conclusions and Future Outlook

6 Conclusions and Future Outlook

This chapter summarizes the present thesis work and describes the conclusions

and possible future implications drawn based on the work.

Chapter 1 provides general background and introduction to heterogeneous
catalysis including brief description with importance of various types of mixed metal
oxides with an emphasis on ZnO system. It gives an idea on the effect of doping in
lattice, electronic properties, and surface morphology of metal oxide as well.
Furthermore, tuning of catalytic activity and selectivity by suitable doping in metal
oxide has also been discussed. Importance of ZnO as catalyst and material is growing
and it is becoming a key technological material for various applications, as it is
inexpensive and environmental friendly. In fact research on ZnO crystal has been
continued for many decades due to its use as a commodity chemical. In order to
optimize the potential offered by ZnO, doping is required for both high-quality n- and
p-type ZnO. n-type doping is relatively easy, but it is very difficult to create consistent
and reliable p-type material. p-type ZnO can be grown using intentionally added
acceptor species, and some success has been achieved with N, P, As, and Sb doped as
impurities. Nitrogen is the most common among these because N-doping does not
produce any lattice strain as its ionic radii and electronegativity is comparable with
that of oxygen. Several efforts have been employed in the literature and has been
listed using various types of nitrogen sources depending on the growth techniques
applied, to get p-type material, however, still low solubility of nitrogen and
reproducibility of the target material are the main problem. To overcome the problems

co-doping method was followed exclusively with group III metal ion.

Simple SCM has been employed to prepare hetero anion (N, N and S)
incorporated ZnO. Chapter 2 mainly addresses the detailed procedures involved in
the preparation methods. Use of urea as fuel and nitrogen source is proved to be
successful. Urea decomposes to produce ammonia in-situ under SCM conditions
along with the growth of Zn,Oy (y/x <1) clusters from nucleation stage. Condition
created above helps to introduce nitrogen into the ZnO lattice at nucleation stage
under oxygen deficient high temperature conditions. Additionally at high temperature
there is a deficiency of oxygen (or lattice defects) in ZnO lattice which helps nitrogen

to get into the lattice position to fill up the vacancies. Thiourea was used as sulfur
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source to explore the preparation of N and S codoped ZnO. Furthermore, preparation
of Ga/In and nitrogen codoped ZnO has been prepared through SCM. Nonetheless,
formation of solid solution of GaN in ZnO and InN in ZnO hinted at the formation of
high flux of ammonia at high temperature under SCM condition. GaN, InN, ZnS and
ZnO materials exhibit hexagonal Wurzite structure and this structural similarity
favored the successful preparation of the above materials. Theory and experimental
procedures involved in various physicochemical and spectroscopic characterization

techniques were discussed.

Chapter 3 is divided into two parts - Part A and Part B. Part A deals with
detailed studies on structural, spectroscopic and electronic structure of ZnO; Ny
material through various methods. PXRD studies of ZnO; 4Ny demonstrate that the
lattice oxygen in ZnO is replaced by nitrogen without any major change in the
Waurtzite structure. However, charge compensation was partly due to interstitial Zn
ions and oxygen vacancies as well. Nanometer- to micrometer-sized and
triangular/prism-shaped particles were predominantly observed. Thermal analysis
revealed high thermal stability and hydrophobic nature of ZnggsOo1s. Raman
spectroscopy shows typical E; mode of ZnO which proves that structural integrity was
maintained. In addition to the above, three new peaks were observed at 507, 582, and
642 cm™ on ZnO;. Ny systems due to Zn-N phonon modes. Bulk nitrogen doping in
ZnO and the uniformity of the substitution throughout the bulk confirmed from SIMS
analysis and decrease in lattice parameters. Optical studies demonstrate that the N 2p
states form the midgap (deep level acceptor) states and hence, no change in
conducting characteristics of ZnO; 4Ny was observed. XPS indicates that the charge
density of nitrogen on ZnO; 4N is similar to that of ammonia or amines. This might
be attributed to a more-covalent character of Zn-N bonds in ZnO;4Ny. Photocatalytic
decomposition of rhodamine B on ZnO;_ (N with UV light reveals its effectiveness as
photocatalyst. However, no significant visible-light photocatalytic activity suggests
that the N 2p states do not induce any photocatalytic activity. Nonetheless, ZnO; <Ny
materials also exhibit highly selective cyclohexanone formation from cyclohexanol at
400°C and anisole acylation reaction at room temperature indicating that it remains to
be a conventional catalyst with better activity. The aforementioned multifunctional
characteristics suggest that ZnO; 4Ny might be used in place of conventional ZnO for

better control.
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Part B brings out the effect of replacing urea to thiourea in the fuel
components with Zn(NO3).6H,O and it leads to the solid solution of ZnS in ZnO; Ny
material. With increasing thiourea content, simultaneous increase in ZnS content was
also observed by XRD to the extent that 1:1 ratio of ZnS:ZnO solid solution was
obtained with equimolar thiourea and zinc nitrate. XPS indicates that the charge
density of nitrogen on ZnO;,N«S, is similar to that of ZnO; 1Ny, however, sulfur is
increasingly introduced as sulphide with increasing thiourea content in the preparation
mixture. Thermogravimetric analysis corroborates with XRD and XPS analysis.
Although ZnO (3.37 eV) and ZnS (3.66 eV) both are large band-gap semiconductors,
the ZnO;4,NxS, exhibits visible light absorption, at least, up to 525 nm and
demonstrates an effective reduction of optical band gap and suggests a substantial
change in the electronic structure. This set of materials has shown very high
selectivity of isobutyraldehyde in the catalytic conversion of isobutanol

dehydrogenation.

Nature and quantity of nitrogen are expected to be changed when N is
codoped with a suitable donor (Ga, In). Chapter 4 describes the oxidation state,
quantity and the effect of Ga and nitrogen co-doping and formation of solid solution
of GaN in ZnO; 4Ny lattice. Except for minor changes in the lattice contraction, no
significant change in the Wurtzite structure was observed. Visible light absorption and
XPS results demonstrate that N 2p states of GaN occupy the states just above the O 2p
VB, and hence, a change in optical band gap reduction occurs to ~2.5 eV from 3.37
eV for ZnO. Presence of Raman active phonon modes of GaN as well as ZnO
(Ea(high)) and SIMS result in (Zn;.,Ga,)(O;xNx) confirmed the formation of solid
solution of GaN in ZnO. It is also confirmed that the visible light absorption is due
to nitride. The presence of GaN in (Zn;.,Ga,)(O;xNx) and supported by
physicochemical analysis underscores the importance of reductive reaction
atmosphere with plenty of insitu produced NH; in the present experimental
conditions. Significant nitrogen fixation catalytic activity through NH; formation has
been observed at ambient pressure at 350°C on virgin (Zn;.,Ga,)(O,xNx) materials
indicates its potential as a catalyst. Furthermore, addition of electronic promoter, such
as K»0, helps to keep the catalyst active for longer time. Hence, it is worthwhile to
look similar type nitride catalyst system towards ammonia production at ambient

conditions. Although our efforts on visible light driven photocatalytic activity towards
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water splitting are not significant (not reported), post modification with noble metal
and co-catalyst is worth exploring. Indeed, good visible light photocatalytic activity
for water splitting on (Ga;.xZny)(N;xOx) observed by Domen et al. (J. Am. Chem.
Soc., 127 (2005) 8286) suggests the possibility of the present system to exhibit

photocatalytic activity after post modification.

Chapter 5 addresses the change in lattice structure and band gap of (Zn;.
In;)(0;xNx) which is codoped with In and N. However, In®" size is larger than that of
Zn*", but void space present in ZnO lattice helps it to accommodate. Infact, a solid
solution of InN in ZnO was obtained in the present study which has been thoroughly
characterized by various physicochemical methods. XRD peaks are directly indexed
to ZnO confirming formation of Wurtzite structure up to 10% InN in (Zn;_In;)(O;.
xNx) materials. A new and distinct VB feature was observed between 1 and 3 eV in
XPS indicates the intrinsic nature of (Zn;In,)(O;«xNy) materials, and it is attributed to
the N 2p contribution, especially from InN. XPS data reveals that there are two types
of nitrogen on (Zn,,In,)(O,xNx) with different charge density as in (Zn;_,Ga,)(O; xNy)
materials. From the above mentioned observations and thorough characterization, it
can be accentuated that (Zn;_,In,)(O;xNy) is indeed a solid solution of InN in ZnO. It
has been evaluated for the catalytic vapor phase dehydrogenation reaction of 2-
butanol to methyl ethyl ketone. Solid solution of a large amount of InN in ZnO has
not yet been studied in details till date, and present study demonstrates the

multifunctional nature of (Zn;.,In,)(O;xNx) materials.

Zn0 1 x-NsS,, (Zn;,Ga,)(0;xNyx) and (Zn;,In,)(O;xNx) materials exhibit
certain attractive and unique features, like optical absorption in the visible region up
to 550 nm and a good optical band gap reduction by upto 1.2 eV. Electronic structures
of above materials are considerably different from ZnO with VB features distinctly
different from O 2p, and this reiterates that they exhibit properties/activities different
from that of ZnO. Indeed, it is worth exploring specially for optoelectronics
properties, visible light photocatalytic activity and sensor activity with various gases.
It is also expected that more and systematic studies on the above system would lead to
applications in the above mentioned areas, in addition to the applications explored in

the present thesis.
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