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PREFACE

Transition metal carbides (TMCs) are considered as excellent compounds for cutting tool
and tribological applications with extremely high hardness and thermal stability. Among all
TMCs, niobium carbide (NbC) exhibits better toughness than other carbides such as TiC,
ZrC and WC and is extensively used in steel industries for better mechanical properties.
The present work describes the versatility of NbC as a photocatalyst for the degradation of
methylene blue as an organic pollutant. In this work, the synthesis of nano NbC using
different carbon precursors and its photocatalytic behavior is reported. The entire work is
presented in 8 chapters which are as follows:

Chapter 1 presents the current status of water pollution and the treatment of polluted water
using different techniques. Among all the available processes, the role of photocatalysis to
treat organic pollutants has been described in this chapter. Moreover, some of the real-time
limitations of semiconductors as photocatalyst has also been discussed. Apart from this,
basic introduction of TMCs along with their various applications is presented. A detailed
discussion of NbC is done considering its nature of bonding and solubility dependent phase
transition (NbCx, a- Nb2C, B- Nb2C and y- Nb2C). Further, the need of nano scaled NbC for
some specific applications are also discussed.

Chapter 2 gives details of the available literature pertaining to the synthesis and
characterization of nano-scale NbC. This chapter includes the different synthesis methods
where synthesis conditions such as precursors, temperature, pressure and environment are
different to get defined morphologies of nano NbC. It also describes the effect of synthesis
conditions on the composition of NbCx and its mechanical, electrochemical and capacitive
characteristics. Thereafter, utilization of organic waste/discarded materials as carbon source
in order to obtain NbC has also been discussed. One of the most common daily life utilities
i.e. smoked cigarette filters and a hazardous agricultural weed i.e. parthenium
hysterophorous are discussed on the basis of their adverse environmental effects and their
utilization to develop an engineering material. Based on literature, the work plan for this
thesis is also proposed.

Chapter 3 presents the path for designing different experiments which include the
synthesis and characterization of nano NbC using different carbon precursors. The adopted
methodology along with a brief introduction of characterizations techniques (XRD, TEM,
Raman, XPS, UV-visible spectroscopy and BET) are also presented in this chapter.
Moreover, the detailed methodology of photocatalytic experiments is described at the end

of this chapter. Considering the available literature, the methodology has been designed
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into two sections in which organic waste materials (smoked cigarette filters and parthenium
hysterophorous) and the associated laboratory grade chemicals (cellulose acetate and
activated charcoal) were used as carbon precursors as has been presented in subsequent
chapters.

Chapter 4 describes a brief introduction of cigarette usage, compositional and
morphological features of smoked cigarette filters (CFs). The optimization of synthesis
parameters using smoked cigarette filters as carbon source (temperature, holding time and
CF content) is done to obtain nano NbC. In terms of lattice distortion and carbon content
(x) in NbCx, the effect of temperature and holding time on the formation of NbC has been
discussed in detail. TEM results revealed the formation of NbC-C nanocomposite in which
NbC nanoparticles are embedded in graphitic carbon network. BET analysis has been done
to understand the nature of pore distribution and specific surface area of the synthesized
nanocomposite sample. Further, Raman and XP spectroscopy were carried out to
understand the nature of carbon network and elemental composition on the surface of
optimized sample. Since, absorption of visible radiation has been observed from UV-visible
spectroscopy, detailed photocatalytic experiments were carried out to optimize the
concentration of dye (methylene blue; MB) and catalyst (NbC-C nanocomposite) under the
illumination of household CFL lamp. The degradation of MB molecule associated to
decreased absorption of dye solution has been confirmed with the help of mass
spectrometry (MS) and scavenger tests. Further, a detailed mechanism associated to
photocatalytic activity of optimized NbC-C nanocomposite has been proposed at the end
of the chapter.

Chapter 5 describes the allelopathic and other adverse effects of parthenium
hysterophorous (PH) on crop production and livestock health. The idea of the
transformation of agricultural weed to get an engineering product for the treatment of
pollutants is presented in this chapter. The optimization of synthesis parameters has been
discussed to obtain single phase NbC-C nanocomposite sample. Different characterization
techniques suggest that the synthesis of NbC involves the simultaneous reduction-
carburization process with the incorporation of NbCxOy or NbO: centers inside the NbC
nanoparticles. Moreover, the effect of nature of carbon network and composition of NbCx
on the photocatalytic performance has been discussed in this chapter. Further, with the help
of MS, total organic carbon (TOC) and scavenger tests, a detailed degradation mechanism
of MB dye under household CFL illumination with the help of optimized NbC-C

nanocomposite sample has also been discussed at the end of the chapter.
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Chapter 6 describes the optimization of synthesis parameters (temperature and holding
time) to obtain NbC from cellulose acetate which is a major component of cigarette filter.
This study was undertaken to understand the effect of processing parameters for the
synthesis of NbC using a chemical grade cellulose acetate. This chapter explains the effect
of carbon precursor and its morphology for achieving reduction and carburization at
relatively lower temperature. Due to the solid-state carburization reaction, composition of
NbCx and nature of carbon were modified as compared to those obtained using cigarette
filters. Hence, the modification in the surface chemistry has also been observed affecting
the photocatalytic performance of synthesized nano NbC-C nanocomposite. Further, the
involved degradation parameters with degradation kinetics and responsible mechanism.
Chapter 7 describes the synthesis of NbC-C nanocomposite using activated charcoal as
carbon source. This work was undertaken to probe the pathway of reduction-carburization
of Nb20s yielding NbC-C nanocomposite. The influence of amorphous carbon source as
compared to polymeric carbon sources as studied in earlier chapters is described. This
chapter also provides the carbon source dependent structural features such as particle size,
composition of NbCx (distribution of oxygen centers inside the NbC inducing NbCxOy or
NbOz) and specific surface area of the synthesized NbC-C nanocomposite sample.
Moreover, Raman spectroscopy suggested the amorphous nature of in-situ produced carbon
network engulfing the NbC nanoparticles in it. With the help of thermodynamic
calculations (Gibb’s free energy; AG), a detailed discussion related to synthesis mechanism
of NbC nanoparticles has been done. Higher specific surface area and smaller particle size
of NbC-C nanocomposite sample enhanced the adsorption of MB dye on the surface of the
nanocomposite. Further, the photodegradation efficiency of optimized NbC-C
nanocomposite sample to degrade MB dye under similar conditions is discussed and the
degradation mechanism is also proposed.

Chapter 8 summarizes the entire work to understand the effect of synthesis parameters and
carbon source for the synthesis of NbC-C nanocomposite at relatively low temperature. The
influence of different carbon sources, composition and nature of carbon network on the
photocatalytic activity of NbC-C nanocomposite is compared. Further, as an effect of
carbon source it has been observed that direct conversion of waste product resulted efficient
NbC-C nanocomposite as photocatalyst as compared to laboratory grade chemicals. At the

end of this chapter, possible future work based on the present work is also given.
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CHAPTER 1 INTRODUCTION

Overview

The extensive discharge of industrial waste into water bodies has polluted most
of the natural resources. This has led to depletion of pure water for our livelihood. In
order to make them reusable, many techniques have been developed to treat wastewater.
Among these, photocatalysis is considered as better treatment process as no external
chemical reagent (except catalyst) is required in this process. Many photocatalysts
including semiconductors have been developed and studied to degrade or mineralize
organic effluents. Transition metal carbides (TMCs), being thermally and chemically
stable compounds, are being explored for the same purpose. However, the associated
pathway of photochemical reactions for TMC:s is still untraced problem.

In this chapter, a brief description of above-mentioned problems and the role of
different photocatalysts and the corresponding mechanisms to degrade the effluents have
been described. Moreover, the effect of carbon deficiency in NbCx on the optical and

mechanical properties of NbC has also been discussed.
]






1.1. Background

According to a joint report of United Nations and Asian Institute of Technology,
South Asian (SA) countries contribute 25% of global population and only 4% of global
water resources. While, 90% of available water resources are utilized in agriculture sector
i.e. higher than average global use in agriculture (~70%) !. Ganges-Brahmaputra-Meghna
basin endorses almost 40% of the SA population which is being polluted by discharging
270-450 billion kg (approximately) of domestic and industrial wastes (toxic sludge and
heavy metals) annually 2. Pharmaceuticals, pulp-paper and textile are some of the major
industries which dispose the respective byproducts into the natural water resources. Water
pollution affects the aquatic flora-fauna by reducing the dissolved oxygen, penetration of
solar radiation and inducing human mutation *>* A variety of processes are available to
treat such contaminated water resources. The stepwise treatments followed are shown in
figure 1.1 °. Such a frightful situation of polluted natural resources induces the demand of
potable water and clean energy for social survival. Considering these facts different
catalysts have been used to catalyze the wastewater treatment process. However, the

efficiency of these catalysts depends upon surface characteristics.

Waste Water Treatment process

-H\\

* Mechanical treatment
» Settling of larger particles due to gravitational force.
¢ Enhances the efficiency of subsequent steps by 30-40%.

b4

B Biological treatment for micro-organisms.
* |t does not affect nutrient content and chemicals in water.
4 * Sludge formation takes place as a byproduct.

* Chemical treatment
» Adsorption and chemical reaction of various organic matter or heavy metals.

' * |t is considered as expensive step due to the use of specific additives for
Tertiary desired chemical reaction

Figure 1.1: Wastewater treatment process chart.
1.2. Photocatalysis — Need of the hour

In order to reduce the scarcity of potable water, research groups have developed

6,7 8

various technologies to treat wastewater such as ozonation ™', reverse osmosis °,

11-13

flocculation °, electrochemical '° and adsorption etc. Among these, photocatalysis is

considered as green advanced oxidative approach with quick, efficient results without any
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toxic byproducts (CO2, H20 and mineral acids) and with flexibility of variety of pollutants
4. For a typical photocatalytic process, a schematic representation of photon-matter
interaction is shown in figure 1.2 where a semiconducting compound generates e-h" pair
during UV-visible exposure. The photogenerated charge carriers further participate in the
chemical reactions to produce different oxidative radicals as represented in eq. (1.1-1.8).
These photochemical reactions illustrate the formation of hydroxyl (OH) and superoxide
anion radical (0), known as strong oxidizing agents. These radicals oxidize the

organic/inorganic pollutant molecule resulting decomposition or mineralization of

Acceptor = Acceptor (-)
/‘f e -

pollutant in wastewater '>-16.

e+
Surface 7
recombination

Figure 1.2: Schematic representation of different steps occurring during the photocatalytic

Donor - Donor(+)

process.

photocatalyst + hv — photocatalyst + hig + ecg (1.1)
H,0 - H* + OH™ (1.2)
H,0 + h{g » H* + OH’ (1.3)
OH™ + higz - OH’ (1.4)
0, +e” >0, (1.5)
0; + e + 2H* - H,0, (1.6)
2(); +2H" - 0, + H,0, (1.7)
H,0, + e~ - OH™ + OH" (1.8)

Further, generation and propagation of charge carriers can be modified by adding
an external element in host lattice (referred as doping) and by using the combination of two
or more different classes of materials (metal-metal or metal-semiconductor or
semiconductor-semiconductor), referred as composite or heterojunctions. Conceptually,
heterojunctions contain two different components exhibiting the reaction potentials that are
required for the photochemical reaction. The required exciton gets promoted to desired

potential from one component to another one to accomplish the formation of radicals. For



example, in Z-scheme, two different semiconductors are combined together, and both get
excited upon irradiation. But e” of first component combines with hole of other component
so that e” of second component can participate in possible reduction reaction occurring at
conduction band edge (CBE) of second component. Some of the configurations of
composites along with their photoexcitation and charge transfer mechanisms are shown in
figure 1.3 172!, The formation of interface between the constituents controls the effective
performance of the system as catalyst which influences the charge transfer or
recombination of charge carriers 2>?*. Moreover, such synergistic contact can also alter the
optical characteristics of the system by quenching specific electronic transition responsible

for optical emission 212426,

N
r

| T e

2 e

e e
e P H,

€\

EDTA )
"M oppTA+  °EDTA?
(a) EDTA (b)
Photocatalytic activity of (a) Au loaded TiO, under UV-visible  Photocatalytic performance of the graphene
excitation and (b) excitation of gold surface plasmon band -Zn0 quasi-shell-core composite material
0,"/°OH
e e e ‘e 0,
- e_ Ef.
1 8.
\
h* h* h* h* °OH

\—g-C,;N, —®H,0
Generation, separation and transportation of h* and e~ at the inter-  Mechanism of Ag,0/NaNbO, p-n junction
face of the visible-light-driven Ag/g-C;N, plasmonic photocatalyst photocatalyst under visible light irradiation

Figure 1.3: Schematic schemes of different configuration of photocatalysts: loading of
gold nanoparticle on TiO2 '°, core shell morphology '®, decoration of
photocatalyst nanoparticles on semiconducting g-C3Na4/graphene oxide sheets
20 and combination of Ag20-NaNbO3 as p-n junctions 2!,

1.3. Limitations of semiconductors as photocatalyst

Despite of such incredible photochemical characteristics, semiconducting
compounds do exhibit some limitations. Some of the major features that hinder their
practical applicability are as follows:

(i) Excitation source: Optical band gap (higher than 3.1 eV) of

semiconductors limits their usage under UV irradiation e.g. TiO2, SiO2 and ZrO: etc.



Moreover, nanosized semiconductors also exhibit blue shift of absorption edge as
compared to respective bulk form due to their size (comparable to Bohr radius of excitons).

(ii) Temperature: To accomplish successful photochemical reaction,
temperature plays a critical role by maneuvering the rate of reaction through thermal
energy. Along with the rate of reaction, thermal stability is also very important factor to be
considered at the time of selection for a catalyst. For example, non-oxide catalysts such as
sulfides and phosphates exhibit temperature sensitive profile up to 450 °C while, zeolites
show various structural transitions beyond 150 °C 2. Further, TiO2 (most studied
compound as photocatalyst) shows different polymorphic transitions upon heating which
alters its photochemical response *'.

(iii) Stability: The most critical parameter to be considered for selection of
catalyst is its stability in the required chemical conditions. Majority of catalysts diminish
their catalytic response during repetitive runs due to the leakage of surface charge (pH) and
active sites >, In photocatalytic reactions, catalysts are activated thermally prior to use
in subsequent run.

Based on above discussion, it would be advantageous to utilize transition metal
carbide (TMC) as a catalyst which would fulfill all these ambiguities due to its thermal
stability and dual electronic character i.e. semiconductor (generation of excitons) and
conductor (charge transfer) at nano scale.

1.4. Transition metal carbides

Transition metal carbides (TMCs) is a specific class of materials in which carbon is
bonded with equivalent or less electronegative element. Large difference of
electronegativity and size (metal-carbon) is responsible for the occupancy of sp? hybridized
carbon in the interstices of host metallic lattice *°. TMCs are popular compounds due to
their high melting temperatures (Tm >2500 °C) along with excellent thermal and electrical
conductivities (comparable to metals). They also exhibit high elastic modulus and hardness
which are comparable to ceramics. TMCs also find technological applications in various
engineering fields such as cutting tools, bearings, grain-growth inhibitor in steels, optical
coatings, biosensors for pesticide detection, H2 evolution, CO2 reduction and catalysts for

fuel cell applications 243742,

1.5. Properties of TMCs

As a result of occupancy of carbon atoms in interstices of host transition metal

lattice, a crystallographic transformation is observed. BCC or HCP unit cell of host metal



gets transformed to FCC or hexagonal unit cell of TMC. Such transformation of crystal
structure is a function of size ratio of carbon (Rc) and metal (Rm) atom with Re/Rm = 0.59.
For Re/Rm<0.59, FCC/HCP and hexagonal are the two possible lattices with octahedral
(Rc/Rm=<0.59) and tetragonal voids (0.53<Rc/Rm<0.59), respectively. Further, Re/Rm>0.59
distorts the lattice to a more extent which stimulates complex structures (e.g. Cr3Ca).
Further, the occupancy of sp® hybridized C induces multiple bonding character in TMCs.
Table 1.1 represents a comparative physical property of different TMCs. Physical and
electronic properties of TMCs are governed by metal-metal (M-M) and metal-carbon (M-
C) bonds present in it. Due to the M-M bonds, TMCs possess finite density of states at
Fermi level to behave like metals. While, partial occupancy of d-electrons in metals and
M-C interaction contribute to partial covalent character (M-M bond) and ionic character to
TMCs, respectively. Therefore, physical properties of TMCs match with that of ceramic
materials while, electronic properties with metals.

Table 1.1: Details of different physical properties of various TMCs.

Ti Zr Hf \% Nb Ta Cr Mo w

(TiC) (ZrC) HfC) (VC) (NbC) (TaC) (CriCz) (Mo20) (WO
Electronegativity 1.0 1.1 1.2 0.9 0.9 1.0 0.9 0.7 0.8
difference
Metal lattice HCP HCP HCP BCC BCC BCC BCC BCC BCC

BCC BCC BCC
Carbide lattice FCC FCC FCC FCC FCC FCC Orth. Hex Hex
R/Rm 0.526 0.483 0486 0.576 0.530 0.529 0.609 0.556  0.553
Density change (%) +8.1 +1.2 -5.1 -7.5 -9.0 -12.6 -7.2 -11.3 -18.1
Melt. point (MP, °C) | 3067 3420 3928 2830 3600 3950 1810 2520 2870
MPymc/MPm 1.9 1.9 1.77 1.5 1.46 1.32 0.97 0.96 0.84
Hardness (GPa) 28-35 259 26.1 27.2 19.6 16.7 10-18 16-24 22
Modulus of elasticity | 410-  350- 350-  430- 338- 285- 344- 535- 620-
(GPa) 510 440 510 430 580 560 400 535 720

It is well studied fact that TMCs (especially WC and Mo2C) are suitable candidate
for various fuel cell applications such as hydrogen evolution reaction (HER) and oxygen
reduction reaction (ORR). Specifically, TMCs are more useful as catalyst support due to
their good stability in acidic media and resistance to poisoning due to their electronic
configuration which is similar to noble metals (Pt and Pd etc.) with better efficiency and
reduced cost . As far as electronic structure is concerned, such a good catalytic activity
of TMC:s is induced by the occupancy of metallic d-orbitals (near Fermi level) by carbon
46

Among all the TMCs, WC is the most studied carbide compound which has been
proposed to be used as cathodic catalyst for proton exchange membrane (PEM), microbial

electrolysis *>*7!, In the same sequence, Mo2C and NbC have been proposed to be active



catalyst support materials after WC for different electrochemical applications such as HER

reactions, ORR reactions, MeOH electro-oxidation and supercapacitors >,

1.6. Niobium carbide (NbC) — properties and its applications

The metal carbides with very high melting temperature (>2500 °C) are required for
preparing crucibles to handle molten rare metals, heating elements for electric resistance
furnaces in reducing or inert atmosphere and coating of dispersion fuel elements *’. Despite
of being used in such supercritical applications, NbC finds its usage in other various
mechanical and chemical applications e.g. cutting tools, turbine blades, wear, corrosion
resistant coating of steels and biological applications **27°">° Due to better toughness,
NbC finds its applications as reinforcement in different cermets (combination of metal and
ceramic) to induce some ductility into it 3®. Moreover, NbC is also used in aerospace
industries as the properties of Nb similar to Ta with lesser density enhancing the strength
to weight ratio. Due to wide range of the solubility of carbon in rock salt structure of NbC,
excellent electric and superconducting applications are also reported in literature °°.
Further, various physical, mechanical, electrical and thermal properties of NbC has been

listed in table 1.2.
Table 1.2: Different properties of niobium carbide (NbC). [# at 20 °C]

Property Magnitude
Crystal structure Rock-salt (B1)
Space group Fm3m
Lattice parameter 44704 A
C/Nb atomic radius ratio 0.53
Molecular weight 104.91 g/mole
Composition NbCo.7-NbCi.0
Density 7.79 g/em?
Melting point ~3600 °C
Bond energy 16.32 eV
Heat of formation (at 298.15 K) ~140.5 kJ/mole
Thermal conductivity” 14.2 W/mXK
Electrical resistivity” 35 pohm-cm
Coefficient of thermal expansion (CTE)* 6.6x10%/°C
Transition temperature for super-conduction (T.) 11.2K
Hardness (VHN) 19.6 GPa
Young’s modulus 340-580 GPa
Bulk modulus 296 GPa
Shear modulus 214 GPa
Poisson’s ratio 0.21

1.6.1. NbC - phase diagram and crystal structure
Transition metal carbides (TMCs) consist of carbon atom located at the interstices

of metal network based on the atomic radius ratio of carbon and metal i.e. C/M<0.59. Based
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on the solid solubility of carbon in niobium, NbC pertains variable amount of lattice carbon
(0.7-1.0). Figure 1.4 represents the binary phase diagram of Nb-NbC in which 4 different
composition of Nb-C has been shown as NbC, zeta phase (Nbs4C3), a-Nb2C and B-Nb2C
based on C-content. Moreover, Nb-NbC system shows peritectic and eutectic transitions at
3080 °C (NbCo.52) and 2335 °C (NbCo.12), respectively 3. Kempter et al. ¢! observed that
the variation in theoretical density of NbCx cannot be used to explain unambiguous

dependency of lattice constant and C/Nb ratio (as shown in table 1.3).

4000 T T T I T T T T T T T T T T T T T
3600 *50°
3500 AT T'ﬁ ~—_ ]
* 3300° % 50°
Melting paint
¢ 3000 = Storms & Krikorion (1960)
o o Incipient melfing ] Kimura &
2 Complete melting [ Sasaki{1961)
g # Incipient melting | Rudy &
E Sharp 8 complete] Harmon(1965)
2 2500 ? melting —
NbC NbC+C
2000 —
1
| —
_ Zeta
'l @ Nb2C —|| phase
1500 L | L ! L . | . L | . | \ | ) ]
Q o2 04 Q.6 o8B 1.0 L2 1.4 1.6 .8

C/Nb, atom ratio

Figure 1.4: Binary phase diagram of Nb-NbC system showing the wide range of solubility
(~0.7<C/Nb<1.0) of carbon in Nb lattice to form NbC .

Table 1.3: Variation of theoretical densities with respect to C/Nb ratio.

Composition x=C/Nb Density | Composition x =C/Nb  Density

(g/cm’) (g/cm’)
Nb 0.00 8.53 NbCo.700 0.70 7.73
Nb2C 0.50 7.95 NbC1.0 (extrapolation) 1.00 7.79
NbCo.7s8 0.78 7.71

NbC possesses rock-salt structure having space group of Fm3m in which regular
site of face centered cubic unit cell and octahedral voids are occupied by Nb and C atom,
respectively. Metastable carbon deficient Nb-C system i.e. Nb2C exhibits a transition from
a-Nb2C (orthogonal) to B-Nb2C (trigonal) near 1200-1500 °C and B-Nb2C (trigonal) to y-
Nb2C (disordered hexagonal) above 2500 °C %%, Still no literature is available for the
transition of y-Nb2C to a-NbaC %63,

~1200°C ~2500°C
a— Nb,C «—— 3 — Nb,C «——y —Nb,C

Further, variable solubility of C in Nb lattice to execute NbC i.e. C/Nb = 0.7-1.0
resulted to different disordered NbCx compositions e.g. NbsC7, NbsCs and Nb4Cs. Many
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research groups have studied their ordered-disordered transition as a function of
temperature and carbon content 4% Moreover, Gusev and Rempel ** proposed the
formation of short range ordered trigonal and monoclinic superstructures of NbsCs. They
also suggested the degree of long-range ordering (1) as a function of C/Nb (x) ratio which

can be expressed as follows;

5
6(1 —x) ifXZg (19)
e if x <
£ X ifx <z

Storms and Krikorian ° calculated a general mathematical relationship between
lattice constant and C/Nb (x) ratio over a range of NbCx compositions. They suggested the
increase in lattice constant with increasing ‘x’. Here, ‘X’ is independent of temperature at
which the heat treatment was employed. Further, Kempter et al. ¢! described the variation
profile of lattice constant with respect to C/Nb ratio with the help of following equation;

a(A) = 4.09847 + 0.7128 (%) — 0.34570(C/Nb)? (1.10)
1.6.2. Applications of NbC

Some of the well-known hard metals have gained significant interest on material
health and safety issue in which REACH (The European Registration, Evaluation,
Authorization and Restriction of Chemical substance program) has listed Co and WC-Co
dust as very toxic material for human health #>. On the contrary for niobium (Nb), due to
its excellent biocompatibility, any critical hazard for its carbide and oxides is not reported
so far. Moreover, variable stoichiometry of NbCx does not show any significant effect on
biocompatibility of Ti-6Al-4V alloy for human body implantation *°%67,

Further, NbC is being widely used as micro-alloying element in steels used for
pipelines, high performance cars and structural applications. It can also be used as
secondary carbide phase in tool steels and hard-metals to enhance the respective wear
resistance, hardness and to restrict the grain growth 72 It also finds its usage in corrosion
resistant applications due to excellent stability in chemical environment such as coating of
bearing steel AISI52100 7°, AISI D2 steel disks 7* and AISI 1045 steel ™.

For fuel cell applications, NbC has emerged as a potential candidate for electrodes.
Recently, Tolosa et al. ° have suggested the use of NbC nanofibers to harvest NbC-CDC
(niobium carbide derived carbon) and Nb20Os-C mats as high power supercapacitor and
electrodes. Various electrochemical reaction with the help of NbC e.g. methanol oxidation

55 alcohol production 76 and Hz evolution reactions (HERs) 3233777 is also reported.

10



1.6.3. Nano-crystalline NbC

Today’s engineering world has been revolutionized by reducing the size (few
nanometers) of conventional materials due to the modified properties at nano scale (order
of 10 m). There are two major approaches to synthesize nanomaterials; 1) Top-down
(breaking the larger sized crystal to obtain nanocrystal) and 2) Bottom-up approach
(attachment of atoms/molecules/ions to achieve nanocrystal). Due to the distinguished
surface to volume characteristics at nanoscale, materials possess very interesting optical
characteristics with different morphologies. Development and applicability of nano NbC is
still a very challenging task to industrialize the use of NbC as a potential candidate for
mechanical, fuel cells and human body implantation applications. In the view of above
discussion, some of the literature has been reviewed to synthesize nano crystalline NbC
and its applicability as catalyst for photodegradation of organic effluents which is described

in the next chapter.
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CHAPTER 2 LITERATURE REVIEW

Overview

Synthesis of porous nano NbC is a critical task as far as stability of nano materials
is concerned. Several research groups have developed different synthesis processes to
obtain nano NbC with reduced efforts and better efficiency. However, the properties of
these synthesized nano NbC differs from one synthesis route to other. A detailed review
of the synthesis of nano NbC using different precursors and environment has been
presented in this chapter.

As a result of critical review, it has been found that the synthesis parameters
(temperature, time, precursors, environment and apparatus used) play an important role
in achieving particular morphological features of nano NbC. Based on the critical
analysis of synthesis parameters, a strategic plan to synthesize nano NbC at relatively
low temperature has been outlined. A critical review of the applications of TMCs as a

photocatalyst has also been presented.
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All the transition metals exhibit lesser affinity towards carbon to form metal
carbides (WC, ZrC, TiC, M02C and NbC) than oxygen forming semiconducting metal
oxides (Nb20s, WOs, ZrO: etc.). Such high affinity towards oxygen hinders the
carburization of transition metals which makes their synthesis a tedious process.
Specifically, synthesis of NbC requires very high temperature (>1000 °C) to carburize
Nb20s yielding NbC 2. Apart from Nb2Os, many research groups have used other Nb-
precursors such as niobium iodide (Nbl4), niobium chloride (NbCls) and other organic
complex precursors of Nb. The use of different reagents at different synthesis conditions
has also been investigated to obtain NbC with desired characteristics. An overview of the
proposed synthesis methods and their respective outcomes has been discussed in this

chapter.

2.1. Synthesis of nano niobium carbide (NbC)

In mid-20" century (1954), NbC was synthesized via carbothermal route in which
very high temperature (1600-1700 °C) was adopted and variation of carbon content was
studied to establish stoichiometry . In 1987, Smith et al. * reviewed the temperature-
composition relationship of Nb and C to form different phases such as NbC, NbeCs, Nb4Cs
and Nb2C. Moreover, they have also proposed the relationship between the enthalpy of

formation and composition of NbCx which can be described as A¢H (298.15 K; m:l]Nb) =

—56.8 — 86.0x. Gibb’s free energy related to NbCoos has been estimated to follow

AG ( /) = -138200 + 8.326T — 1.001T InT + 5.255 x 107*T? + 5.145 x 105T "
mol Nb

relationship with respect to temperature which has been considered as a better experimental
approach *. Further, carbothermal treatment of Nb-oxides was implemented as commercial
process to obtain NbC. In the same sequence, some other research groups have developed

different processing techniques to obtain NbC which are summarized below:

2.1.1. Carbothermal reaction:

2.1.1.1.Heating under high pressure (Autoclaving)

Kobayashi et al. * produced a conducting nanowires consisting of NbC encapsulated
carbon nanotubes (CNTs) which can tailor the electrical and mechanical properties. They
obtained NbC filled CNTs by heating the mixture of NbCls and CNTs at 900 °C (3.0 h)
under reducing Hz atmosphere at 10° Pa. They confirmed the filling of NbC inside the
CNTs through Raman and HRTEM. Further, it has been observed that metallic

NbC@CNTs exhibited decreasing relative resistance with respect to decreasing
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temperature. While, empty CNTs exhibited semiconductor type relationship with
temperature i.e. decreasing resistance with increasing temperature.

To reduce the working temperature, some of the research groups have also obtained
NbC powder at relatively low temperature by using autoclave. Chen et al. ¢ successfully
achieved NbC nano particles by using 50 ml stainless steel autoclave under Ar atmosphere
at 550 °C with 6.0 h of holding time. They used Nb20s, Mg powder and CH3COOK (molar
ratio = 1.0:8.3:1.3, respectively) as Nb- source, reducing agent and C- source, respectively.
According to the report, as-synthesized powder sample required acid leaching by dilute

HCI to remove MgO and K2CO3 as shown in following reactions;

3Nb,0¢ + 17Mg + 4CH;COOK — 6NbC + 17Mg0 + 2K,CO5 + 6H, 2.1)
K,CO; + 2HCl - 2KCl + H,0 + CO, (2.2)
MgO + 2HCl > MgCl, + H,0 (2.3)

Further, they have proposed the applicability of NbC nanoparticles as photocatalyst
to degrade rhodamine blue (RhB) dye under the exposure of 300 W Hg lamp. They have
demonstrated the effect of irradiation for 12 h after which absorption peak associated to
RhB dye was disappeared which might be related to decolorization or photodegradation of
dye molecule.

Ma et al. 7 have also reported the similar synthesis process by using autoclave at
550 °C for 10 h of holding time under inert (Ar) atmosphere. They have also taken Nb2Os,
Mg as Nb source and reducing agent (respectively) with MgCOs3 as carbon source and
reducing agent, both. They confirmed the nano-crystalline phase formation with XRD and
TEM results. Further, they studied the thermal stability of the synthesized NbC
nanoparticles through thermal gravimetry/differential thermal analysis (TGA/DTA) upto
1000 °C. TGA/DTA results suggested the exothermic oxidation of NbC resulting Nb2Os at
540 °C due to nano-regime and it has also been suggested that the synthesized NbC

nanoparticles can be used below 400 °C with excellent oxidation resistance.

2.1.1.2.Heating under normal pressure
In 2015, Chen et al. ® proposed excellent electrocatalytic performance of NbC/TiC aerogels
which were prepared at 800 °C under vacuum (~0.67 Pa) in sealed quartz tube. For the
preparation of highly porous (79.36 vol%) NbC sample, metallic Nb and iodine were
reacted resulting gaseous Nbls complex followed by carbonization with the help of carbon
aerogel plate as templet within the sealed quartz tube for 6.0 h at 800 °C. As per the

proposed mechanism, the formation of Nb-I complex occurred at low temperature (<500
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°C). However, the heating above 550 °C led to the decomposition of Nb-complex
incorporating the metal particles on the carbon templet resulting the formation of NbC
through diffusion-controlled layer growth mechanism. Further, they compared the
electrocatalytic activity of TiC, NbC and C aerogels for I3 /I reduction reaction in dye
sensitized solar cells (DSSCs). They observed the better catalytic activity of carbide-carbon
aerogels (Tafel slope = 128 mV/dec) due to the synergistic contact between both
components as compared to carbide aerogels (Tafel slope = 330 mV/dec). Moreover, TiC
counter electrodes exhibited higher power conversion efficiency (PCE) i.e. 6.1% than NbC
and carbon aerogels (4.1% and 1.4%, respectively) due to higher current density and lower
charge transfer resistance.

Similarly, Atchison et al. * also proposed a multistep process in which a niobium complex
fibers were prepared using niobium n-butoxide (2.47 ml) and acetic anhydride (0.55 ml).
These fibers were obtained from the solution of dimethyl formamide (DMF, 25 ml) and
PVP (3.0 g) at applied potential of 23 kV. Thereafter, fibers were aged in ambient humidity
for 72 h followed by two step heat treatment; (i) at low temperature (400 °C for 3.0 h with
5 °C/min) and (ii) at high temperature (1100, 1300, 1500 and 1700 °C for 4.0 h with 5
°C/min). Such multi-step synthesis route exhibited uniform thickness (65+£32 nm) of
annealed fibers at 1700 °C. Moreover, the fabricated fibers consisted of adhered NbC
nanoparticles.

Similarly, Witkowski et al. '° suggested the formation mechanism of NbC from Nb2Os
through temperature programmed reaction (TPR) method in which oxide precursor was
heated upto 1100 °C with a heating rate of 1-2 °C/min and kept for 12 h under the flow of
CHa4/H2 mixture (1:10; volume). Thereafter, the heated sample was rapidly cooled to room
temperature followed by passivation (O2/He gaseous mixture). With the help of this
experiment, diffusion of oxygen into gaseous state has been found as rate determining step
which was responsible for the formation of NbC at nano/micro regime. They suggested that
a fine layer of NbC get deposited on the Nb-precursor in the beginning of the chemical
reaction which would further reduce the precursor resulting the diffusion of carbon inwards
and oxygen outwards. Due to the simultaneous diffusion of carbon and oxygen, various
phases of carbon deficient NbC has been obtained such as Nb2C, Nb4C3 and NbeCs.
Medeiros et al. ' have also adopted TPR route to obtain NbC powder through the
carburization of Nb precursor i.e. (NH4)3[NbO(C204)s].xH20 at 950 °C (@ 5 °C/min) for
2.0 h under CH4/H> atmosphere (gas flow 20 Itr/h). Further, the synthesized product was

used to study its effect on the grain growth behavior of Co-WC composite. A comparative

19



study among bare Co-WC, Co-WC-NbCcommercial and Co-W C-NbCoprepared has revealed that
incorporation of prepared NbC enhanced the hardness (1776 to 1827; HV50) and inhibited
the grain growth of WC as compared to commercial NbC.

Shimada et al. ! prepared NbC through solid state reaction method using metal oxide
precursor and carbon (charcoal and graphite powder) with variable molar ratios (7, 10 and
12). The mixture of reactants was heated up to different temperatures (1000-1200 °C) for
120 min under Ar or Ar/Hz atmosphere using different containers (Al2O3 boat, graphite
boat, graphite crucible and covered graphite crucible). Depending upon the nature of
carbon, it was observed that charcoal initiated the formation of NbC at lower temperature
i.e. 1000 °C as compared to that with graphite (1150 °C). But, in both the cases, chemical
reaction was completed around 1200 °C to get NbC with lesser reaction time i.e. 40 and 70
min (respectively) as compared to lower temperature (~1100 °C).

Similar work was also done by Silva et al. !* in which TPR process was adopted to probe
the synthesis mechanism of NbC from Nb20s under CH4/Hz (20% v/v) with variable flow
and heating rates. In the different sets of experiments, the evolved gases were charged to
mass spectrometer to monitor the reaction byproducts (H2, CHs, CO, CO2 and H20).
Further, the product at different test conditions were quenched and characterized by XRD
for the determination of crystallographic features (phase formation). It has been observed
that the complete transformation of Nb20s to NbC followed two simultaneous steps; 1)
reduction (formation of NbO2) and ii) in-situ reduction carburization (formation of NbC).
They have also proposed the transformation pathway that can be illustrated as follows;

Nb,05 - NbO, — [NbC,0,] - NbC (2.4)

Xu et al. '* developed solid cage shaped NbC crystals through heating a multi-
component setup to 1020-1520 °C @ 15 °C/min for 0.25-0.5 h under N2 environment (0.1
MPa). This setup consisted of covered two graphite cubicles (one inside another) separated
by activated carbon powder and inner crucible was filled with a mixture of Nb2Os, NaF and
Ci12H22011 (1:4:4). They observed that the reaction product consists of NbCx whiskers with
1.5-15.0 um (diameter) and 0.25-1.5 um (thickness).

Fukunaga et al. '° have taken quartz ampoules containing powder mixture (Nb,
CNTs and iodine; 10:10:1) filled with Ar gas to obtain NbC nanorods and nanoparticles.
These ampoules were heated to different temperatures (620-1000 °C) for 120 h to obtain
single phase NbC following the chemical reaction (C + Nblg(gas) - NbC + 2.51,). With

the increase in treatment temperature (620-1000 °C), amount of lattice carbon (x) in NbCx
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(estimated by Vegard’s law) increased from 0.8 to 1.02, respectively. They also reported
that increasing temperature induced the transformation of NbC nanorods into spheroidal
particles of NbC.

Nabil et al. '® suggested the use of NbC/C nanotubes as catalyst support for proton
exchange membrane fuel cells as cathode material. For the fabrication of NbC/C nanotubes,
a multistep route was adopted in which Nb2Os fibers were prepared by using
electrospinning technique and calcined at 600 °C for 3 h and followed by heating under
carburizing atmosphere (10% CHa/Hz2) at 1100 °C. With the help of various spectroscopic
techniques (XRD, Raman, XPS and BET), graphene coated NbC tubes exhibited
intergranular slit shaped porosity (meso- and macro-) with H3-type N2 sorption isotherm.
Electrochemical studies revealed the higher stability (retained 31% of electrochemical
surface area; ECSA) of NbC/C supported Pt electrode after 10000 voltage cycles as
compared to traditional 50%wt Pt/C (Alfa-Aesar) electrode that retained only 5%. They also
observed the participation of oxide layer in enhancing the corrosion resistance of NbC/C

supported Pt electrode for ORR reaction in 0.1M HCIOa.
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Figure 2.1: Heat treatment program adopted by Kimmel et a
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Kimmel et al. '7 have synthesized NbC through carburization of Nb foil under
H2/CH4 environment. The treatment cycle was divided into various sections and shown in
figure 2.1. Initially Nb foil (as-procured) was treated with acetone and 0.3M NaOH prior
to heat treatment which was subdivided into 2 steps, heating to 1000 °C for 1h followed by
850 °C (@ 3.3 °C/min) for 15 min (for the heat treatment, 122 ¢m?/min (Hz2) and 32.6
cm’/min (CHa)). Thereafter, at this temperature (850 °C), flow of CHs was turned off and

allowed to cool to room temperature after 15 min. Further, electrocatalytic studies revealed
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that synthesized NbC did not exhibit as much stability as TaC, TiC and ZrC (prepared via
similar methodology) under acidic (0.5M H2SOs4) and basic (0.1M KOH) medium, both.
Further, Tackett et al. '® studied the catalytic response of as-synthesized NbC thin film for
HER reaction with the loading of noble metals (Pt and Ag) in tap water to understand the
impurity resistance of electrocatalyst. They observed the reduced HER activity of Pt/NbC
film in alkaline medium as compared to that in acidic medium as a function of the thickness
of metallic coating. Moreover, excellent impurity resistance has been exhibited by Pt/NbC
catalyst in the presence of tap water resembling the HER stability (in acidic and basic
medium) in the presence of pure water.

Qiu et al. ' suggested the applicability of NbC nanowires (NWs) supported Pt
nanoparticles as efficient catalyst for direct methanol fuel cells (DMFCs). For the
considered application, they have used bamboo chips (2.5%0.7x0.2 mm) as templet to grow
NbC NWs. In the first step, bamboo chips were immersed in Nb-Ni-F emulsion prepared
by dissolving Nb20s, NaF and Ni(NO3).6H20 in ethanol. The cured (at 110 °C for 2.0 h)
emulsion was heated to 1250 °C for 2.0 h under Ar atmosphere (350 cubic centimeter per
minute (sccm)). This prepared catalyst has also compared with conventional Pt/C and
Pt/bamboo charcoal catalysts in which Pt/NbC NWs exhibited far superior characteristics
with forward current density (766.1 mA/mg Pt) and stability (2.4% current loss after 200
cycles) for electrocatalytic methanol oxidation application (0.1M H2SO4 + 1.0M CH3OH
@ 20 mV s ). While, pure NbC NWs did not exhibit any activity towards electrocatalytic
methanol oxidation reaction. The higher ratio of peak currents of forward (Ir) and backward
(In) scans for NbC NWs supported Pt catalyst illustrated the better poisoning tolerance than
other considered catalysts (NbC NWs, Pt/C and Pt/bamboo charcoal).

2.1.2. Synthesis of thin or thick films

Zhang et al. ?° proposed an alternate compound i.e. NbC as wear resistant coating
by depositing it on Si (100) substrate. They studied the effect of carbon content during the
deposition using a pure Nb target in DC reactive magnetron sputtering under Ar and CH4
atmosphere. During the sputtering experiments, amount of carbon was controlled by
varying the flow of CHa (4-22 sccm at STP) and prior to deposition, target was pre-
sputtered by Ar" to remove oxide layer for 10 min. Further, 0.3 A and -60 V were used as
applied current and DC bias voltage for Nb target (respectively). The enhanced feasibility

of the formation of NbC was observed with the increasing flow of CHa to 18.0 sccm. While,
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at higher flow rate 22.0 sccm, broadened diffraction peaks of NbC were observed which
were associated to increased lattice distortion.

Yate et al. ! have studied the electrical and mechanical properties of NbC thin films
deposited on Si (100) using Nb and C target in reactive magnetron sputtering under vacuum
(107 Pa). The effect of composition on above mentioned properties was observed by
varying applied power to Nb target (0-230 W) keeping carbon target DC power constant
(380 W). Reduced content of free carbon was observed with the increasing applied power
and 230 W yielded carbon free NbC polycrystalline film. Further, maximum hardness and
elastic recovery of deposited film (at 100 W) was observed as 22.5 GPa and 86%,
respectively. While, increased free carbon content at lower power resulted to decrement in
crystallite size of NbC inducing lesser hardness. Moreover, film deposited at 100 W (Nb
target) exhibited better conductivity (2.1x10% S/m) at room temperature (except pure Nb
film; 6.2x10° S/m) than other samples, thus making its applicability in flexible electronics.

Similarly, Coy et al. %2

studied the effect of Nb target voltage on the mechanical properties
and catalytic activity of NbC thin film electrode for electrochemical hydrogen evolution
reaction (HER). Further, the deposited thin film samples consisted C-C graphitic
amorphous tissue coatings around NbC nanocrystals enhancing the mechanical and
catalytic performance as compared to their bulk and powdered forms. They observed that
the deposited film at 100 W (as Nb target voltage) exhibited higher current density as
compared to other operating voltages in 0.1M H2SOs as electrolyte. 28 and 35 mV/dec were
calculated as Tafel slopes for Pt and NbC (100 W) samples (respectively) suggesting the
role of Volmer-Tafel (formation of Hadas followed by the recombination of Hads resulting
H2) mechanism for H2 evolution. As a result of terahertz measurements, electrical
conductivity of the samples decreased with increasing amount of free carbon and smaller
NbC grains. Further, they have also postulated that high surface area, electrical conductivity
and amount of free carbon influenced the electrocatalytic reaction by providing active sites
and charge transfer phenomenon (respectively).

Similarly, Liao et al. 2* studied the effect of Ar pressure (0.5-2.0 Pa) on NbC thin
film deposition on Si (100) using rf magnetic sputtering. It was found that low Ar pressure
induced poor crystallinity of NbC and increased amount of free carbon on Si (100).
Moreover, decreasing C/Nb ratio (x = 1.51 to 1.25) was also observed with the increase in
the Ar pressure from 0.5 to 2.0 Pa. Further, the transformation of NbC film to niobium

oxide was observed when oxygen pressure has been increased to 15% of Ar pressure. They
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have proposed that the controlled oxygen flow (during deposition) purified and prevented
the NbC film from oxidation through oxygen etching mechanism:

(NbC,)C + 20 - NbC, + CO, (2.5)

Yate et al. 2* suggested the biological engineering application of NbC-C
nanocomposite films for hard tissue implantation due to its high hardness (22.5 GPa),
young's modulus (191.7 GPa), elastic recovery (85%) and excellent biocompatibility. They
have adopted non-reactive and reactive magnetron sputtering using Si (100), glass and
AISI316LVM steel substrates at 107 Pa pressure. For the deposition of amorphous carbon
and NbC, they used 2.0-inch elemental targets of carbon (purity 99.999%) and Nb (purity
99.95%) in confocal configuration at 0.25 Pa pressure of pure Ar. Prior to the deposition
of NbC, fine layer of Nb (~30 nm) was deposited onto substrate to enhance the adhesion.
Biocompatibility and bioactivity (in vitro cell experiments with preosteoblasts; MC3T3-
E1) of the films suggested that NbC film enhanced the cell adhesion and alkaline phosphate
activity of the cultured cells.

Meyer et al. #* studied the medium temperature (~260 °C) catalytic behavior of
various TMCs (WC, M02C, NbC and TaC) wires for electrocatalytic HER reactions in
molten KH2POs as electrolyte. For the synthesis of TM-TMC wires, metallic wires (W,
Mo, Nb and Ta) were heated to temperatures (700, 600, 450 and 550 °C, respectively) under
oxidative environment (20% O2/Ar) to form their oxides (WO3, M0oO3, Nb20s and Ta20s),
followed by heating to higher temperatures (900, 750, 900 and 950 °C, respectively) under
carburizing atmosphere (25% CHa4/H2) resulting the transformation of metallic wires into
WC, Mo2C, NbC and TaC on the surface of wires. Further, it was observed that the
electrochemical generation of H2 was controlled by the dissociation of H,P0O, anion in
molten KH2PO4 through H,PO; < H* + HPO?™ < 2H* + PO} and 2H* + 2e™ — H,.
They have also observed that electrocatalytic activity of TMCs is different than that has
been observed at room temperatures. Even at relatively high temperature (260 °C), WC
exhibited better catalytic activity than Pt wire after 3™ cycles and the reduction of onset
reduction potential (in terms of HER activity) was observed in following order: WC >

Pt = Mo,C > NbC > TaC.

2.1.3. Miscellaneous:
Shiri et al. 26 have studied the compromised electrical conductivity with enhanced
mechanical (hardness and wear resistance) properties for electrical contact application.

They have successfully designed the pellet of Cu-NbC nanocomposite with variable
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concentration of NbC across thickness. They adopted two-step process in which ball-milled
powder (Cu, Nb and graphite for 7.0 h), 5 layers of different concentration of NbC (0, 3.74,
8.96, 12.07, 15%) were stacked and sintered at 900 °C for 1.0 h under Ar atmosphere. They
have concluded that functional gradient Cu/NbC structure exhibited excellent wear
resistance and electrical conductivity (75.83% IACS; International Annealed Copper
Standard) through NbC and Cu network, respectively. Zhang et al. ?’ proposed a
Nb20s5/C/NbC hybrid as electrode for charge storage applications. For the preparation,
freshly prepared Nb2AIC was etched with the help of concentrated hydrofluoric acid for 90
h at room temperature and washed several times to attain pH~4. Thereafter, prepared
powder sample was oxidized by CO2 (@150 sccm) at 800 °C for 1 h. The partially oxidized
samples exhibited T-Nb2Os (orthorhombic) /carbon/Nb2CTx hybrid structure with excellent
charge storage capacity of 330 C/g and 660 mF/cm? over charging-discharging period of 4
min in IM LiClO4/EC/DMC as electrolyte. Same sample (partially oxidized Nb2CTx) also
exhibited significant charge storage capacity of 430 mF/cm? even at faster charge-discharge
time i.e. 1 min.

Grigor’ev and Sinel’nikova 2® fabricated single crystals of NbC having different
carbon concentration in the lattice (NbCo.7s—NbCo.s2) as it exhibits wide range of solubility
of carbon. They have varied the concentration of carbon by adding the appropriate amount
of niobium to NbCoo97 via arc-plasma technique using NbC single crystal with <100>
orientation as seed. All the considered composition did not exhibit any significant variation
in mechanical properties (resistance to crack and hardness) with 10° cm™ as average
dislocation density. Moreover, it has also been found that the prepared samples exhibited
brittle failure through {111} <110> slip system.

Storms and Krikorian ?° studied the variation of lattice constant with respect to the
composition of NbCx; where x represents the carbon content in the NbC unit cell. They
prepared the samples by heating the pellet of variable composition of treated C and Nb at
3000 °C for 30 min under vacuum. Thereafter, prepared samples were pulverized before
any characterization. Each sample was repeated several times to ensure the results obtained
from XRD test and it was found that lattice constant (a) can be related to mole ratio of C
and Nb as; a(A) = 4.4704 — 0.02391x — 0.3586x2. With respect to these observations,
it was observed that lattice constant deceased with decreasing carbon content that was
independent of the working temperature for single phase region of phase diagram. While

in two phase region, phase composition of NbC has followed the phase boundary with
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respect to temperature (under equilibrium) resulting the temperature dependent lattice
constant.

Samson et al. * studied the effect of pulse duration on the structural features of
deposited film of NbC on Si (100) under vacuum (1.5x10* Pa) at 500 °C. For the same
objective, pulse laser ablation-deposition method was adopted with two different lasers; (i)
Nd:glass laser (527 nm, t = 250 fs, repetition rate = 10 Hz) and (ii) Nd: YAG laser (532 nm,
T = 10 ns, repetition rate = 10 Hz). It was found that the shorter pulse duration i.e. 250 fs
resulted in a compact layer comprising of the coalesced nanoparticles with average size of
around 10 nm whereas, pulse duration of 10ns led to the formation of an amorphous film.

Recently, Yang et al. 3! proposed the use of NaCl-KCl molten salt as reaction
medium to provide carburization pathway. They have heated the mixture of NbCls, Nb (Nb
source) and acetylene black (carbon source) in the presence of molten salt mixture at
different temperatures (800 and 900 °C) and holding times (0.5-5.0 h). They observed that
higher temperature and NbCls/Nb ratio supported the formation of NbC following the
transformation of Nb (V) to Nb (IV) to NbC on acetylene black as templet.

2.2. Transformation of waste to engineering material

Considering the above discussed literature for the synthesis of NbC at relatively
lower inputs with desired properties, it has become very critical to state the current status
of the different kinds of waste products in order to utilize it for the development of
engineering materials. In today's world, use of cigarettes has become disaster for
environment pollution (air pollution and as well as soil pollution). Recently, Lee et al. *
proposed the use of used cigarette filters to develop energy storage material with very high
surface area (~1600 m?/g). They have achieved ultra-high surface area that too with just
heat treatment at 900 °C under Ar and NH3 atmosphere. Heat treatment of cigarettes filters
under NH3 led to the attachment of N to the carbon fibers and Ti resulting pyrrolic, pyridine
and TiN (respectively). This N-attached carbon fiber exhibited 153.8 Fg! (SSA=1634 m’g"
1) which is very high as compared to 125.0 Fg! (SSA=1989 m?g™!) with a stability upto
6000 cycles.

Parthenium hysterophorous, commonly known as carrot grass, has been designated
as agricultural waste which is an obnoxious weed inducing the soil infertility and diseases
to livestock in South Asian countries **7®. Various research groups are examining its
utilization as an engineering material for different applications such as ethanol production,

heavy metal (Hg**, Cd**, Fe** and Cr®") removal from industrial waste water, oxalic acid
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production, organic pollutant treatment (methylene blue, rhodamine B, portion orange, acid

violet 17 and malachite green), phenol, p-cresol and producing biochar 374

2.3. Gaps in the study

Based on the literature, synthesis of a refractory compound specifically NbC
requires relatively high temperature under inert (Ar) or reducing (CH4/H2) atmosphere and
specific precursors (Nb20s, Nb powder and Nb foil etc.). Even, some of the research groups
have also designed special apparatus to achieve desired characteristics 44647 Ma et al. ’
proposed the single step synthesis of nanocrystalline NbC at 550 °C using stainless
autoclave without any discussion on the effect of synthesis parameters on structural and
morphological features. As per the available literature of different TMCs (WC, VC and
TaC), different hydrocarbons (ethanol, acetone and hexane) induced the fragmentation of
oxide precursor due to hydrogen embrittlement under high working vapor pressure of these
liquid compounds 4752, Moreover, effect of different routes and Nb-precursors has been
explored thoroughly but, it lacks in the responsible structural and thermodynamic
mechanism to yield nano-sized NbC form micro-sized precursor(s). Apart from above
mentioned gaseous and liquid carbon source(s), the formation of NbC by using solid carbon
precursor is yet to be explored. Therefore, some laboratory chemicals and organic wastes
can be utilized as carbon source to establish a detailed mechanism rendering NbC at nano-
scale. Due to the variable solubility of carbon in Nb lattice forming NbCsx, it is essential to
optimize the C/Nb ratio to achieve considerable catalytic performance of as-synthesized
samples.

As far as photocatalytic activity of TMCs is concerned, a limited number of articles
are available ®°*>. Chen et al. 3 explored the photocatalytic performance of NbC and
TiC by degrading rhodamine blue (RhB) dye as model organic compound under UV-visible
illumination (300 W Hg lamp). Further, they have also observed the better photocatalytic
activity of nanosized TiC as compared to micro-sized TiC. The removal of RhB dye might
be related to discoloration of aqueous solution due to adsorption of dye molecule on the
substrate. The observed trend was reported based on absorbance spectra of dye solution
only. They have not provided sufficient and logical explanation of such optical response of
synthesized NbC and TiC, both. Further, a detailed discussion on the pathway of photo-
chemical reactions were also missing from the respective reports. While, Mashtalir et al. 34
have studied the removal of methylene blue (MB) dye with the help of MXene (Ti3C2Tx)

under UV irradiation. They suggested that water is not a good medium to study the
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photocatalytic performance of Ti3C2Tx due to its instability in water. Further, they have
also not given the detailed mechanism responsible for the excellent adsorption and
photodegradation efficiency of TizC2Tx. In 2010, Kirihara et al. 3° proposed the
applicability of NbC/TaC as catalyst for oxidation of sulfides with hydrogen peroxide
(H202) as chemoselective synthesis of sulfones or sulfoxides. They have also found that
other organic functionalities such as ketones, alcohols, amines and acetals were inactive in
organic reaction medium in the presence of as-purchased catalysts.

From the above discussion, it is apparent that limited work has been carried out to
degrade different dyes using TMCs. The literature pertaining to these studies which also
include the work of our group is given in table 2.1.

Table 2.1: Comparative photocatalytic performance of TMCs as reported in literature.

Catalyst Concentration (mg/L) | Illumination source | Time (h) | Efficiency
Catalyst Dye (%)

TisCoTy ™ 1000.0 50 (MB) UV lamp 5.0 81.0

Nano/micro TiC ¥ 1000.0 | 3.1 (RhB) 500W Hg lamp 16.0 -

Nano NbC ° 1000.0 | 3.1 (RhB) 300W Hg lamp 12.0 -

ZrC/C ¢ 100.0 1.0 (MB) Solar light 5.0 80.0

TaC/C *’ 500.0 | 1.0 (MB) 85W CFL lamp 6.0 100.0

The present work is undertaken to obtain nano NbC at relatively low temperature
by taking waste material as carbon source (cigarette filter and stems of parthenium
hysterophorous, respectively). Further, the results obtained from these sources have been
compared with the results by using charcoal (activated carbon) and cellulose acetate
(laboratory reagent) which are major constituents of the considered waste materials.
Thereafter, effect of composition (phase purity) and type of carbon (lattice; C/Nb and free

carbon) have also been studied on catalytic performance of synthesized samples.

2.4. Objective

Considering above discussion, goal of the present study has been designed for the
optimization of the synthesis parameters such as temperature, holding time and the content
of carbon precursor to obtain single phase NbC. Further, the synthesized samples were used
to study the effect of different structural features on catalytic activity of synthesized NbC.
Considering these aspects, following objectives have been set for the present study:

1. To synthesize niobium carbide using different carbon sources in an autoclave.
2. To characterize the synthesized product using different techniques.
3. To study the photocatalytic activity of synthesized samples.
Detailed methodology for the adopted set of experiments has been discussed in the

next chapter.
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CHAPTER 33 METHODOLOGY

Overview

The adopted methodology for the synthesis and characterizations of niobium
carbide(s) has been discussed in this chapter. Various characterizations such as X-ray
diffraction, electron microscopy, surface area measurement, X-ray photoelectron
spectroscopy, optical study and catalytic study have been described in this chapter. The
required fundamental aspects along with the required test conditions have also been

described.
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3.1. Precursors

3.1.1. Niobium and Magnesium source

To synthesize NbC nanopowder, niobium pentaoxide (Nb20s; 99.99%, Sigma
Aldrich) and metallic Mg (99.0%; Loba Chemie) powder were used as Nb and Mg source
without any prior treatment or purification. X-ray diffraction and scanning electron
microscopy images along with the particle size distribution are shown in figure 3.1. With
the help of histograms, the average particle size of Nb2Os and Mg comes out to be 257 nm
and 167 um, respectively. Further, metallic Mg powder has flake like morphology whereas
Nb20s has spherical, faceted to elongated faceted morphology.
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Space group: P2/m

ICDD card: 01-071-0005
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Figure 3.1: XRD, SEM mlcrograph and hlstogram of Nb20s and Mg powder.
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3.1.2. Carbon source

As discussed in chapter 2, some natural and synthetic grade waste materials were
taken as carbon source in the present investigation. The waste materials taken as carbon
source are (1) smoked cigarette filters (CF) and (2) parthenium hysterophorous (PH) to
syntheisize nano NbC. Since, CFs consist of tightly packed cellulose acetate fibers to filter
tar and exhaled CO2 from smoked cigarette so, cellulose acetate powder (99.0%, Loba
Chemie) was also used as carbon source to compare the results obtained from CFs. To
avoid ambiguity, smoked CFs of Gold Flake (small sized), ITC Ltd. were collected. The
collected CFs were used without any chemical treatment as shown in figure 3.2a. PH plants
(with well grown white flowers) were collected from the institute campus in the month of
August, 2017. The stems were separated and washed thoroughly. Thereafter, stems were

cut into small pieces (~1cm) and dried under sun light for 6 h followed by vacuum drying
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at 60 °C for 48 h. Dried pieces of PH stem were crushed by agate mortar for further use as

shown in figure 3.2b.

I . -

Figure 3.2: Photographs of (a) Smoked ciarette filters; (b) dried and crushed PH stems.

Since, all the above mentioned carbon sources get decomposed to char around 400
°C, activated charcoal (99.0%, Loba Chemie) was also used for better understanding of

synthesis mechanism and other characteristics of nano NbC !,

3.2. Methodology

e,
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Figure 3.3: Schematic representation of adopted methodology for the optimization to
obtain single phase NbC/C nanocomposite powder sample.

The adopted methodology is shown in figure 3.3. The adopted synthesis process
includes a specially designed autoclave (volume capacity = 25.0 ml) made of steel in which
mixture of precursors was charged. Details of the different precursors with experimental
conditions have been given in the respective chapters. Thereafter, charged autoclave was
tightened with steel bolts and heated (@ 5 °C/min) at different temperatures and holding
times to optimize various parameters such as temperature, holding time, amount of carbon
source and reducing agent i.e. Mg by keeping same metal source i.e. Nb2Os. After the
completion of the reaction, autoclave was allowed to cool within the furnace to room

temperature. Then, the obtained black colored powder was leached with acid solution
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(HCI:H20 :: 1:1) to remove MgO and remaining metallic Mg. Thereafter, it was washed
with distilled H20 to remove the traces of unreacted acid. Finally, the washed black powder
was dried at 120 °C in vacuum oven.

3.3. Characterization techniques

3.3.1. X-ray diffraction (XRD):

For the identification of phases obtained at different synthesis conditions, XRD of
all samples have been recorded. The obtained diffraction peaks were matched with ICDD
(International Center of Diffraction Data) cards. The diffraction peaks are generated by
constructive interference which follows Bragg’s law as given below:

nA = 2dpq Sin Oy (3.1

where, n, A, Onk and dnk are order of the diffraction, wavelength of X-ray used (Cu-
Ka = 0.15406nm), diffraction angle and interplanar spacing of plane (hkl), respectively.
For the synthesized powder samples in the present study, XRD pattern has been scanned
between 20-80° (20) with the step size of 0.013° (20) and total scan time = 14 min. Prior to
the measurement, the dried powder sample was ground using agate mortar to break the
major agglomerates. The details of the ICDD cards which have been used for the phase
confirmation are listed in table 3.1.

Table 3.1: Details of the ICDD cards used for the XRD analysis.

Compound  Symbol ICDD Card | Compound  Symbol ICDD Card
NbC . 01-089-3690 | NbO2 B 00-034-0898
Nb a 01-089-3715 | Nb20s A 01-071-0005
NbO o 00-042-1125 | C 0 01-089-8487

Further, average lattice parameter and carbon content inside the unit cell have been
determined by using a = dvh? + k? + 12 and a(A) = 4.09847 + 0.7128x — 0.3457x>

(respectively) where ‘a’ and ‘x’ represent the lattice constant and atomic ratio C/Nb .

3.3.2. Williamson-Hall analysis:

Based on the XRD patterns of synthesized samples, mathematical peak functions
have been designed to estimate various structural features of samples such as crystallite
size and lattice distortion. For the fitting of diffraction peaks, Pearson's VII peak function
has been used due to the contribution of Gaussian and Lorentzian component in Pearson’s
VII function with maximum quality of fitting (R*> ~0.99) and minimum error. Moreover,

prior to calculate various parameters from XRD pattern, instrumental error has been

deducted using Beaic = [BZ,s — BA: for Sistandard as (analyzed at same test conditions).
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To determine the minimum size of coherent scattering, Scherer method has been considered
as versatile criteria (tp = (KA)/(Bhi €0S Opk1)) providing volume weighted quantity and
peak broadening i.e. Pnki is solely associated to crystallite size (taki). While, Wilson and
Stokes > have suggested the contribution of lattice distortion along with crystallite size
which can modify the Scherrer’s criteria as

USM KA 19
Brki €08 Bpig = — + 4€5in O (3.2)

The above mathematical relation distinguishes the individual contribution of
crystallite size and lattice distortion in peak broadening with homogenous strain
representing the uniform strain model (USM) of Williamson-Hall analysis. Further, more
realistic approach can be considered as homogeneity of stress and strain energy throughout
the lattice as uniform stress deformation model (USDM) and uniform strain energy density
model (USEDM) , respectively, as described below :

USDM kA 40 sin thl (33)

Bhki €OS Oy = — +
t Ehki

USEDM 2u (3.4)

K\ 0.5
Bhki €0S Oy = — + 4 sin By (—)
t Enia

For cubic systems, elastic modulus (Enk) is a function of elastic compliances and
direction cosines 7 and can be describes as:

Eqpg =S11 — 2 (s11 —S13— %) (I?m? + m?n? + n?1?) (3.5)
Sy, = —0.3913 x 103GPa! s, = 1.7826 x 1073GPa~! s, = 7.1428 x 10~3GPa™!

3.3.3. Transmission electron microscopy (TEM):

After the confirmation of the phase formation, the optimized samples (showing
single phase NbC XRD pattern) were further examined under TEM microscope. This helps
to analyze the phases present as cluster or independent particles embedded in the matrix of
amorphous/crystalline carbon. The high-resolution TEM (HRTEM) helps to confirm the
presence of phases along with minor phases which are not observed in XRD patterns. It
also provides the lattice defects and interfacial structural features. For TEM study, a small
amount of powder sample was dispersed in absolute ethanol and sonicated for 40 min.
Thereafter, 1-2 drop of suspension was drop-casted on carbon coated Cu grid (300 mesh)
and allowed to dry under ambient conditions for overnight. Further, microstructural

features have been recorded on JEOL2100F (at 200 kV) and analyzed by Carl Zeiss Axio

Vision 4 software.
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3.3.4. Raman spectroscopy:

Raman spectroscopy provides the structural features (molecular functional groups)
in the mixture of solids or liquids. This technique is based on the interaction of
monochromatic radiation with the matter that provides elastic/inelastic scattering of photon
that causes shift of associated energy in terms of wavenumber. In the present study, Raman
spectroscopy allows us to determine the nature of structural features of carbon present in
the powder sample in the form of disordered or multilayered graphitic carbon at different
operating conditions. For the same purpose, specific samples were exposed to 532 nm He-
Ne laser on Varian FT-Raman and Varian 600 UMA. To distinguish various bands related
to different chemical species, Raman spectrum has been deconvoluted by using Lorentzian

function on Origin 13.0 software and analyzed.

3.3.5. X-ray photoelectron spectroscopy (XPS):

To understand the chemical composition upto several nanometers inside the
nanoparticles, XPS spectroscopy has been carried out. XPS provides the photoemission
that has occurred due to the ejection of an electron from any core energy level of atom.
This technique provides all the information about chemical state of desired element. For
this technique, Al X-rays (1486.7 eV) are being used on PHI 5000 Versa Prob II, FEI Inc.
to eject the core level electron to study the chemical state of an element. Further, all the
binding energies have been corrected by considering Ag as calibration standard element.
For the deconvolution of high resolution (HR) XPS spectra, XPSPEAK41 software has
been used with Gaussian peak profile with doublet separation of 2.74 eV for doublet spin
orbital splitting 3ds/2 and 3d3/2 of niobium considering same peak width for single oxidation

state of Nb.

3.3.6. Optical absorbance spectroscopy (UV-Visible):

Absorbance spectroscopy is also referred as UV-visible spectroscopy in which
absorbance of specific wavelength is observed in UV (200-340 nm) and visible (340-800
nm) region of electromagnetic spectrum. The obtained spectrum also provides the energy
associated to excite the electron from top of the valence band to bottom of the conduction
band, referred as optical band gap of that material. For the determination of optical band

gap, intercept on energy axis (from linear portion in (ahv)® vs. hv graph) was calculated
using Tauc equation (ahv = A(hv — Eg)n) where n = 0.5, 2.0, 1.5 and 3.0 correspond to

allowed direct, allowed indirect, forbidden indirect, and forbidden direct transitions
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(respectively) ®. Hitachi double beam UV-Visible Spectrophotometer U-3900H has been

used to record absorbance spectra of synthesized samples in solid state.

3.3.7. Optical emission spectroscopy (Photoluminescence; PL):

For the determination of the photoluminescence emission behavior of synthesized
samples, PL spectroscopy has been carried out on Perkin Elmer fluorescence spectrometer.
PL spectroscopy enables to probe the mechanism of photodegradation by providing the
information about entrapment of charge carriers during photoexcitation. The enhanced
photo-emission can be correlated to rapid recombination of excitons resulting
unavailability of holes/electrons for photochemical reactions along with the participating
functional group present on the surface of photocatalyst. To record the PL emission spectra,
Cary Eclipse Fluorescence spectrophotometer (G9800A) has been used with excitation

wavelength; Agy = 340 nm.

3.3.8. N; adsorption-desorption

To study the catalytic performance of any compound, its surface features governs
the reaction pathway. In these surface features, specific surface area, pore volume, average
life size and its distribution maneuvers the absorption behavior of synthesized samples.
Based on the [IUPAC hysteresis loops of gas adsorption-desorption curve, the texture of the
adsorbent can be estimated °. Brunauer-Emmett-Teller (BET) criteria has been adopted to
calculate the specific surface area (SSA) from ads-des. isotherms. In the present work,
Tristar 3000 (Micromeritics) has been used for the N2 adsorption-desorption analysis with

the pretreatment temperature = 150 °C for 2 h.

3.3.9. Photocatalytic study:

Solution of MB dye ‘ Intensity: ~8900 lux

@ L]

Addition of photocatalyst ‘

) 4

Stirring for 30 min
In dark

A 4

Turn on the illumination source
Visible source (CFL)

L 4

Sampling interval = 1h ‘

10-11cm

Figure 3.4: Schematic representation of setup for photocatalytic study.
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For the photocatalytic performance of synthesized powder samples, a simple
experimental design has been adopted (figure 3.4). In this study, optimization of dye
concentration (methylene blue; MB dye) and the photocatalyst (carbides) has been done.
The optimized concentrations were used for further study. In 100 ml of dye solution of
different concentration, appropriate amount of photocatalyst was added and kept under dark
chamber to establish adsorption-description equilibrium. Thereafter, house-hold CFL (85
W, ~8900 lux) kept nearly 10-11 cm above the surface of solution was switched on for the
illumination. At an interval of 1h, aliquot of 3ml has been extracted, centrifuged
(@4000RPM) and charged to UV-visible spectrophotometer to measure the change in the
concentration of MB dye which can expressed as follows;

(3.6)

Co — C¢
Co
where Co and C: are the concentrations of MB dye at t = ‘0’ and ‘t’ h, respectively.

%change in concentration = x 100

Further, change in concentration during adsorption-description equilibrium represents the
amount of adsorbed dye on the surface of photocatalyst. To study the photochemical
reaction kinetics for MB dye, pseudo first (rate constant = K1) and second (rate constant =

K?2) order reaction has been employed which can be described as follows:

Ce\ (3.7)
—ln (C—O> = Klt
t 1 t (3.8)

_— + —_

C. K,Ci C
Based on the above-mentioned kinetics, it can be estimated that the overall photochemical
reaction is proceeding through physisorption (pseudo 1* order) or chemisorption (pseudo

2™ order) mechanism.
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CHAPTER 4 RESULTS & DISCUSSION-I

Utilization of smoked cigarette filters
(CFs; Household waste)

Overview

This chapter presents the synthesis of NbC-C nanocomposite by using smoked
cigarette filters (CFs) as carbon source. Based on the XRD results, synthesis parameters
(temperature, time and amount of CFs) have been optimized to obtain single phase NbC.
Using line profile XRD analysis, lattice distortion and lattice carbon content (x) of NbC
were calculated. TEM results revealed the variation in morphological features of the
synthesized powder sample at these synthesis conditions. The synthesized pure phase
NbC confirmed the presence of NbC and graphitic carbon (g-C) as observed through HR-
TEM analysis. Optimized NbC-C nanocomposite sample has been characterized with
absorbance spectroscopy to study its optical response enabling it to be used as
photocatalyst under visible irradiation. Further, the photocatalytic activity of NbC-C
nanocomposite sample was studied by evaluating the degradation of methylene blue dye

under visible irradiation.
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4.1. Introduction

The organic pollutants, mostly dyes, are the major byproducts of various industries
like pharmaceutical, textile and pulp-paper industries which are directly disposed to water
that contaminate the natural water. Such polluted water is highly undesired due to the toxic
ingredients causing cancer or human mutation '. Moreover, the coloration due to dyes can
also cause hindrance to the sunlight and oxygen penetration affecting the aquatic living
organisms 2. Apart from water pollution, soil pollution due to the various polymeric
litter/garbage also causes severe health hazards to society where degradability of solid
waste is a critical issue.

Smokers contribute to air and soil pollution both, by exhaling smoke to air and
throwing smoked cigarettes on roadsides, riverbanks and at sea beaches. Cigarette filters
(CFs), a major left-over component of smoked cigarette, are being thrown inappropriately
at other places also. It is estimated that approximately 9 trillion filtered cigarette would be
consumed by 2025 3*. CFs, a fibrous component consisting cellulose acetate as a major
constituent, are photodegradable under the exposure of UV radiation in ideal environmental
conditions but not biodegradable. Various studies have shown that there is an ambiguity on
the biodegradability of cellulose acetate °. Cellulose acetate is a very good source of carbon
and can be used to develop various engineering materials such as transition metal carbides
(TMCs) at relatively low temperature. In the present study, synthesis of nano NbC-C
nanocomposite using Nb20s as precursor of Nb and CFs as carbon source has been done.
The obtained carbide is further utilized to degrade organic methylene blue dye. The details
of experimental conditions are given in table 4.1.

Table 4.1: Details of experimental conditions to obtain NbC nanopowder.

Precursor (g) Sample Temperature Holding time

Nb2Os Mg CFs (&9 (h)
1.329 2.0 1.0 Cl 600 5

1.329 2.0 1.0 C2 600 10
1.329 2.0 1.0 C3 600 15
1.329 2.0 1.0 C4 600 20
1.329 2.0 1.0 C5 700 5

1.329 2.0 1.0 Cé6 700 10
1.329 2.0 1.0 Cc7 700 15
1.329 2.0 1.0 C8 700 20
1.329 2.0 1.0 Cc9 800 5

1.329 2.0 1.0 Cl10 800 10
1.329 2.0 1.0 Cl1 800 15
1.329 2.0 1.0 Cl12 800 20
1.329 2.0 0.5 Cl13 800 20

43



4.2. Structural and morphological features of smoked CFs:
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Figure 4.1: SEM mlcrographs of CFs (a) very long and entangled continuous fibers of
cellulose acetate; (b,c) cross-sectional view of CF representing the triangular
cross-section of each fiber; (d) XRD pattern of CF showing the amorphous
nature of used CFs.

Prior to use CFs as carbon source, it is necessary to understand the structural and
morphological features of CF. It is well studied that CF consists of very long organic fibrous
structures composed of cellulose acetate (majorly) as shown in figure 4.1. These long
continuous and amorphous fibers exhibit triangular cross-section and are entangled among
each other to filter the smoke. Moreover, some of the CFs consist of activated charcoal to
absorb different toxic constituent of inhaled smoke. XRD pattern of smoked CFs suggests
the presence of cellulose acetate &’

4.3. X-ray diffraction (optimization of synthesis parameters):

Figure 4.2 represents the XRD patterns of all the samples synthesized at different
temperatures and holding times to obtain single phase NbC. Figure 4.2a represents the XRD
patterns of all the samples synthesized at 600 °C with 5 (C1), 10 (C2), 15 (C3) and 20 h
(C4) holding in which it can be seen that nucleation of NbC has started at shorter holding
time (C1 and C2) while, prolonged holding time (C3 and C4) resulted the formation of
NbO. At prolonged holding time, the decarburization of nucleated NbC (obtained in Cl
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and C2) started. With prolonged holding, the transformation of NbC to NbO is more as
observed from XRD pattern in which C4 exhibited the better growth of NbO particles as
compared to C3 as indicated by more intense diffraction peak 8. Broader and less intense
diffraction peaks of NbC (marked with dot) suggested the nano regime of NbC crystallites
along with metallic Nb and NbO2 (marked with a and B, respectively). Further to study the
effect of temperature, samples were synthesized at 700 °C by keeping same holding time
(5, 10, 15 and 20 h) as shown in figure 4.2b. It is evident from XRD pattern that reduction
of Nb20s takes place at lower holding time below 10 h where the formation of NbO2, NbO,
Nb and NbC (minor quantity) can be seen in figure 4.2b. Moreover, beyond 10 h holding
time, the decarburization of NbC occurs as can be seen in figure 4.2b. The experiments

performed at 700 °C revealed that formation of NbC starts at 700 °C.
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Figure 4.2: XRD patterns of all the samples synthesized at (a) 600 °C (C1 to C4); (b) 700
°C (C5to C8); (c) 800 °C (C9 to C12) with different holding time and (d) effect
of reducing agent i.e. Mg metal powder under optimized conditions (C12).
Symbols: * (NbC), a (Nb), & (NbO), B (NbOz2), A (Nb20s) and ° (graphitic
carbon).

70 80 20 30

In order to get pure NbC phase, the temperature was raised to 800 °C to prepare
another set of samples in which reduction followed by carburization of Nb2Os has been

observed as is evident in figure 4.2¢ (C9-C12). Sample C9 exhibited single phase NbO
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diffraction pattern which got transformed to (NbC+Nb) mixture at 10 h (C10) and 15 h
(C11) of holding time at same temperature. Further increment in holding time i.e. 20 h
(C12) resulted in the complete carburization of Nb20Os leading to the formation of NbC
along with little amount of graphitic C (marked with hollow dot in figure 4.2c¢).

Further, to optimize the content of carbon source (CFs), its content was reduced to
0.5 g (instead of 1.0 g) as shown in figure 4.2d (C13). It is observed that the reduced content
of CFs is not beneficial as it led to the formation of NbC, Nb metal, NbO and NbO> which
might be associated to the simultaneous reduction and carburization of Nb2Os. The
insufficient amount of carbon source facilitated the partial reduction-carburization inside
the sealed autoclave and hence, mixture of Nb, NbO and NbO: has obtained 2.

Based on these XRD results it can be asserted that the transformation of Nb2Os to
NbC follows the simultaneous reduction and carburization process as reported by different
research groups ®° with following intermediate steps;

Nb,0s; - NbO, - NbO — Nb — NbC

Here, for the better understanding the formation mechanism, amount of lattice
carbon content (x; lattice carbon content as mentioned in chapter 3) and lattice distortion
have been calculated by using W-H analysis (section 3.3.1.2) from XRD results. Increase
in ‘x’ (0.86—0.94) in NbC lattice also confirmed the increased carburization of Nb with the
increased holding time at 800 °C as shown in table 4.2.

Table 4.2: Lattice carbon content (x), lattice constant (a) and W-H postulates of various
samples using CFs.

Sample X a USM USDM USEDM Scherrer
ID A £, t,nm | o, g, t, | u x105, | o, g, t, t, nm
x10* GPa | x10* | nm kJm? | GPa | x10* | nm
C10 0.862 | 4.460 354 334 | 1.07 254 | 23.2 197.75 | 1.30 30.6 | 27.6 13.3
Cl11 0.901 | 4.464 31.6 27.6 | 1.11 26.5 | 23.5 184.29 | 1.25 295 | 259 13.3
C12 0.944 | 4.468 0.84 479 | 0.03 | 0.703 | 47.6 0.22 | 0.03 | 0.729 | 47.8 45.6

Moreover, the lattice constant of NbC also increased from 4.460 to 4.468 A. With
respect to holding time at 800 °C, NbC lattice contain variable C-content which may cause
the variation in lattice distortion. Among different models of W-H analysis, USM model
exhibited better quality of fitting with R? = 0.93 suggesting uniformity of strain throughout
the NbC lattice (as shown in figure 4.3) as compared to other models (USDM and USDEM)
with R? = 0.74 and 0.85, respectively.

Further, with the increased holding time (C10 to C12), amount of crystal distortion
and crystallite size tend to decrease and increase, respectively, which also supports the
enhanced carburization resulting NbC as carbon is inclined to occupy its equilibrium

position in the lattice.
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Figure 4.3: Representative graphs of (a) USM, (b) USDM and (c) USDEM models of W-
H analysis for sample C10.

4.4. TEM microscopy:
(a) |

Figure 4.4: (a) General scan of C12 showing the non-faceted morphology of prepared NbC
nanoparticles, (b) lognormal distribution of NbC particles having ~120 nm
(average particle size), (c) high resolution scan of marked area in (a) suggesting
a thin coating on the particles, (d) HR-TEM micrographs representing the
lattice fringing of 0.256 nm corresponding to (111) plane, and (e,f) NbC
particles are engulfed in sheet like morphology of free carbon.
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Figure 4.4 represents TEM micrographs of C12. Agglomeration of the nanoparticles
with a wide particle size distribution along with some free carbon (light grey portion in
figure 4.4a at bottom) is observed. Inset of figure 4.4b shows the lognormal distribution
curve of particle size depicting ~120 nm as average particle size of NbC 3. At higher
magnification, a fine coating on the nanoparticles was also observed which may be
associated to carbon as shown in figure 4.4c. Further, high resolution TEM image (figure
4.4d) confirmed the formation of NbC as lattice fringing of 0.256 nm were associated to
(111) plane of synthesized NbC, matched with XRD results. Moreover, the presence of free
carbon has also been examined and found that it exhibited long graphitic sheets as
suggested by diffraction peak at ~26° (figure 4.4e) and NbC particles are engulfed in these

graphitic sheets as shown in figure 4.4f.

4.5. Raman spectroscopy:
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Figure 4.5: Raman spectra of C12 representing the presence of disordered graphitic carbon
as multiple layers of graphene.

Figure 4.5 represents the deconvoluted Raman spectra of C12 exhibiting the nature
of carbon present in the sample as suggested by XRD results (figure 4.2c). It can be
observed that there is no band below 1000 cm™ hence, possibility of any oxide phase
(Nb20s, NbO2 and NbO) can be eliminated. Further, deconvolution suggested the presence
of various molecular vibrations related to different modes of carbon. All the details related
to position, full width at half maxima (FWHM), intensity ratios are provided in table 4.3.

Table 4.3: List of different bands obtained from deconvolution (Lorentzian peak function)
of Raman spectra of C12.

Raman band — D- G- D’- 2D-
Position (cm™) 1350.18 1585.25 1620.21 2697.69
FWHM (cm™) 71.05 39.71 28.73 72.34
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The presence of characteristic bands (D- and G- band) suggests the formation of
disordered and graphitic carbon (positioned at ~1350 cm™ and ~1585 cm™!, respectively)
due to disordered scattering and bond stretching of sp? carbon atoms '°. Moreover, presence
of Raman band at ~2697 cm™! revealed the presence of 2D graphitic layers i.e. multiple
layers of graphene !''. Further, Raman shift observed at 1620 cm™ and 3232 cm™! associated
to D’ and 2D’ bands which might be originated due to double (DRRS) and triple (TRRS)
optical resonance Raman scattering, respectively 2. Moreover, some other weak vibration
modes (D+D” and D+D’) are associated to the acoustic branches of intervalley DRRS 2.
Other minor vibration modes between 1100 and 1500 cm™ are associated to different
phonon-matter interaction and its various optical-acoustic resonance branches of vibration
12

Further, the ratio of D- and G- band intensities i.e. In/lg (i.e. 0.71) represents the
formation of disordered graphitic carbon. While, the intensity of 2D band is nearly half of
G- band (Izn/Ic = 0.46) suggesting the presence of graphite in the form of polycrystalline
multilayered graphene. Since, D- and D’ are defect induced Raman modes, Eckmann et al.
13 suggested that Raman spectroscopy can be used as a powerful tool to identify the nature
of defects by using In/Ip’. Considering the linear proportionality of Ip and Ip- with the defect
concentration and their ratio (In/Ip’) is a function of the physical origin of defect (not the
respective concentration), it has been proposed that magnitude of In/Ip’ can be related to
sp’- type defects (In/Ip'~13), vacancies (In/Ip> ~7) and boundaries (In/Ip> ~3.5). For the C12
sample, Ip/Ip> (ratio of In/lc and Ip'/Ig) came out to be 3.08 suggesting the presence of

smaller graphitic grains.

4.6. BET analysis
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Figure 4.6: (a) N2 adsorption-desorption isotherm representing the hysteresis loop between
0.6-1.0 (P/Po), and (b) BJH desorption (dV/dD) plot to determine pore
distribution of C12.
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Figure 4.6a represents N2 adsorption-desorption curve for C12 showing type IV
isotherm with hysteresis loop ranging P/Po between 0.6-1.0 . Such isothermal behavior
represents the presence of mesopores on the surface of synthesized nanocomposite sample
(C12). BJH (Barrett, Joyner, and Halenda) pore size distribution also confirmed the
presence of mesopores having wide distribution which might be associated to the evolution
of gases as a result of solid-state reactions between CF fibers and Nb-oxides as shown in
figure 4.6b. With the help of BET analysis, specific surface area and total pore volume of
C12 came out to be 17.7 m?/g and 0.0917 cm?/g (respectively) with average pore diameter

20.7 nm.
4.7. UV-visible spectroscopy
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Figure 4.7: (a) UV-visible absorbance spectra of C12, and (b) Tauc’s plot depicting
multiple bandgaps of 1.61 and 2.03 eV.

UV-visible absorption spectroscopy of C12 has been carried out to observe the
optical absorption characteristics of the samples as shown in figure 4.7. Figure 4.7a
suggested a broad multiple absorption in the visible region associated with the presence of
multiple phases (NbC, carbon as coating and free carbon) in the synthesized nanocomposite
samples. Figure 4.7b represents the Tauc’s plot of C12 from which multiple bandgap values
of 1.61 eV and 2.03 eV can be estimated. The observed absorbance in visible region might
be associated to the presence of oxygen centers inside the NbC nanoparticles in the form
of Nb-(CO) or Nb-O which is discussed in the subsequent chapter !>!6. Therefore, C12 is
suitable for the generation of electron-hole pair responsible for photocatalytic study under

visible irradiation.
4.8. XPS spectroscopy

Further, to study the photocatalytic behavior of synthesized photocatalyst (C12),
determination of surface chemical composition is very essential to understand the chemical

reactions responsible for photocatalytic activity. Therefore, figure 4.8a shows the survey
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spectrum of C12 confirming the presence of Nb3d, Cls and Ols on the surface. High
resolution XPS spectra of Nb3d, Cls and Ols are shown in figure 4.8b-d, respectively in
which various chemical (oxidation) states of these elements have been illustrated and listed
in table 4.4. The convoluted HR-XPS spectra of Nb3d consisting doublet of spin orbital
splitting of 3ds2 and 3ds2 has been shown in figure 4.8b. It has been confirmed that Nb
possessed multiple oxidation states (2+, 3+ and 4+). During the synthesis process, it
achieves these states where single oxidation state in which 4+ has higher volume fraction

dominates than 3+ and 2+ (Table 4.4) '
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Figure 4.8: XPS spectroscopy of C12 showing the surface composition of the synthesized
photocatalyst (a) survey spectra; (b) HR-XPS spectra of Nb3d; (¢c) HR-XPS
spectra of Cls and (d) HR- XPS spectra of Ols.

Table 4.4: Results obtained from HR-XPS spectra of Nb3d, Cls and Ols of C12.

Nb3d Cls Ols
Group B.E. Volume | Group B.E. Volume | Group B.E. | Volume
(eV) (%) (eV) (%) (eV) (Y0)
NbC 203.7,206.4 14.72 | C-Nb 282.5 1.40 | O-Nb 530.7 42.77
NbCxOy | 204.6, 207.3 9.99 | Csp? 284.3 33.79 | O-H 531.9 57.23
Nb,Os | 207.6, 210.3 75.29 | C sp’ 284.7 26.03 - - -
- - - C-OH 285.2 38.77 - - -
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HR-XPS of C1s (figure 4.8c) also confirmed the formation of NbC but, the presence
of peak on 284.3 and 284.7 eV may be associated to the carbon coating and free carbon
present in the powder sample. Further, the peak at 285.2 eV is associated to the adsorbed
water molecules on the surface of the C12 2%2!, Moreover, HR-XPS spectra (figure 4.8d)
of Ols supported the in-situ reduction-carburization of Nb20s during the synthesis of C12
as both the peaks at 530.7 and 531.9 eV correspond to O-Nb and adsorbed H20,

respectively.

4.9. Photocatalytic analysis:
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Figure 4.9: Percent adsorption of MB dye on the surface of photocatalyst C12.

Photocatalytic activity of single phase NbC-C nanocomposite sample (C12) was
observed with the help of MB dye, a cationic dye acquiring electrons from various donor
sites of photocatalyst. Figure 4.9 shows the percent adsorption of MB dye on the surface of
C12 under the dark chamber suggesting that the adsorption of dye is a strong function of
concentration of photocatalyst and adsorbate (MB dye). As a function of the concentration
of photocatalyst, adsorption was increased due to the high surface area for adhesion. The
adsorption of the dye got reduced with the increase in concentration of MB dye which
might be associated to the repulsive force among adsorbate molecules that are already
adsorbed on the surface.

Hereafter, the illumination of visible light was executed for 8.0 h to observe the
degradation of MB dye for which the decrement in the concentration of dye with respect to
irradiation time has been shown in figure 4.10a-c. With the help of these results, it can be
illustrated that as an effect of increased concentration of dye, the degradation of dye has

retarded significantly because the less adsorption of dye on the surface of photocatalyst
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diminishes the penetration of photon through solution to interact on the surface of

photocatalyst.
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Figure 4.10: Fractional change ((a) 1.0, (b) 2.0, (c) 3.0 mg/L) and percent degradation ((d)
1.0, (e) 2.0, (f) 3.0 mg/L) of MB dye in 8.0 h visible irradiation with the
presence of C12.
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Similar effect of initial dye concentration on photodegradation has also been studied
by Khan and Fulekar ?*> which was supported by the availability of adsorbed dye molecules
for the degradation with same amount of photocatalyst and catalyst deactivation at higher
dye concentration 2*>. However, for each concentration of dye, the degradation of dye has
increased upto 60.0 mg/L concentration of C12 which got quenched at 80.0 mg/L. Such
quenching behavior of degradation can be asserted with the hindrance to the penetration of
the visible light by photocatalyst resulting lesser excitation of photocatalyst even at higher
adsorption of dye. Further, degradation efficiency has been shown in figure 4.10d-f
suggesting the 54% degradation of 1.0 mg/L MB dye with the help of 60 mg/L of

photocatalyst which is higher than other experiments.
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Figure 4.11: First order kinetics of decolorization/degradation of MB dye with C12 (a) 1.0,
(b) 2.0, (c) 3.0 mg/L as MB concentration, and (d) comparative bar chart of
the final efficiency of C12 at different conditions.

Table 4.5 and figure 4.11a-c show the fitting quality and values of rate constant for
various reactions carried out under visible irradiation. Among all the photoreactions, 60.0
mg/L photocatalyst has degraded the 1.0 mg/L MB dye with the highest rate constant
0.0905 h!. While, all other configurations possess lesser rate constant due to various

reasons which have been already discussed. Further, a comparative bar chart has been
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shown in figure 4.11d depicting the degradation efficiency after 8.0 h irradiation. It is very
much clear that with the increase in the concentration of dye the photocatalytic efficiency
of C12 has been decreased but, catalytic performance of C12 was quenched beyond 60.0
mg/L in all dye concentrations.

Table 4.5: Details of photochemical reaction kinetics of MB dye with the help of C12.

Concentration (mg/L) Catalyst Efficiency Rate constant R?
Dye Catalyst (%) K (h')
1.0 20.0 Cl2 28.46 0.0434 | 0.97
1.0 40.0 Cl2 35.66 0.0568 | 0.98
1.0 60.0 Cl2 54.38 0.0905 | 0.98
1.0 80.0 Cl12 32.61 0.0531 | 0.97
2.0 20.0 Cl12 23.34 0.0326 | 0.98
2.0 40.0 Cl2 32.67 0.0339 | 0.90
2.0 60.0 Cl2 42.74 0.0656 | 0.98
2.0 80.0 Cl2 22.97 0.0291 | 0.97
3.0 20.0 Cl2 28.20 0.0324 | 0.94
3.0 40.0 Cl12 27.93 0.0334 | 0.96
3.0 60.0 Cl2 30.65 0.0392 | 0.97
3.0 80.0 Cl12 15.75 0.0201 | 0.98
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Figure 4.12: Direct mass spectrometry of initial MB dye solution and 1.0, 2.0 and 3.0 mg/L
dye solution degraded with the help of C12 under solar irradiations for 8.0 h,
respectively. With the increase in the concentration of dye solution, the
intensity of m/z =202.18 tends to decrease which confirmed the decrement in
the degradation of MB dye. Here, m/z =284.12 associated to the MB molecule
(excluded CI" ion).

To confirm the diminishing absorbance spectrum is related to decolorization or
photodegradation of MB dye, direct mass spectrometry (MS) was carried out in which m/z
= 284.12 is associated with the parent MB dye molecule which got transformed to the
combination of two major peaks (m/z = 202.18 and 284.12) in degraded solutions

confirming the degradation of dye as shown in figure 4.12.
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Figure 4.13: TOC analysis confirmed the degradation of MB dye under the exposure of
visible radiations after 8.0 h visible exposure with C12.
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Further, total organic carbon (TOC) confirmed the photodegradation of MB dye
suggesting 47.1% decrement of organic carbon present in the dye solution as shown in
figure 4.13. Moreover, 47% removal of organic carbon is slightly less than 54%
(absorbance spectra) suggesting that the degradation is slightly delayed process than
decolorization.

Further, to establish the mechanism responsible for the photodegradation of MB
dye, detection of reactive oxidative species was successfully carried out by adding various
scavengers in the reaction solution before the irradiation. Figure 4.14a represents the
degradation trend of the 1.0 mg/L MB dye with 60.0 mg/L photocatalyst in the presence of
different scavengers. In comparison to the initial degradation efficiency (54.3%) (in the
absence of any scavenger), addition of AO (h*), IPA (OH"), NS (e™) and AA (03) resulted
39.8, 38.9, 35.3 and 15.1% degradation of dye, respectively. These results asserted the
generation of reactive oxidative species in the following order; O > e~ > OH = h™.
Therefore, the photodegradation reaction is majorly dominated by the superoxide anion

radical which is responsible for the half reduction reaction occurred at conduction band of

the photocatalyst.
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Figure 4.14: (a) Effect of different scavengers (h*; e~, OH'and 05 scavenger), and (b)
Recyclability for the degradation of MB dye with the help of CI2 as
photocatalyst for 3 cycles.

Further, the applicability of as synthesized photocatalyst can be decided on the basis
of its reusability/recyclability. To check the recyclability of C12, three continuous cycles
of same experiment (1.0 mg/L dye with 60.0 mg/L. C12) were carried out after extracting
the photocatalyst by centrifugation (4500 rpm) followed by washing (with distilled water)
and drying (45 °C) with same concentration of solution under same illumination. An
excellent recyclability of photodegradation for 3 cycles has been observed as shown in

figure 4.14b.
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4.10. Proposed mechanism

Based on the results obtained from various steps of photocatalytic studies, it became
very essential to obtain the contribution of photocatalyst and transformation of reactive
oxidative species involved in the photocatalysis. Figure 4.15a represents the valence band
spectrum of C12 from where multiple valence band edge (VBE) are clearly obtained i.e. -
2.01 eV and 1.56 eV as an intercept on energy axis of extrapolated curve. Further, with the
help of optical absorbance spectrum of C12 (figure 4.7) the position of conduction band
edge (CBE) were calculated and shown in figure 4.15b.

The reduction potential edge of 0,/03 is -0.046 eV vs. NHE, comparable to the
calculated CBE i.e. -0.041 eV leading to easy generation of super oxide anion radical as
shown in figure 4.15b *. Figure 4.16 represents the mechanism for the photodegradation
of MB dye with the help of C12 in which the holes and electron were generated with the
illumination of visible light on valence and conduction bands, respectively, can be

described as following equations;

NbC + C + photon - NbC + C + h* + e~ 4.1)
Oz +e” > 07 (4.2)
03 + H,0 — OH: + OH- (4.3)
OH™ +h* - OH (4.4)

(@

100

[
o
1 1

Intensity (cps)
[<2]
o
1 n

2 0o 2 4 6 - 4
Binding Enerayv (eV) 1 .
Figure 4.15: (a) Valence band spectra and (b) band diagram of synthesized C12 confirming

the absorption corresponding to multiple phases showing generation of O .

It is very well-known fact that NbC has electronic structure similar to noble metals
and shows conducting behavior which might be a good support as photocatalyst to degrade
organic pollutants. Here, the synthesized photocatalyst (C12) has wide particle size
distribution having 120 nm as average particle size with very less specific surface area (17.7

m?/g). Moreover, the illumination of visible light to the dye and photocatalyst solution, Nb
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element is present in 3 oxidation states 2+, 3+ and 4+, simultaneously which may attribute
to the photodegradation reaction as follows;

Nb3* & Nb*t + e~ 4.5)
Nb2* & Nb3t + e~ (4.6)

%\ﬁsible light source
gk o J—
N Yag

CHs g«l CI- CHs

3 m/z=284.12
O~ . . N
Photocatalyst =
MB dye molecule
\
o
m/z=202.18

Figure 4.16: Proposed mechanism of the degradation of MB dye with the help of C12
under visible irradiation.

Further, valence band potentials obtained from valence band spectra of C12 also
confirmed the chemical reactions governing the generation of O3, responsible for the
photodegradation of MB dye molecule resulting a probable lighter organic molecule with

m/z = 202.18 as shown in figure 4.16.
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CHAPTER 5 RESULTS & DISCUSSION-II

Utilization of parthenium hysterophorous stems
(PH; Agricultural waste)

Overview

This chapter describes the synthesis of NbC-C nanocomposite by using stems of
parthenium hysterophorous (PH) a weed as carbon source. Optimization of synthesis
parameters (temperature, time, reducing agent i.e. Mg and PH content) have been carried
out to obtain single phase NbC. Optical and photocatalytic response of single phase NbC
samples (based on XRD results) are also discussed with the help of lattice distortion,
lattice carbon content (x in NbCx), absorbance spectroscopy and photodegradation
experiments considering similar conditions discussed in previous chapter. Further,
details of mechanism associated with degradation of dye has been discussed based on
structural features (TEM and Raman results), chemical composition (XPS results) and

different photodegradation experiments (scavenger, TOC analysis).
I ———
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5.1. Introduction

Parthenium hysterophorous (PH, rag weed parthenium in USA and carrot grass in India) is
a globally defamed weed to human and animals due to its toxic and allergic characteristics.
It invades and adapts new habitats by reducing indigenous cultivation. Moreover, it also
causes hay fever, dermatitis, bronchitis and asthma to human and livestock. In order to
understand the effect of carbon source and type of carbon (A/G/graphene), stems of
parthenium hysterophorous (PH; carrot grass) has been taken as carbon source to synthesize
NbC-C heterostructure. The use of PH contains dual approach; (1) utilization of agricultural
hazardous weed 7 and (ii) development of efficient photocatalyst (alternate to existing
compounds). Moreover, previous chapter has explained the effect of composition and other
structural parameters (particle size and surface area) on the photocatalytic activity to
degrade MB dye. But, type of carbon (A: amorphous, G: graphitic and graphene) in as-
synthesized samples also govern the catalytic performance of the synthesized compounds
8-11 Presence of A- and G- carbon exhibited additional surface area and electronic bridge
between carbide particles to facilitate charge transfer, respectively '>!3. Both of these
parameters are very important for the photo and electro- catalytic reactions. The details of
the synthesis parameters are given in table 5.1.

Table 5.1: Details of experimental conditions to obtain NbC nanopowder.

Precursor (g) Sample Temperature Holding time
Nb20Os Mg C (K9) (h)
1.329 3.5 2.0 Gl 600 1
1.329 3.5 2.0 G2 600 3
1.329 3.5 2.0 G3 600 5
1.329 3.5 2.0 G4 700 0
1.329 3.5 2.0 G5 700 1
1.329 3.5 2.0 G6 700 3
1.329 3.5 2.0 G7 800 0
1.329 3.5 2.0 G8 800 1
1.329 3.5 2.0 G9 800 3
1.329 3.5 2.0 G10 800 5
1.329 3.5 1.5 Gl1 800 0
1.329 3.5 1.0 G12 800 0
1.329 2.0 2.0 G13 800 0

5.2. Structural and morphological features of smoked CFs:

Prior to use the PH stems for the reactions, its XRD and SEM analysis were carried
out as shown in figure 5.1. It suggested the amorphous structure along with some minor
diffraction peaks associated to cellulose (~15°, 16.5°, 22.8° and 28.3°; ICDD: 00-050-2241
and 00-003-0223) while, figure 5.1b depicts the presence of flaky structures on the surface
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along with the tubular structure of around 50um (diameter) which might help for water

transportation.

— PH stems

Intensity (a.u.)

10 20 30 40 50 60 70
20 (Degrees)

Figure 5.1: (a) XRD pattern and (b) SEM . of cms sgestin e
presence of organic components cellulose, hemicellulose and flaky, tubular
morphologies.

5.3. X-ray diffraction (XRD):

Figure 5.2 represents the XRD patterns of all the synthesized samples at different
synthesis parameters (temperature, holding time and amount of PH). From the XRD
patterns, the formation of different phases at different synthesis conditions were determined
by matching the position of diffraction peaks with the ICDD cards as listed in table 3.2
(chapter 3). Sample G1-G3 consist of a mixture of NbO2 and Nb20s (monoclinic and
hexagonal) as shown in figure 5.2a suggesting the partial reduction of Nb20s (monoclinic)
to NbO2 at 600 °C. Moreover, at 600 °C, formation of NbO: supersede the Nb2Os phase
transformation (monoclinic and hexagonal) with increasing holding time (1.0 - 5.0 h). In
order to obtain NbC as a result of reduction and carburization of Nb20s, temperature was
raised to 700 °C (0.0 h holding time) which led to the complete phase transformation
(monoclinic to hexagonal) of Nb20Os (sample G4) as shown in figure 5.2b. However,
increasing holding time (1.0 and 3.0 h) at 700 °C resulted the mixture of NbC+C (G5, G6),
respectively (figure 5.2b). Formation of NbC along with graphitic carbon as minor phase
(figure 5.2b) may be associated to in-situ reduction followed by carburization of Nb20Os at
700 °C . To understand the effect of synthesis temperature and holding time, experiments
were performed at 800 °C with different holding times (0.0, 1.0, 3.0 and 5.0 h) as shown in
figure 5.2¢ (G7-G10).

All these samples contain single phase NbC pattern having small content of
graphitic carbon with almost equal volume fraction of NbC and carbon which is shown in

table 5.2. Since, with 0.0 h of holding time at 800 °C, single phase NbC has been obtained,
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so the other parameters such as amount of PH and Mg powder needs to be optimized at

same conditions.
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Figure 5.2: XRD diffraction patterns showing the influence of different synthesis
parameters; temperature (a) 600 °C (1.0, 3.0 and 5.0 h), (b) 700 °C (0.0, 1.0
and 3.0 h), (¢) 800 °C (0.0, 1.0, 3.0 and 5.0 h) and (d) amount of PH (2.0, 1.5
and 1.0 g), reducing agent (Mg; 2.0 g) at 800 °C (0.0 h holding time) on phase
formation. Symbols: * (NbC), a (Nb), B (NbOz2), A (Nb20s) and ° (graphitic
carbon).

To optimize the amount of PH, 2.0, 1.5 and 1.0 g were also used at 800 °C with 0.0
h holding time which are shown in figure 5.2d as G10, G11 and G18 respectively. As an
effect of variation in amount of PH, G11 contained lesser amount of graphitic carbon
(1.91%) than G10 along with higher NbC content as listed in table 5.2. While, G18 showed
less intense diffraction peaks than G10 and G11 which can be attributed to the insufficient
amount of carbon present in the autoclave to form NbC (figure 5.2d). Further, amount of
reducing agent was also reduced (2.0 g) to understand the role of reducing agent (Mg)
which showed the partial reduction-carburization of Nb20s associated to insufficient
amount of Mg metal powder to reduce Nb2Os as represented by G13 in figure 5.2d. XRD

pattern of G13 represents the mixed phase consisting Nb metal (most intense diffraction
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peak) and NbO (matched with 2 different ICDD cards; 01-074-1709, 00-042-1125)
depicting the insufficient reduction of Nb2Os.

34.729
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Figure 5.3: XRD patterns of all single phase NbC samples showing the higher angle
shifting of diffraction peaks of (111) and (200) planes. Inset shows the
magnified (111) peak with the marked standard position of (111) plane of
ICDD 01-089-3690.

During the reduction-carburization of the Nb2Os, the transportation of C and O
resulted the evolution of CO/COz as byproducts inducing the distortion of the NbC lattice
and porosity on the surface °. With the help of XRD patterns of NbC, it was observed that
diffraction peaks were shifted to higher diffraction angle leading to compressive strain in
lattice as shown in figure 5.3.

Table 5.2: Volume fractions of NbC and graphitic carbon in different samples (G10-G11)
at different synthesis conditions.

Volume fraction (%) SSA Pore volume Avg. Pore size
Carbon NbC (m?%/g) (cm’/g) (nm)
G10 6.33 93.67 5.21 0.063 1.26
G6 8.29 91.71 13.39 0.071 1.25
G7 5.34 94.66 8.29 0.049 1.31
G8 5.18 94.82 4.21 0.052 1.24
G7 3.43 96.57 5.75 0.048 1.27
G10 5.38 94.62 9.23 0.061 1.26
Gl1 1.91 98.09 49.47 0.121 4.58

5.4. Williamson-Hall (W-H) analysis:

The XRD results of single phase NbC obtained at different synthesis conditions
show higher angle shifting in all the samples. The nature of distortion was estimated with
the help of W-H analysis by assuming the homogeneity of (i) strain, (ii) stress and (iii)
strain energy density as three different models USM, USDM and USEDM, respectively
1516 Among all the W-H models, uniform strain model (USM) provided the better results

(R?=0.99) depicting the homogeneity of strain throughout the NbC lattice as compared to
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other model (USDM and USEDM) as shown in figure 5.4. Various postulates of W-H

analysis have been listed in table 5.3. It is observed that there is not much variation of lattice

strain in all the single phase NbC samples (G5-G11) whereas, the variation in crystallite

size calculated from W-H models can be associated to the underestimation of contribution

of strain in the peak broadening in Scherrer’s method. Therefore, Crystallite size of NbC

was estimated by W-H models and Scherrer’s criteria suggesting ~80 nm and ~30 nm,

respectively.
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Figure 5.4: Representative graphs of (a) USM, (b) USDM and (c) USDEM models of W-
H analysis for sample G11.

Table 5.3: Lattice carbon content (x), lattice constant (a) and W-H postulates of various
samples using PH stems.

Sample X a USM USDM USEDM Scherrer
ID A £, t, G, £, t, u, X105, G, £, t, t, nm
x104 | nm | GPa | x10* | nm kJm3 GPa | x10* | nm
G5 0.875 | 4.462 16.7 | 83.0 0.44 10.6 | 59.5 33.30 0.53 12.6 | 70.0 33.1
G6 0.888 | 4.463 154 | 89.4 0.49 11.6 | 62.4 39.32 0.58 13.6 | 74.9 32.6
G7 0.890 | 4.463 15.0 | 79.2 0.47 11.2 | 57.1 37.01 0.56 13.2 | 67.3 31.5
G8 0.890 | 4.463 13.8 | 81.5 0.42 9.9 | 58.0 30.41 0.51 12.0 | 68.3 334
G9 0.912 | 4.465 144 | 80.1 0.45 10.7 | 58.2 33.96 0.54 12.7 | 68.6 32.5
G10 0.904 | 4.465 144 | 82.5 0.49 10.7 | 59.2 33.82 0.54 12.7 | 70.0 32.9
Gl11 0.881 | 4.462 142 | 57.3 0.44 10.6 | 45.2 33.01 0.53 12.5 | 50.9 28.1
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5.5. Transmission electron microscopy (TEM):

Figure 5.5: TEM micrographs of G11 showing (a) NbC NPs encapsulated in carbon
(graphitic) network, (b) HRTEM (lattice fringing) corresponding to NbC
(0.25 nm, (111) plane) and g-carbon (0.33 nm, (002) plane) and (c) TEM and
SAED pattern depicting the polycrystalline agglomerated NbC NPs.

Morphology of the synthesized nano powder samples was studied by TEM analysis as
shown in figure 5.5 for G11. As observed from XRD results, the presence of graphitic
carbon can be interpreted as a continuous network in which NbC NPs are embedded as
shown in figure 5.5a. HRTEM micrograph of G11 is shown in figure 5.5b in which lattice
fringing confirmed the presence of NbC NPs (dark region) and graphitic carbon (magnified
structures are shown in insets marked with * and **). Further, figure 5.5¢ shows the NbC
aggregate and the corresponding SAED pattern, shown below, suggesting the
nanocrystalline nature of synthesized NbC NPs. Moreover, TEM micrographs of other
single-phase samples (G5, G7 and G10) (as shown in figure 5.6) confirmed the presence of
NbC NPs embedded in graphitic carbon network. TEM micrographs suggested the
formation of the irregular spherical shape of NbC nanoparticles with non-faceted growth.
Figure 5.5 represented the homogenous distribution of NbC nanoparticles as compared to
other samples as shown in figure 5.6.

The lognormal distribution of particle size of NbC NPs suggested the narrower
distribution of NPs in G11 with ~66 nm (mean diameter) whereas for other samples (G5,
G7 and G10), it exhibits wider distribution as shown in figure 5.7, further supporting the

average crystallite size calculated by W-H models.
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Fgure 5.6: TEM micrographs of (a) 5, (b) G7 and (c) G10 showing the presence of NbC

nano particles along with the graphitic carbon.
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Figure 5.7: Particle size distribution of G5, G7, G10 and G11 sample obtained from TEM

micrographs showing a very narrow size distribution in G11 as compared to
other samples. In case of samples G5, G7 and G10, the average particle size
was calculated to be 112, 108 and 106 nm, respectively.
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The presence of different elements (Nb, C and O) throughout the particle has been
confirmed with the help of energy dispersive spectroscopy (EDS) pattern and elemental
line/area profile as shown in figure 5.8. Figure 5.8a represents the TEM micrograph of the
selected area for EDS analysis in which presence of Nb, C and O is shown in figure 5.8c*.
Moreover, unmarked peak around 8-9 keV is associated to Cu which may be observed due
to the loading of powder sample on Cu grid for TEM analysis. Elemental distribution
profile has also been observed to understand the transformation pathway of Nb2Os to NbC
as shown in figure 5.8b confirming the presence of NbC NPs along with the homogeneous
distribution of oxygen inside the particle and also the presence of rolled graphene sheet
marked in figure 5.8b. Further, the presence of oxygen throughout the NPs was also
monitored by elemental line profile, estimating the concentration of Nb, C and O along a
straight arrow marked in figure 5.8c. Figure 5.8c** represents the concentration profile of
the linear region corresponding to magnified area shown below it in which the presence of
Nb and C has been confirmed with increased concentration profile on the black region.
Moreover, the content of oxygen is very less as compared to carbon inside the NPs (figure
5.8¢**) which also has a decreased profile near the periphery of the NPs. The presence of
oxygen inside the NbC lattice might be contributing to the lattice distortion (section 5.4)
and hence, harvesting NbCxOy or NbO, centers inside the particles !7!®. These NbCxOy or
NbO; centers may contribute to the absorption of light stimulating the generation of e-h"

pairs.

"(a) )

b

Rolled
graphiticsheet

Ad

100nm

GI1 ap, (b) elemental distribution of Nb, C and

O depicting the presence of oxygen within the NbC NPs. (c) elemental line
profile suggests the low concentration of O inside the NbC nanoparticle.
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5.6. BET analysis:

As an effect of synthesis parameters (temperature, holding time and amount of PH)
on specific surface area (SSA) and pore distribution, BET/BJH analysis was carried out for
all the single phase NbC samples (based on XRD results) which is shown in figure 5.9 and
table 5.2. Figure 5.9a represents the closed adsorption-desorption isotherms for different
samples (G5-G11) indicating the type IV hysteresis loop in the range of 0.3<P/Po<1.0.
Moreover, as a result of reduction-carburization of Nb2Os particles, evolution of CO/CO2
led to induce mesoporous surface of synthesized nanocomposite samples with a wide pore
distribution as shown in figure 5.9b 6. Among all the synthesized samples, G11 possessed
highest SSA i.e. ~49.5 m*/g with larger pore volume (~0.12 cm?/g) and wider pores (~4.6
nm) which could stimulate better adhesion of dye molecules on the surface of photocatalyst.
As far as synthesis temperature and holding time are concerned, significant variation was
not observed in SSA and pore distribution except G11. While, reduced amount of PH (G11)

enhanced the surface area along with the pore volume as compared to other samples.
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Figure 5.9: (a) Adsorption-desorption curve (BET) and (b) pore size distribution (dV/dD)
curve for all the single phase NbC samples (G10-G11).
5.7. X-ray photoelectron spectroscopy (XPS):

Figure 5.10 and 5.11 represent the chemical composition on the surface of
photocatalyst for which XPS analysis was carried out for G5, G7, G10 and G11. Figure
5.10 confirmed the presence of Nb, C and O on the surface of the synthesized photocatalysts
from survey spectrums. Deconvoluted HR-XPS spectra of all the elements are shown in
figure 5.11. Various oxidation states (corresponding to different compounds) of Nb, C and
O have been listed in table 5.4 along with their respective volume fractions. All the samples
possess mixture of NbC, NbCxOy, NbO2 and Nb20s on the surface of the NPs while XRD
results suggested single phase NbC pattern. The observed XPS peaks of Nb20Os/NbO2 along
with NbCxOy might be associated to the entrapped oxygen (Nb-O) near the surface of the
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NPs during the reduction process. G5, G7 and G10 have almost similar amount NbC and
NbCxOy on the surface whereas higher content of NbC and NbCxOy (22.9 and 23.7%,

respectively) was observed in G11.
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Figure 5.10: Survey spectrum of G5, G7, G10 and G11 confirming the pressence of Nb, C
and O on the surface of synthesized photocatalyst.
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Figure 5.11: HRXPS spectra of G5 to G11 of Nb3d, Cls and Ols (top to down) showing
the presence of various functional groups.
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Table 5.4: Results obtained from HR-XPS spectra of Nb3d, Cls and Ols of G5, G7, G10

and G11.
Group GS G7 G10 Gl11

B.E. Volume B.E. Volume B.E. Volume B.E. Volume

(eV) (%) (eV) (%) (eV) (%) (eV) (%)
NbC 203.7 17.8 | 203.7 16.9 | 203.7 14.8 | 203.8 22.9 o

206.4 206.5 206.5 206.5
NbCiOy 204.2 19.8 | 204.2 18.3 | 204.0 16.1 | 204.2 23.7

207.1 206.9 206.7 206.9
NbO: 205.6 3.6 | 205.9 5.2 | 205.7 8.9 | 205.7 4.5

208.3 208.6 208.4 208.4
Nb20s 207.3 58.8 | 207.7 59.6 | 207.6 60.2 | 207.5 48.9

210.1 210.4 210.4 210.2
NbC 282.4 49 | 282.4 5.1 2824 32| 2824 8.3 22
NbC 283.2 1.4 | 2833 1.8 | 283.4 35| 2833 6.1 B
C sp? 284.4 54.6 | 2844 43.6 | 284.4 504 | 2844 353 19
C sp? 284.8 17.3 | 284.7 23.2 | 284.7 19.3 | 284.6 24 .4 2326
C-OH 285.6 9.6 | 285.5 11.2 | 285.5 79| 2854 9.6 2326
C-0 286.6 3.6 | 286.6 4.7 | 286.5 6.2 | 286.3 4.2 2627
C=0 287.9 2.6 | 288.7 4.8 | 288.9 3.1 | 287.2 2.6 w
n-m* 290.3 3.5 | 290.6 2.7 | 290.5 2.8 | 289.3 44 *
0=C-0 292.4 2.5 293.0 29| 292.6 36| 291.8 5.1 i
Nb20s 530.3 438 | 530.7 47.5 | 530.6 48.8 | 530.6 50.2 »
OH/Oy 531.4 476 | 531.9 42.9 | 531.9 433 | 531.5 33.9 0
H:0/C= 532.9 8.6 | 5333 9.6 | 5334 7.9 | 532.6 15.8 .
0]

Moreover, due to the decomposition of PH stem, several organic compounds might
have formed which may further produce carbon above 400 °C which is responsible for the
carburization of Nb resulting NbC ¢32%3. As a result of carburization reaction, several
organic functional groups were found on the surface of the photocatalysts as shown in
figure 5.11. Binding energies of 284.1 and 284.8 eV were associated to the sp? and sp’
hybridized carbon present in the samples (respectively) with higher volume fraction of C
(sp?). Moreover, 282.4 2122 and 283.2 eV 2** can be related to NbC. Further, the presence
of C-OH, C-0O, C=0, n-n* and O=C-O may be affirmed with peaks at 285.6, 286.6, 287.9,
290.3 and 292.4 eV, respectively 2>7. The presence of such organic functional groups
might alter the photocatalytic activity of synthesized sample which is discussed in
subsequent sections.

The HRXPS spectra of oxygen revealed that the binding energies near 530.3, 531.4
and 532.9 eV may be associated to Nb oxide, oxygen vacancies (Ov) and adsorbed
H>O/carbonyl (C=0) group, respectively 213, The presence of Oy and Nb oxide near the
surface of as-synthesized photocatalysts can be attributed to the reduction-carburization
reactions responsible for the formation of NbC. The highlight of the Ols spectra of studied
samples is the decreased Ov content in G11 as compared to other samples which would

surely harvest the photocatalytic characteristic of the synthesized samples.
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5.8. Absorbance and photoluminescence (PL) spectroscopy:

In order to use the synthesized nanocomposite samples as photocatalyst, the optical
properties have been studied to observe absorbance and emission spectra. Figure 5.12a
shows the absorbance spectra of G5, G7, G10 and G11 depicting the high absorbance of
visible radiations (400-800 nm). The decrement in absorbance between 240 and 320 nm
may be associated to graphitic carbon as graphene which has also been supported by
various research groups >°37. Moreover, all four samples show slight increment in
absorbance in visible region (430-750 nm) which might be associated to the presence of

NbCxOy centers in NPs as observed from line profile of STEM microstructures %,
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Figure 5.12: (a) UV-visible absorption spectra in which shaded region depicts the
fluctuated absorbance due to switching of WI lamp (visible) to D2 lamp
(UV) and (b) PL emission spectra of single phase NbC samples (G10-G11).

The photoluminescence (PL) emission spectra (Aexe=340 nm) of same samples from
350 to 800 nm was also taken to observe the rate of recombination in the sample as shown
in figure 5.12b. A broad emission spectra (upto 650 nm) of the synthesized samples can be
attributed to the disordered graphitic carbon consisting of various organic functional groups
along with m-* transitions (observed from XPS results) and attachment of oxygen atoms
to graphitic sheet providing some optical signature of graphene oxide (GO) ***2, Emission
peaks around 500 nm (~435-450, ~490 and ~540 nm) can be attributed to the transfer of
electron from carbon to oxygen in GO, due to the shifting of highest occupies molecular

orbital (HOMO) downward as opening of band gaps *'*3.

5.9. Raman spectroscopy:

Figure 5.13a shows the Raman spectra of synthesized nanocomposite samples
consisting 3 major bands around 1350, 1580 and 2700 cm™! representing the presence of

disordered (D- band), graphitic (G- band) and 2D graphitic carbon, respectively *4,
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Raman spectra of all the considered samples do not exhibit any signature of Nb-O vibration
(around 550-750 cm™) suggesting the absence of Nb oxide(s) (which has been observed
from XPS spectroscopy). Moreover, figure 5.13b suggested the slight shifting of D- and
2D- band towards lower frequency which might be associated to the inhomogeneous self-
doping of electrons and holes in graphitic network **. Figure 5.13c represents the
convoluted spectrum of G7 in which Lorentzian peak function was used to de-convolute to
locate the position, FWHM and intensity of various bands has been shown in table 5.5. The
presence of second order D- band (2D) suggested the loss of 3D ordering and the presence
of turbostratic graphite with c-axis ordering. FWHMo:p is higher than 50 cm™ which might
be associated to the presence of defects in graphitic carbon **46,

Table 5.5: List of different bands obtained from deconvolution (Lorentzian peak function)
of Raman spectra of G5, G7, G10 and G11.

Sample | Raman band — D- G- D’- 2D-
G5 Position (cm™) 1345.94 1578.92 1612.80 2698.70
FWHM (cm™) 48.88 22.77 20.88 69.03
G7 Position (cm™) 1344.55 1573.01 1608.89 2692.36
FWHM (cm) 47.96 22.41 14.02 94.61
G10 Position (cm™) 1339.52 1575.93 1607.66 2694.27
FWHM (cm) 45.89 23.67 23.06 86.10
G11 Position (cm™) 1343.06 1578.86 1605.74 2698.12
FWHM (cm™) 49.20 23.25 32.46 76.74
——G11——G10 (b) G11 G10 G5
2 2 2
ig J——JJ\‘A E - Jh ﬁi
500 1000 1500 2000 2500 3000 1200 14‘00 2800 2800 1500 2500 3000
RAMAN shift (cm™1) RAMAN shift (cm™T) RAMAN shift (cm™T)
(d) (e) ——IDNG [05
0310 > —o—12D/IG
=} 0.4
= ID/ID' ~2.25 -
0.2 boundary 10-3
0.1 * 10.2
oo ID'IG 101
0.00 0.04 0.08 0.12 G5 G7 G10 G11

Figure 5.13: (a) Raman spectroscopy of G5-G11 confirming the presence of graphene as
D, G and 2D bands, (b) Variation in the D and 2D bands of different samples
consisting broadened 2D band due to the presence of multilayered graphene
47 (c) de-convoluted Raman spectrum of G7 showing the contribution of
disordered graphitic carbon (D- band), graphitic carbon (G- band) and 2
dimensional graphitic carbon (graphene; 2D- band), (d) In/lc vs. Ip/l
representing the nature of defect as boundaries **, and (e) Variation of Ip/Ig
and Ip/Ip with respect to different samples.
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Eckmann et al. *® suggested that D- and D’- band can provide the nature of defects
which are present in the sample as shown in figure 5.13d. It clearly represented the trend
of Ip/Ip ratio for all the samples, came out to be ~2.25 (<3.5), can be correlated to the
nature of defects i.e. grain boundaries. Figure 5.13e represents the In/Ig and Ip/I2p for all
four samples in which increasing In/Ic from G7 to G11 can be interpreted as smaller
graphitic grain with higher disordered surface and high sp*-like defects ***’. Decrement of
Lo/l from G5 to G11 indicated the increment in graphitic character than graphene *°.
Considering all the observed structural features of carbon which are present in the samples,
photocatalytic study has been carried out which is discussed in the following section.

Based on XRD, TEM, XPS and Raman spectroscopy, it can be formulated that as
synthesized nanopowder samples exhibited a mixture of NbC and graphitic carbon
(disordered and multilayered). While, elemental profile (TEM; figure 5.8) and XPS (figure
5.11) suggested the presence of oxygen inside the NbC lattice in the form of Nb oxide(s)
or Nb oxy-carbide which has not been observed in XRD and Raman analysis (figure 5.2
and 5.13). Figure 5.14 symbolizes the schematic representation of NbC nanoparticle in
which carbon forms a layer on the Nb2Os particle and formation of NbC occurs as a result
of simultaneous reduction-carburization i.e. temperature and time dependent process '°.
Due to the diffusion of carbon from periphery to the core of particle, there might be a
possibility of entrapment of oxygen inside the particle resulting NbCxOy (near periphery)
or Nb oxides (at the core) as observed from XPS analysis. These oxygen centers induced
the optical active sites in NbC nanoparticles which would be helpful to tailor the

photocatalytic reactions.

» C coating
NbC

Trapped O
resulting NbC,0,

Nb-oxide(s)

Figure 5.14: Schematic representation of the presence of oxygen centers leading to
NbCxOy or NbOy: inside the synthesized NbC nanoparticles embedded in
graphitic carbon network.
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5.10. Photocatalysis study:

Adsorption of MB dye
in dark chamber

Adsortion-desorption equillibrium

1
: 56.7%
|
|

0-3 T T T I' T T T T T T T T T
0 20 40 60 80 100 120
Time (min)
Figure 5.15: Relative change in the concentration of MB dye without irradiation in the
presence of G11. Adsorption curve represents the adsorption saturation of
MB dye beyond 30 min which has been adopted to establish adsorption-
desorption equilibrium for photocatalytic experiments.

For the photocatalytic study, single phase NbC samples were chosen to understand
the effect of composition and carbon present in the sample. MB dye (a cationic dye, also
known as an electron receptor) was used as a model organic compound. Prior to
photodegradation of MB dye under visible irradiation, adsorption behavior of the dye
molecule on the surface of Gl1 revealed the establishment of adsorption-desorption
equilibrium within 30 min as shown in figure 5.15.

Figure 5.16a represents the adsorption of dye molecule on the surface of the
different photocatalysts in 30 min under dark chamber. Among all the considered samples,
G11 showed the highest adsorption of MB dye which may be associated to its smaller
particle size, more SSA and pore volume than other samples (G10-G11). Figure 5.16b
shows the discoloration/degradation efficiency of the all the photocatalysts under visible
irradiation in which G11 has shown almost 100% efficiency. The photochemical reaction

kinetics was estimated with the help of pseudo first order law which can be described as
_ln(C / CO):K‘[; where Co, C, t and K are the initial dye concentration (at t=0), concentration
of dye at time ‘t’ and rate constant, respectively. Rate constant and quality of fitting has
been shown in figure 5.16c and table 5.6 where G11 showed the highest rate of

photochemical reaction (0.553 h™!) with R?> = 0.98 among all the studied samples. Moreover,

all the considered samples followed pseudo first order law as R? > 0.96.
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Table 5.6: Details of photochemical reaction kinetics of MB dye with the help of G5-G11.

Concentration (mg/L) Catalyst Efficiency Rate constant R?
Dye Catalyst (%) K (h)
1.0 60.0 G5 72.04 0.1603 0.99
1.0 60.0 G7 72.91 0.1716 0.99
1.0 60.0 G10 42.03 0.0791 0.96
1.0 60.0 Gl11 100.0 0.5537 0.98
30-(3) Adsorption of MB dye 100 - (b)
under dark for 0.5h ~
© ] 0 > ]
c60] 3 ¢ o 51 §%
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0. 0 ' ' ——G11 ' '
G5 G6 G7 G8 G9 G10 G111 0 2 4 6 8
Iraradiation time (h)
(c) = G5 « G6 4 G7 v G8 1004(d)
4. ¢ G9 « G10 » G11
c 80
.0
S 3 g 60+
Q ) —=—MB-G11
_$ 2+ O 40 —e— MB Nb,O5
Qo —a&— Phenol-G11
5
11 20
0' T T T T 0 T T T T
0 2 4 6 8 0 2 4 6 8
Irradiation time (h) Iraradiation time (h)

Figure 5.16: (a) Adsorption of MB dye on the surface of photocatalyst during adsorption-
desorption equilibrium under dark, (b) percent degradation of MB dye under
visible irradiation, (c) -In(C/Co) vs. time to determine the rate constant of
degradation using pseudo first order reaction method, and (d) comparative
degradation profile of MB dye and N-phenol in the presence of G11 and
precursor (Nb20s).

Since, MB dye is a visible active compound and the presence of unreacted Nb2Os
in the powder sample, another set of experiments were planned to confirm the
photodegradation of MB dye where photodegradation of N-phenol and MB dye (G11 and
Nb20s, respectively) were observed with respect to MB dye in the presence of G11. Figure
5.16d represents the comparative removal profile of N-phenol and MB dye in the presence
of GI1 and Nb20s. It has been found that the synthesized G11 participates in
photodegradation reactions as catalyst and the removal of MB dye includes simultaneous
photodegradation and photosensitization process resulting better efficiency than that of N-
phenol and Nb20s. In order to confirm the decreased absorption is attributed to the

photodegradation of MB dye, the scavenger test and total organic carbon analysis (TOC)
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as shown in figure 5.17 was done. The most efficient photocatalyst i.e. G5 was used for
scavenging tests in which the contribution of reactive oxidative species (ROS) were
detected by trapping various ROS such as electron (e ™), hole (h*), hydroxyl radical (- OH)
and superoxide anion radical (0 ) with the help of different reagent. Figure 5.17a shows a
comparative degradation efficiency in the absence and presence of different scavengers in
which a significant decrement of efficiency was observed with the addition of scavengers.
Among all the ROS, 0; (G11+AA) showed the most dominant contribution (~80%
reduction) to the photodegradation of MB dye as least efficiency was observed after 8h of
visible irradiation. Moreover, rest of the scavengers also reduced the photocatalytic
efficiency of GIl1 by almost 35%. Further, TOC results also supported the
photodegradation of MB dye, instead of photo-adsorption, by showing 83.1% reduction of
organic carbon (after the illumination) for G11 sample while, absorbance spectroscopy
suggested complete removal of MB dye. Such photochemical phenomenon might be
associated to the delayed dissociation of organic carbon present in the solution than the

discoloration process which is observed in TOC results as shown in figure 5.17b.

(@) —=—G11——G114PA 100-(b) [_Joh 83.14
1001 _aG11+an ] [ 18h r
—v— G11+A0 80 62.99 [ 1% change
S go| —+ocins 60- . il
g a0
c = 40 33.14
9 60- 2 1 =
= 3 19| 1268
5 ]
S 40 8 10 837
o - 85 6.51
8 201 612 : 5.59 5.78
4 2.32 2.59
0- g 0.39
0 1 2 3 4 5 6 7 8 G5 G7 G10 G11
Irradiation time (h)
100](C) —=— NBT dark —— NBT Light 1004 (d)
X 80 X 801
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S <
S 40 S 40
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0 20 a 20-
0 0
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Figure 5.17: (a) Detection of ROS species during the photodegradation of MB dye using
G11, (b) total organic carbon (TOC) in different studied photocatalysts, (c)
generation of superoxide anion radical using NBT in the presence of G11 in
8.0 h visible irradiations and (d) reusability of same photocatalyst (G11) for
4 cycles under same conditions of photodegradation test.

82



Sarmple Mame : B0 INDIAN INSTITUTE ©OF TECHNOLDGY XEVOD G2-KE QTOF
Tast Mame : DMASE-1
FOTIT-30 7 (2128 Cm (5107 2522 1. TOF WS ES+

i FEIRT 250
Eo|
20508
A
ansas  OBM 15,
i o I
{10 VI = VI v T |
Sarmnple Mame : 15 INDIAN INSTITUTE ©OF TECHNOLDGY XEVOD G2-KE QTOF
Tast Mame : D MASE-1
ACHIT-15T (00 126) G (5 10-15.40) 1.TOR WS ES+
il A F47S
Eo|
Fa
o 19577 24518 21y - —
B oSO e D OO0 Wi R Fom o gy BN camenes sy T s,
WOME0 TR RN TAL O BSL GED PRI RE) a0 JAL SH) SED AL S0 W0 BED D ol

Figure 5.18: Mass spectrometry data of parent dye solution showing a peak at m/z=284.16
which got converted to m/z=202.17 after photodegradation under visible
radiations for 8h with the help of G11 confirming the decreasing absorbance
(obtained from UV-visible spectroscopy) is associated to the decomposition
of MB molecule.

Further, mass spectrometric results also supported the photodegradation of MB dye
as m/z=284.16 got converted to m/z=202.17 as shown in figure 5.18. In order to confirm
further, the generation of superoxide anion radical, UV-visible spectroscopy using nitro

blue tetrazolium (NBT, 50 ml solution of NBT; 0.04 g/L with 0.01 g of G-11; maximum
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absorbance ~259 nm) was adopted as shown in figure 5.17c. It is already reported that as a
result of reaction of NBT with O radical, NBT gets transformed to formazan (mono and

di) and hence, the absorbance got reduced °'.

Recyclability/reusability of the synthesized sample expresses its applicability as
photocatalyst for industrial purposes. For such test, used photo-catalyst (G11) was again
charged for photodegradation reaction under same conditions after extracting it
(centrifugation @4500 rpm, followed by washing with distilled water and drying at 45 °C).
Figure 5.17d represents the excellent recyclability of G11 for 4 continuous cycles under

visible irradiations.
5.11. Proposed degradation mechanism:

Based on the above discussed results, detailed mechanism responsible for such
remarkable photocatalytic efficiency of synthesized powder was formulated. Due to the
presence of NbCxOy or NbO; inside the NbC NPs and trapped oxygen in graphitic sheets,
significant absorption of visible radiations was observed >>°*. Valence band potential
(VBE) and conduction band potential (CBE) were calculated with the help of valence band

spectra and optical band gap, respectively as shown in figure 5.19 and table 5.7.
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Figure 5.19: (a) Valence band spectra used for photocatalytic study and (b) Tauc plot to
estimate the optical band gaps of G5-G11 samples.

Table 5.7: List of valence band position and optical band gaps.

Sample | VB1 (eV) | VB2 (¢V) | Eg (eV) | Sample | VB1 (eV) | VB2 (eV) | Eg (eV)
G5 -2.66 1.03 1.59 G10 -2.33 1.24 1.19
G7 -2.24 1.44 1.64 Gl11 -2.10 1.15 1.28

With the help of Raman spectroscopy, it can also be observed that increased defects
with smaller graphitic grains enhanced the photon absorption ability of synthesized
photocatalyst. Here, the photo-generated electron-hole pair will be transferred towards the

surface through NbC/g-C heterojunction (observed emission corresponding to charge
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transfer between C and O, figure 5.12b). Further, the photo-generated charge carriers will

participate in various photochemical reactions on the surface which are as follows:

h
NbC + C 0 NbC + C+ h* + e~ (5.1)
OH- + h* - OH' (5.2)
0, + e~ (graphene) - 0, (5.3)

-0.041 eV vs. NHE is considered as the reduction potential edge of 0,/0; which
is slightly lower than the position of CBE of G11 i.e. -0.19 eV vs NHE resulting to an easy
generation of superoxide anion radical responsible for the degradation of MB molecule
under visible irradiations >*. Our previous study has elucidated that heterostructure of NbCx
and carbon led to efficient photo-absorption ability *°. Figure 5.20 represents the
photodegradation mechanism of MB dye with the help of G11 under visible irradiations.
Although, all the considered samples showed single phase NbC XRD pattern, Nb did not
possess its single oxidation state corresponding to NbC but, it is existing with variable
oxidation states (3+, 4+ and 5+ associated with NbC, NbCxOy, NbO2 and Nb20s) on the
surface of NPs. These variable valence states would participate in photochemical reactions
by providing electrons for the generation of superoxide anion radicals which can be
described as follows:

Nb3* & Nb** +e7;  Nb*" & Nb>* + e~ (5.4)

~

Figure 5.20: Proposed photodegradation mechanism under visible irradiations.

In lieu of various structural features (particle size, SSA and pore volume), the
presence of NbCxOyNbO: centers induced the photo-active sites while, NbCx/g-C
enhanced the charge transfer phenomenon on the surface. Therefore, G11 possessed
superior photocatalytic performance than other samples (G5, G7 and G10) despite of
exhibiting single phase NbC XRD patterns.
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CHAPTER 6 RESULTS & DISCUSSION-III

Utilization of cellulose acetate
(CA; major component of CFs)

Overview

In this chapter, the formation of NbC-C nanopowder by using chemical grade
cellulose acetate (CA) has been discussed. Being a major component of cigarette filters
(CFs), CA has been selected as carbon source to understand and compare the effect of
both reagents (CA and CF) for obtaining nano NbC. Optimization of parameters
(temperature and time) has been carried out with the help of XRD results. Using CA,
single phase NbC samples were synthesized at different temperatures (700 and 800 °C).
The structural and optical properties of these synthesized samples are compared as the
synthesis conditions used here are different. Based on XRD, TEM and Raman results,
temperature dependent growth of nanoparticles and the nature of carbon coating on the
surface of nanoparticles have been discussed in this chapter.

Further, optical and photocatalytic response of single phase NbC-C samples
(based on XRD results) are also compared and associated photocatalytic mechanism has

also been discussed in this chapter.
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6.1. Introduction:

Smoked cigarette filters mainly consist of cellulose acetate (CA). Considering its
very good carburization property as described in chapter 4, the present work is undertaken
to synthesize NbC from CA. CA is an industrial raw material for many applications like
frame materials eyeglasses, playing cards, photographic films, apparels and diapers etc.
The use of CA as carbon source can provide sufficient comparative data to understand the
effect of laboratory grade chemical and waste material i.e. smoked cigarette filters. Here,
the optimization of synthesis parameters has been discussed by using laboratory grade CA
to obtain single phase NbC nanopowder. Table 6.1 represents the details of experimental
conditions at which chemical reactions were carried out.

Table 6.1: Details of experimental conditions to obtain NbC nanopowder.

Precursor (g) Sample Temperature Holding time
Nb2Os | Mg CA (&9 (h)
1.329 2.0 1.0 CAl 800 0
1.329 2.0 1.0 CA2 800 2
1.329 2.0 1.0 CA3 800 5
1.329 2.0 1.0 CA4 800 10
1.329 2.0 1.0 CAS 800 15
1.329 2.0 1.0 CA6 700 0
1.329 2.0 1.0 CA7 700 2
1.329 2.0 1.0 CA8 700 5
1.329 2.0 1.0 CA9 700 10
1.329 2.0 1.0 CA10 700 15
1.329 2.0 1.0 CAll 600 0
1.329 2.0 1.0 CAI2 600 2
1.329 2.0 1.0 CA13 600 5
1.329 2.0 1.0 CAl4 600 10
1.329 2.0 1.0 CA15 600 15
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Figure 6.1: XRD and SEM of cellulose acetate (CA) used for the synthesis of NbC
nanopowder.

Figure 6.1 represents the XRD pattern of cellulose acetate which is in support with
cigarette filters (as shown in figure 4.1) and SEM micrographs depicted the porous and

fibrous morphology of the cellulose acetate. The average thickness of CA fibers is around
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~0.2 pm which is very thin as compared to CF fibers (figure 4.1; ~20 um). The reduced
thickness along with network like morphology will provide high surface area for the

reduction and carburization. It will further help to reduce the synthesis temperature and

holding time.
6.2. X-ray diffraction (XRD):
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Figure 6.2: XRD patterns of all the synthesized samples for the optimization of synthesis
parameters at (a) 800 °C; (b) 700 °C and (c) 600 °C to obtain single phase NbC.
Symbols: * (NbC), a (Nb), 6 (NbO), B (NbO2), A (Nb20s) and ° (graphitic
carbon).

Figure 6.2 represents the XRD patterns of the samples prepared at different
conditions to optimize the synthesis temperature and holding time. Keeping the optimized
synthesis parameters (mentioned in chapter 4 for CF) as reference, samples were prepared
at 800 °C with different holding time, represented as CA1-CAS in figure 6.2a. It can be
observed that CA1 exhibited a mixture of NbC and NbO:2 while, CA2 and CA3 exhibited
single phase NbC in XRD pattern with a minor content of graphitic carbon (g-C). The
observed phase transformation (NbO2 to NbC at longer holding; 2 h (CA2) and 5 h (CA3))
is associated to the time dependent carburization of reduced Nb2Os i.e. NbO2 obtained in

CA1 '. Further, CA4 and CAS5 exhibited decarburization of NbC providing NbO as minor
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phase which was increased with increasing holding time (10 h (CA4) — 15 h (CA5)) as
shown in figure 6.2a . Thereafter, lower temperature i.e. 700 °C was employed to study
the effect of synthesis temperature as shown in figure 6.2b in which CA7 (2 h of holding at
700 °C) exhibited single phase NbC XRD pattern with minor content of g-C similar to CA2
and CA3. Beyond 2 h of holding (CA8 -CA10), samples contained a mixture of NbC and
NbO as obtained at 800 °C (CA4 and CAS). The important feature observed was that CA6
(0 h at 700 °C) consisted single phase NbO while, CA1 (0 h at 800 °C) exhibited mixture
of NbC and NbO2 due to insufficient thermal energy responsible for carburization at 700
°C !,

In the similar lines, lower temperature i.e. 600 °C was employed in order to obtain
NbC as shown in figure 6.2c. The adopted holding time at 600 °C resulted in the reduction
of Nb20s exhibiting NbO2 and NbO at different holding times. Sample C11 (0 h at 600 °C)
represents XRD pattern similar to Nb- precursor i.e. Nb2Os suggesting the unreacted Nb20Os
with slight broadening of diffraction peaks. At 600 °C, increasing holding time resulted the
formation of NbO at 2 h (CA12), mixture of (NbO+NbO2) at 5 h (CA13) and NbO at 10 h
(CAT14). Further, increment of holding time to 15 h (CA15) has induced lattice distortion
resulting amorphous phase along with some diffraction peaks (less intense) associated to

Nb20s and NbOs.
6.3. Williamson-Hall (W-H) analysis:

Table 6.2: Lattice carbon content (x), lattice constant (a) and W-H postulates of various
samples using CA.

Sample X a USM USDM USEDM Scherrer
ID A g, t,nm | o, g, t, A | &x10* | t,tnm | o, GPa
x104 GPa | x10* | nm
CA2 0.923 | 4.466 25| 733 | 0.08 1.8 76.2 | 0.11 | 0.09 22 733 94.8
CA3 0.978 | 4470 1.6 | 820 | 0.05 1.3 79.2 | 049 | 0.06 1.5 80.6 69.5
CA7 0.906 | 4.465 0.6 | 155.7 | 0.02 | 0.021 | 151.7 | 0.08 | 0.02 0.6 | 151.7 136.9

As discussed in the previous section, sample CA2, CA3 and CA7 exhibited single
phase NbC XRD patterns. As an effect of temperature and holding time, all these sample
were analyzed with W-H analysis for which different models were adopted as shown in
figure 6.3. Among all the models, USEDM model provided better quality of fitting i.e. R?
= 0.99 suggesting the homogeneity of strain energy density inside the NbC lattice.
Moreover, various results of W-H analysis are listed in table 6.2. As an effect of synthesis
temperature, CA2 and CA7 exhibited almost equal lattice constant. While, slight reduction
in lattice carbon (x = C/Nb) has induced higher distortion in NbC lattice for CA7 as
compared to CA2. CA3 composed of reduced lattice distortion than CA2 with increased
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lattice carbon and lattice constant at longer holding time (5 h) at 800 °C which is an

indication of the time dependent diffusion of carbon resulting NbC.
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Figure 6.3: Representative graphs of (a) USM, (b) USDM and (¢c) USEDM models of W-
H analysis for sample CA7.

6.4. Transmission electron microscopy (TEM):

Morphology of all the single phase NbC-C nanocomposite samples was examined
with the help of TEM as shown in figure 6.4-6.6 (CA2, CA3 and CA7, respectively). It has
been observed that all the samples exhibited agglomeration of NbC nanoparticles along
with a thin coating of carbon. High resolution TEM (HR-TEM) images confirmed the
formation of NbC particles with the observed lattice fringing of 0.257 and 0.158 nm
associated to (111) and (220) planes, respectively. Moreover, the presence of graphitic
carbon (as observed from XRD results; figure 6.2) has also been confirmed with the lattice
fringing corresponding to (002) plane i.e. 0.337 nm. The carbon coating exhibits graphitic
and disordered graphitic nature as suggested by discontinuous lattice fringing shown in
figure 6.4 and 6.6. Further, elemental profile (STEM images) of CA2 and CA3 represented
the distribution of Nb, C and O throughout the agglomerate in which presence of oxygen
has been observed inside the NbC nanoparticle (figure 6.4; blue color and 6.5; green color)
which might be associated to the oxygen centers in the form of NbCxOy or NbO; 2.
Moreover, the presence of diffraction spots in SAED pattern of CA7 depicted the formation
of bigger crystallites as shown in figure 6.6.
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Figure 6.4: High resolution (HR) TEM of CA2 confirming the formation of NbC
nanoparticles encapsulated by graphitic carbon and STEM images for
elemental (Nb, C and O) distribution across NbC nanoparticles.
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CA3

Figure 6.5: TEM and STEM images of CA3 showing the formation of homogeneous
distribution of NbC nanoparticles with the presence of oxygen centers (green
color) inside nanoparticles.
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solution (HR) TEM of CA7 confirming the presence of NbC
nanoparticles encapsulated by graphitic carbon and STEM images for
elemental (Nb, C and O) distribution across NbC nanoparticles.
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It can also be observed that CA3 constituted smaller with homogeneous distribution
of NbC nanoparticles as compared to CA2 (~230 nm) and CA7 (~170 nm) having average

particle size of ~80 nm.

6.5. Raman spectroscopy:
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Figure 6.7: (a) Raman spectra; (b) graphitization or 2D growth in CA2, CA3 and CA7.

As observed from the XRD patterns of all the samples, there is a low intensity peak
around ~26° associated with graphitic carbon. Raman spectroscopy was carried out in order
to understand the nature of carbon present in the sample (figure 6.7a). Positions and FWHM
of different Raman bands are listed in table 6.3. All the samples exhibited three major
Raman bands around 1350, 1580 and 2690 cm™ suggesting the presence of disordered,
graphitic and 2D graphitic carbon (respectively) due to disordered scattering and bond
stretching of sp? carbon atoms 3. Weak vibration modes (D+D”) and (D+D’) are associated
to the acoustic branches of intervalley double optical resonance Raman scattering (DRRS)
4

Table 6.3: List of different bands obtained from deconvolution (Lorentzian peak function)
of Raman spectra of CA2, CA3 and CA7.

Sample | | Raman band — D- G- D’- 2D-
CA2 Position (cm™) 1351.38 1583.24 1609.07 2690.02
FWHM (cm™) 49.72 21.11 36.77 61.41
CA3 Position (cm™) 1357.22 1583.88 1621.83 2691.27
FWHM (cm™) 60.34 37.69 32.26 72.82
CA7 Position (cm™) 1343.95 1572.39 1608.82 2681.66
FWHM (cm™) 33.26 22.95 23.23 42.94

Moreover, the observed Raman shift below 1000 cm™ is associated to the Nb-O
bonds suggesting the presence of Nb-oxide in CA7 sample which was not observed in XRD
pattern. Figure 6.7b represents the nature of carbon with the help of In/Ig and I2n/Ic. In/lc
for CA2 (0.136) is least suggesting the least content of disordered graphitic carbon as
compared to other CA3 (0.3313) and CA7 (0.3791) samples. I2p/Ig, which reveals the 2D
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growth of graphite in the form of graphene, is quite high in the case of CA7 (1.10)
indicating the formation of disordered 2D graphene sheets at lower temperature i.e. 700 °C
(CA7) while, CA2 consists multilayered graphitic whiskers #. Values obtained for CA3
sample are intermediatery indicating that an increase in holding time at 800 °C (from 2 to
5 h) results in enhanced disorder and 2D graphene growth. Ip/Ip- (ratio of In/I and Ip'/1G)
represents the physical origin of the defects (not the concentration). For all the samples, it

came out to be 3.25, 3.43 and 5.28 (respectively) suggesting the presence of small graphitic

grains 4.
6.6. BET analysis:
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Figure 6.8: BET adsorption-desorption isotherms (inset) and BJH pore size distribution
curves of CA2, CA3 and CA7.

Figure 6.8a represents the sorption isotherms for the single phase samples (CAZ2,
CA3 and CA7) exhibiting type IV hysteresis loop ranging between 0.5-1.0 (P/Po) with 6.09,
4.65 and 2.98 m?/g (respectively) as specific surface area (SSA) °. The observed type IV
isotherm suggests the presence of mixture of micro- and mesopores on the surface of
catalysts. Further, BJH analysis also supports the results with 0.0191, 0.0642 and 0.0104
cm?/g as pore volume for CA2, CA3 and CA7 (respectively) as shown in Figure 6.8b. The
optimized single-phase samples contain less SSA with very small pore volume which
might be associated to the larger particle size. As an effect of temperature and holding time,
CA2 and CA3 exhibited higher SSA and pore volume due to higher content of evolution
of CO/CO: during reduction-carburization process as compared to CA7 6. At 800 °C,
longer holding time of 5.0 h (i.e. sample CA3) can be responsible for the enhanced CO/CO2
evolution resulting increased pore volume with reduced specific surface area as compared
to that of CA2. Here with the help of XRD, Raman, TEM and BET results, the formation
of porous NbC-C nanocomposite has been confirmed at relatively low temperatures (700

and 800 °C).
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6.7. X-ray photoelectron spectroscopy (XPS):
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Figure 6.9: XPS survey spectra of CA2, CA3 and CA7 depicting the presence of Nb, C
and O on the surface of NPs.
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Figure 6.10: HR-XPS spectra of Nb3d, Cls and Ols representing the presence of different

functionalities on the surface of CA2.

For the understanding of catalytic response of prepared samples, surface
composition becomes very critical to probe the role of individual chemical states of
different elements. Figure 6.9 shows the XPS survey spectrum of CA2, CA3 and CA7
confirming the presence of Nb, C and O which are further analyzed through their respective
high-resolution spectra as shown in figure 6.10 (representative data) and the respective data

is provided in table 6.3.
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HR-XPS spectra of Nb3d (figure 6.10) revealed the presence of multiple oxidation
states of Nb in the form of NbC, NbCxOy, NbO2 and Nb20s. The presence of peaks
associated to oxides at different binding energies (204.1, 207.0 and 207.1 eV) can be related
to the presence of oxygen centers in the form of NbCxOy or NbO: inside the nanoparticles
as observed in chapter 4. Moreover, it can also be observed that CA2 consists higher
volume fraction of NbC and NbCxOy as compared to CA3 and CA7 as shown in table 6.4.
Table 6.4: Deconvoluted data of HR-XPS spectra of Nb3d, Cls and Ols of CA2 and CA7.

Group CA2 CA3 CA7

B.E. Volume B.E. Volume B.E. Volume

(eV) (%) (eV) (%) (eV) (%)
NbC 203.6, 206.3 18.6 | 203.7,206.4 15.5 203.7,206.4 13.8 79
NbCxOy | 204.1,206.9 19.3 | 204.5,207.2 16.1 204.8,207.5 12.1
NbO: 207.0, 209.8 38.3 | 206.9,209.7 57.1 207.0,209.7 56.3
Nb20s 207.1,209.9 23.8 | 207.9,210.6 11.3 207.5,210.3 17.8
NbC 282.7 4.8 283.4 7.2 283.1 6.4 10,11
C sp? 284.1 53.5 284.1 44.6 284.1 48.7 712
C sp? 284.8 13.4 284.7 25.8 284.8 20.1 12,13
C-OH 285.6 15.8 285.9 7.4 285.8 10.6 12,13
C-0 286.9 43 286.9 4.9 286.9 4.7 13,14
C=0 288.9 5.2 288.7 3.9 288.3 2.9 12-14
n-m* 290.4 1.3 290.4 33 289.8 34 15
0=C-0 291.6 1.7 291.8 2.9 291.5 3.2 14
O-Nb 530.1 40.1 530.3 32.2 530.0 34.2 16
Oy 531.6 37.8 531.6 49.6 531.5 43.5 16,17
C=0 532.7 22.1 533.0 18.2 532.7 22.3 18

HR-XPS of Cls for both the samples suggested the presence of different carboxylic
groups such as C-OH (285.8 eV), C-O (286.9 eV), C=0 (288.3 eV) and O=C-O (291.5 eV)
along with graphitic carbon (sp?> hybridized; 284.1 eV). Moreover, the content of sp?
hybridized carbon is higher for CA2 as compared to CA3 and CA7 which has also been
observed in Raman analysis as lower In/Ig (0.1360). Further, HR-XPS spectra of Ols for
both the samples represent the presence of significant concentration of oxygen defects
(531.5 eV) which would support the delayed recombination of charge carriers during
irradiation.

6.8. Absorbance and photoluminescence (PL) spectroscopy:

To understand the photocatalytic performance of optimized single-phase samples,
optical (absorption and emission) response of these samples becomes critical. Figure 6.11
represents the optical absorbance and emission spectra of CA2, CA3 and CA7. Absorbance
(UV-visible) spectra (figure 6.11a) of CA2, CA3 and CA7 describes the significant
absorption of visible region while, reduced absorption near 240 nm is associated to the
graphitic carbon as graphene °?!. Moreover, increased absorption of EM radiation has

been observed between 750—450 nm which might be associated to the presence of oxygen
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centers as NbCxOy as supported by TEM and Raman results 22. The calculation of optical
bandgap using Tauc plot has suggested 1.63, 1.72 and 1.85 eV for CA2, CA3 and CA7,

respectively 2.
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Figure 6.11: (a) UV-visible spectra, Tauc plot (inset); and (b) PL emission spectra
(excitation wavelength A = 340 nm) of CA2, CA3 and CA7.

The photoluminescence (PL) emission spectra (350-800 nm) of these samples was
obtained with excitation wavelength Aexc = 340 nm to determine the recombination nature
of charge carriers as shown in figure 6.11b. The disordered graphitic carbon (different
functions groups and m-mn* transitions) and presence of graphene oxide (attachment of
oxygen on g-C as obtained from Raman and XPS results) constituted a broad emission up
to 650 nm 2**. Emission peaks around 500 nm (~435-450, ~490 and ~540 nm) can be
attributed to the transfer of electron from carbon to oxygen in GO, due to the shifting of
highest occupied molecular orbital (HOMO) downward as opening of band gaps as

observed in in figure 6.11a 2%%7,

6.9. Photocatalytic study:

To understand the photocatalytic activity of NbC-C nanopowder samples, MB dye (1.0
mg/L) has been taken as model organic compound under household CFL (85 W)
illumination. As a result of the establishment of adsorption-desorption equilibrium (30 min
stirring in dark chamber), 20.19, 11.23 and 13.81% dye has been adsorbed on the surface
of photocatalysts (CA2, CA3 and CA7) respectively. Figure 6.12 represents the relative
change in the concentration of MB dye with respect to irradiation time in the presence of
CA2, CA3 and CA7. C/Co vs. time revealed the discoloration of MB dye to 45.86, 21.72
and 35.55% in the presence of CA2, CA3 and CA7 (respectively) under 8 h of visible
exposure. The observed decrement in the concentration of MB dye can be associated to
discoloration or photodegradation of MB dye. The rate of photochemical process was

determined by pseudo first order kinetics as 0.0733, 0.02938 and 0.0532 h™! (respectively)
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with R? = 0.99 for all considered samples (figure 6.12b). The better performance was
observed with CA2 sample which was examined for 4 continuous cycles with excellent
stability as shown in figure 6.13a. It has been observed that there was only 1.68%
decrement of photocatalytic activity which might be due to the loss of photocatalyst during

the extraction for subsequent cycle.
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Figure 6.12: Photodegradation of MB dye with the help of CA2, CA3 and CA7. Pseudo
first order kinetics of MB dye degradation under household CFL exposure.
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Figure 6.13: (a) Degradation efficiency of CA2 up to 4 continuous cycles; (b) Variation in
TOC after the visible exposure of 8 h; (c) Detection of ROS species during
the photodegradation of MB dye using CA2; and (d) Valence band spectra of
CA2.
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Further, the confirmation of decreasing concentration is associated to
photodegradation of MB dye, the total organic carbon (TOC) and scavenger test have been
carried out. Figure 6.13b represents the TOC value before and after the irradiation in the
presence of photocatalysts. The decrement of TOC after the establishment of ads-des
equilibrium and 8 h exposure suggested the degradation of MB dye is slightly slower than
discoloration of MB molecule. Further, various scavengers were added to the dye solution
to understand the photodegradation of MB dye and role of different reactive oxidative
species (ROS) in it. Figure 6.13c revealed the involvement of superoxide anion radical
(05") as a major oxidizing agent for photo-oxidation of MB dye with CA2 as compared to
other ROS species. It is evident from figure 6.13c that the addition of ammonium oxalate
(AO) and isopropyl alcohol (IPA) do not affect the photodegradation profile significantly.
While, the addition of sodium sulfate (SS) and ascorbic acid (AA) retarded the
photodegradation profile suggesting the entrapment of photogenerated e~ and 05,
respectively.

6.10. Proposed degradation mechanism:

For the establishment of the photodegradation mechanism, it has become necessary
to estimate the valance (VBE) and conduction (CBE) band edges of CA2. Figure 6.13d
represents the valence band spectra of CA2 providing the presence of dual VBE as 1.57
and -2.03eV (intercept on energy axis of extrapolated curve). With the help of optical
absorbance spectrum of CA2 (Figure 6.11a) the position of conduction band edge (CBE)
were calculated as -0.06 eV as shown in figure 6.14.

The reduction potential edge of 0,/035 (-0.046 eV vs. NHE) is comparable to the
calculated CBE resulting in the generation of super oxide anion radical 2. Figure 6.14
represents the schematic mechanism for the photodegradation of MB dye with the help of
CA2 in which the holes and electron were generated with the illumination of visible light
on VBE and CBE, respectively. The detailed photo-chemical reactions involved in the

generation of different ROS species can be described as follows:

NbC + C + photon - NbC+ C+ h* + e~ (6.1)
0y +e” = 0y (6.2)
05 + H,0 - OH' + OH~ (6.3)
OH™ + h* - OH- (6.4)
Nb3* & Nb** + e~ (6.5)
Nb2* & Nb3* + e~ (6.6)

It is very well-known fact that NbC has electronic structure similar to noble metals

and shows conducting behavior which might be a good support as photocatalyst (charge
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transfer medium) to degrade organic pollutants. Here, the synthesized photocatalyst (CA2)
exhibits different Nb-O centers as NbCxOy and NbO. (observed in TEM and XPS results)
inside the NbC nanoparticles inducing photon absorption ability upon illumination
(observed in absorbance spectroscopy). Moreover, Nb is present in multiple oxidation
states in the form of NbC, NbCxOy and NbOz which may contribute to scavenge and provide

some electrons altering the photochemical reaction rate.

Figure 6.14: Proposed mecanism for the photodegradation of MB dye with the help of
CA2 under household CFL lamp.
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CHAPTER 7 RESULTS & DISCUSSION-1V

Utilization of activated charcoal
(Laboratory carbon source)

Overview

Based on previous study presented in chapter 4-6, it has become necessary to
probe the synthesis mechanism of NbC-C nanocomposite. For this purpose, activated
charcoal, a laboratory reagent has been taken as carbon source to compare the obtained
results where carbon sources are different hydrocarbon. Here, also the optimization of
synthesis parameters (temperature, time and carbon content) has been carried out and the
obtained phase(s) has been confirmed with the help of XRD results. Further, based on
XRD results and thermodynamic calculation (AG,qction), reduction-carburization of
Nb20s was considered as a base to establish the mechanism to achieve carbon coated
NbC nanoparticles.

Optical and photocatalytic response of different samples are also discussed as an
effect of composition, lattice distortion, lattice carbon content (x in NbCx). Further,
detailed degradation mechanism has been discussed based on composition (XRD, XPS
results) and different photodegradation experiments (scavenger, TOC analysis and PL

spectroscopy).
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7.1. Introduction

Keeping the fact of the utilization of waste (CFs and PHs) and organic compound
(CA) as carbon source (as discussed in previous chapters) for the fabrication of nano NbC,
the simplest form of carbon i.e. charcoal, can provide sufficient evidences to establish well-
defined mechanism to carburize Nb2Os resulting NbC along with the role of NbC and its
partial oxidative composition in its photocatalytic performance. Moreover, the use of
activated charcoal (AC) can also support Mg as reducing agent to reduce Nb2Os at relatively
lower temperature and activated charcoal is considered as amorphous form of carbon which
requires lesser energy to get oxidized as compared to other available organic compounds.
Further, figure 7.1 represents the XRD pattern, SEM micrograph and particle size
distribution of used activated charcoal. XRD patterns depicts the amorphous nature of
charcoal along with small crystallite of graphitic carbon. SEM results indicated the
presence of sharp-edged particles with average size ~4.23 pm of activated charcoal. Table

7.1 describe the details of different experimental conditions.

Act.charcoal| g

/

Graphitic carbon

Intensity (a.u.)

3 4 5 6 7 8
Particle size (pm)

20 30 60 70

2B{Degrees) SE 1RV __ Wolimm 553 x2E00_1bpm
Figure 7.1: XRD, SEM and particle size hlstogram of activated charcoal used for the
synthesis of NbC nanopowder.

Table 7.1: Details of experimental conditions to obtain NbC nanopowder.

Amount (g) Sample Temperature Holding time

Nb,Os | Mg | AC ©C) (h)

1.329 20 | 1.5 ACI1 800 10

1.329 2.0 1.5 AC2 700 10

1.329 20 | 1.5 AC3 600 10

1.329 2.0 1.5 AC4 800 5

1.329 20 | 1.5 ACS5 800 7

1.329 20 | 1.5 AC6 800 11

1.329 2.0 1.0 AC7 800 10

1.329 20 | 0.5 ACS 800 10

7.2. X-ray diffraction (XRD):

For the synthesis of single-phase carbon coated NbC NPs, synthesis temperatures,

holding time and amount of carbon source were optimized on the basis of XRD results
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which are shown in figure 7.2. XRD patterns of samples synthesized at 800, 700 and 600

°C with 10 h holding time are shown in figure 7.2a. The synthesis at 600 °C resulted in the
reduction of Nb20s to NbO (sample AC3). While, at 700 (AC2) and 800 °C (AC1), mixtures
of (NbC+NbOz2) and NbC were obtained, respectively. The absence of the NbC phase at

600 °C (figure 7.2a) may be due to the unavailability of enough thermal energy to further

reduce and carburize NbO to transform into NbC which can be seen in the case of AC3.

Sample AC2 shows the conversion of Nb20s to NbC with little NbO2 showing a

simultaneous reduction and carburization path. A further increase by 100 °C (sample AC1)

resulted in the complete transformation of Nb20s to NbC without showing any signature of

lower oxides of Nb.
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Figure 7.2: XRD diffraction patterns showing the influence of different synthesis

parameters; (a) temperatures (600, 700 and 800 °C), (b) holding time (5, 7,
10 and 11 h); and (c) amount of activated charcoal (1.5, 1.0 and 0.5 g) on
phase formation. Symbols: * (NbC), a (Nb), B (NbO2), A (Nb20s) and °
(graphitic carbon).

After obtaining single phase NbC at 800 °C, the holding time has been varied to

study the behavior of reduction and carburization of Nb20Os with optimized temperature

which is shown in figure 7.2b. AC4 depicted a reduction of Nb20s to a mixture of NbO2
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and NbC after carburization. AC5 showed contrary results in which carburization exceeded
the reduction process as observed by the presence of NbO: as a minor phase and NbC as a
major phase. In the case of 10 h, complete reduction followed by carburization of Nb20s
was observed in ACI (figure 7.2b) resulting in single phase NbC. Furthermore, the
increment of holding time to 11 h led to decarburization of NbC with the formation of
NbO:. The decarburization of NbC may be caused by a lower CO/COz2 ratio (CO2 rich
reaction) beyond 10 h at 800 °C !'?. While the formation of NbO: as a result of
decarburization at longer holding (11 h) instead of NbO (as observed in the case of lower

temperature) may be attributed to the higher stability of NbO2 than NbO 3.

7.3. Williamson-Hall (W-H) analysis:

Table 7.2 depicts a comparative study of all the postulates of W-H analysis and
Scherrer criteria for all the synthesized NbC samples. The least magnitude of strain in NbC
lattice at higher synthesis temperature (AC1) is very obvious due to complete conversion
of Nb20s to NbC, while presence of NbO2 at 700 °C (AC2) distorts the crystallites which
shows higher strain in crystallites. As a function of holding time at 800 °C, the induced
strain tends to decrease as carburization occurs. Figure 7.2b shows that up to 10 h of
holding, minor phases are being eliminated (5 h (NbC + NbO2) to 7 h (NbC + NbO:) then
10 h (pure NbC)) leading to a large reduction in strain. The diffusion of carbon in the Nb
lattice is increased by increasing the holding time which supports the enhancement of lattice
parameters by reducing the strain and supporting the attainment of equilibrium positions of
Nb and C atoms in the NbC unit cell. Beyond 10h (AC6), decarburization of NbC led to
increase the distortion which might be associated to incorporation of oxygen resulting
NbOo.

Table 7.2: Lattice carbon content (x), lattice constant (a) and W-H postulates of various
samples using AC.

Sample X a USM USDM USEDM Scherrer
ID A g, t, o, g, t, | u x105, | o, g, t, t, nm
x104 | nm | GPa | x10* | nm kJm3 GPa | x10* | nm
AC2 0.874 | 4.462 19.5 | 16.7 0.56 13.2 | 14.8 56.7 0.02 04| 157 10.8
AC1 0.959 | 4.469 85.1 | 27.6 279 | 3274 | 778 1296 0.38 8.9 | 36.8 18.3
AC4 0.799 | 4.457 31.8 | 33.7 1.10 26.2 | 27.4 185.0 0.05 18.5 | 31.1 13.6
ACS 0.902 | 4.464 18.5 | 25.7 0.54 12.9 | 22.0 52.6 0.01 03| 238 14.9
AC6 0.904 | 4.465 30.2 | 33.7 | 1238 1.04 | 27.8 1.1 0.05 | 165.8 | 31.1 14.0

7.4. Transmission electron microscopy (TEM):
TEM micrographs of AC1 are shown in figure 7.3 exhibiting the agglomerated NPs
which is attributed to their nano regime. Agglomerated NbC NPs of 10-30 nm are

encapsulated in carbon network as shown in figure 7.3a. Figure 7.3b and 7.3c show the
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lattice fringes corresponding to (111) and (200) planes having inter-planar spacing of 0.26
nm and 0.22 nm, respectively for NbC. The indistinct interface between the NbC (core) and
the amorphous carbon layer is attributed to the solid-state diffusion of carbon as shown in
figure 7.3b and 7.3¢ (marked with dotted lines at the periphery of the particle). Figure 7.3d
shows the selected area electron diffraction pattern of the area shown in figure 7.3a,
indicating nano crystallinity by concentric diffraction spots corresponding to various
atomic planes. Furthermore, a narrow particle size distribution was observed having 12 nm

as average particle size of as-synthesized sample as shown in figure 7.4 *.

20 nm
[

Figure 7.3: (a) TEM micrograph of AC1 showing agglomeration of core shell structure of
carbon coated NbC NPs; (b) HR microstructure of marked circle in (a) showing
inter-planar spacing of plane (111) of NbC, (c) HR micrograph of NbC NP
showing carbon coating (marked with black dotted region) on NbC particle and
inset shows the lattice fringes corresponding to (200) plane; (d) Selected area
electron diffraction pattern of agglomerated NbC NPs depicting poly-
crystallinity.

Further, to observe the distribution of Nb, C and O in the synthesized NbC NPs
(AC1), elemental profile was also carried out as shown in figure 7.5 in which distribution

of carbon is nearly same as carbon is also present as amorphous network. While,
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concentration of oxygen is relatively low throughout the particle confirming the presence

of oxygen centers in the NbC nanoparticle resulting NbOx or NbCxOy.
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Figure 7.4: Log normal distribution of particles of carbon coated NbC nanoparticles.
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Figure 7.5: Elemental line profile of NbC nanoparticle (AC1) showing the concentration
profile (Nb, C and O) across the shown nanoparticles (marked with green
arrow). Elemental line profile suggests the homogenous distribution of oxygen
inside the NbC nanoparticles while, smaller agglomerate contain higher O
content than larger agglomerate.

Elemental line profile (STEM) was also taken to observe the linear distribution of
each elements from periphery to core which is also shown in figure 7.5. Extreme left region
of line profile shows the higher C content on the left side of nanoparticle which may be
associated to the amorphous carbon network. On the nanoparticle region marked by arrow
(green colored), increase in the concentration of Nb (red) and C (green) is more as
compared to O (blue) confirming the presence of oxygen centers in NbC nanoparticles.
Such concentration profile of Nb and O throughout the nanoparticle suggest the presence

of multiple oxidation states of Nb corresponding to NbC and NbCxOy (NbOx centers).
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7.5. BET analysis:

Surface area analysis: BET specific surface areas (SSA) were calculated from
adsorption-desorption curves using N2 gas for the samples synthesized at 800 °C as shown
in figure 7.6. BET analysis suggests the highest SSA of 506 m*/g with 0.3697 cm?/g pore
volume for AC1 while, the presence of oxide and Nb metal with NbC in other samples
induced the reduction in SSA and pore volume as shown in the inset of figure 7.56 also
observed by Gupta et al. 4. Such variation of SSA and pore volume of synthesized samples
might have occurred due to evolution of CO or COz as a result of in situ reduction and
carburization of niobium oxide by encapsulated carbon. Further, pore size distribution
suggested the contribution of high surface area and mesopores of as-synthesized samples

as shown in figure 7.6.
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Figure 7.6: BET analysis of all the samples synthesized at 800 °C.

7.6. X-ray photoelectron spectroscopy (XPS):

——AC4

———AC5

o, — AC1
|

C1s

Intensity (a.u.)

0 '160 '260 '360 '460 '560 '660 '760 '860
Binding energy (eV)
Figure 7.7: XPS survey spectra of all the samples synthesized at 800 °C.

XPS analysis of all the samples synthesized at 800 °C was carried out to understand

the surface chemical variations (valence states) that reactants undergo during reduction and
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carburization processes. The survey spectrum confirms the presence of Nb, C and O on the
surface of as-synthesized samples which is shown in figure 7.7. High resolution XPS (HR-
XPS) spectra of Nb3d, Cls and Ols transitions are shown in figure 7.8-7.10 (respectively)
in which different chemical states of Nb, C, and O have been illustrated. Peak positions and

relative contents of all the elements in various valence states have been listed in table 7.3.

(a) AC4 (b) AC5
nh 0
o Q |
) C)
> 202 204 206 208 210 | >» 202 204 206 208 210
= =
[ [
g Nb,O g
g 25 E |

NbC

214 212 210 208 206 204 202 214 212 210 208 206 204 202
Binding energy (eV) Binding energy (eV)

(c) AC1 (d) AC6

Intensity (cps)
Intensity (cps)

L

214 212 210 208 206 204 20 214 212 210 208 206 204 202
Binding energy (eV) Binding energy (eV)

Figure 7.8: HR-XPS spectra of Nb3d for all the samples synthesized at 800 °C (a) AC4;

(b) ACS; (¢) ACI and (d) AC6.

Figure 7.8 revealed the presence of multiple oxidation states of Nb associated to
different compounds (NbC, NbCxOy, NbO2 and Nb20s) even after obtaining single phase
XRD pattern of AC1 as shown in figure 7.2a. Such HR-XPS spectra of single phase NbC
(ACI1) suggests the generation of different ionic states of Nb during the reduction-
carburization process. Variation in the holding time at 800 °C, led to change the chemical
composition of samples (suggested by XRD results) which can also be observed in XPS
results as shown in figure 7.8b-d. Volume fraction (VF) of different phase present on the
surface has also been calculated by deconvoluting the XPS spectrum and listed in table 7.3.
Further, the increment in the holding time has led to enhanced carburization up to 10 h as
VF of NbC has increased (4.66% to 13.72%) and decreased in AC6 (7.17%) supporting the
XRD results. VF of Nb*" (NbO2) and Nb>* (Nb20s) has increased (ACS5; 94.45% and AC6;
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90.74%) as the holding time was shifted from 10 h (81.72%). Moreover, binding energy
associated to NbCxOy (~204.8 ¢V) was not observed in AC4. HR-XPS data for Nb3d
suggest that direct conversion of Nb20s to NbC involved reduction and carburization
simultaneously which was responsible for the multiple transitions of oxidation states of Nb

in the lattice as earlier discussed for XRD analyses.

Table 7.3: Results obtained from HR-XPS spectra of Nb3d, Cls and Ols of AC1-AC6.

Group AC4 ACS AC1 AC6

B.E. Volume B.E. Volume B.E. Volume B.E. Volume

(eV) (%) (eV) (%) (eV) (%) (eV) (%)
NbC 203.6 4.66 203.6 2.90 203.6 13.72 203.6 7.17 37

206.4 206.3 206.4 206.4
NbCxOy - 204.7 2.65 204.9 4.54 204.9 2.09

) 207.4 207.6 207.6

NbO: 207.2 67.84 206.9 55.32 207.1 53.44 206.8 64.58

209.9 209.6 209.8 209.5
Nb20s 207.6 27.50 207.3 39.13 207.5 28.28 207.5 26.16

210.3 210.1 210.2 210.3
C-Nb 282.8 2.15 282.8 291 282.8 3.35 282.7 3.44 7.8
C sp? 284.4 56.10 284.4 54.10 284.4 59.39 284.4 51.60 59
C sp? 285.0 18.72 285.0 23.57 285.1 18.99 284.9 25.84 9,10
C-OH 286.0 12.99 286.4 4.50 286.3 7.72 286.4 7.80
COOH 288.2 5.49 288.0 10.22 288.2 5.51 288.3 4.83
- 290.2 4.57 289.7 4.70 290.1 5.01 290.4 6.49
Nb20s 530.4 53.79 529.9 42.49 530.2 53.68 529.9 49.48 1
OH/Ov 531.8 25.35 531.3 39.85 531.6 32.23 531.3 24.24 12
H0/C=0 532.8 20.87 532.5 17.67 532.8 14.07 532.3 26.28 13

(a) AC4 c.csp? | |(P)ACS c-C sp?

Intensity (cps)
Intensity (cps)

204 201 288 285 282 294 291 288 285 282
Binding energy (eV) Binding energy (eV)

J (C) AC1 c-C sp2 (d) AC6 C-C sp2

c-C sp3

Intensity (cps)
Intensity (cps)

n-m* c=0 C-O0-C CNb

204 201 288 285 282 294 201 288 285 282
Binding energy (eV) Binding energy (eV)
Figure 7.9: HR-XPS spectra of Cls for all the samples synthesized at 800 °C (a) AC4; (b)
ACS; (c) AC1 and (d) ACé6.
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Figure 7.10: HR-XPS spectra of Ols for all the samples synthesized at 800 °C (a) AC4;
(b) ACS; (¢) ACI and (d) AC6.

The HR-XPS spectrum of Cls as shown in figure 7.9 revealed the presence of peaks
associated with NbC, C-C sp? and C-C sp® bonds in all the samples at 282.8, 284.4 and
285.1 eV, respectively >31%14 Further, peaks observed around 286.4, 288.1 and 290.1 eV
might be associated to hydroxyl, carbonyl groups and n—m* transitions, respectively *!°.
HR-XPS spectra of Ols (figure 7.10) suggested the presence of oxygen associated to Nb20Os
at 530.4 eV. While, the peaks around 531.6 and 532.5 eV may be associated to hydroxyl
group/carbonate species/oxygen vacancies (Ov) and adsorbed water/carbonyl (C=O) group,

respectively 113,

7.7. Synthesis mechanism

Normally NbC is synthesized at >1000 °C %1316 which is higher as compared to
the present work. The transition of Nb2Os to NbC at relatively low temperature (800 °C) in
a high pressure closed chamber is a temperature driven transition. The mixture of reactants
contains Mg and charcoal, which act as reducing agents providing MgO, CO and CO: as
byproducts. The gaseous byproducts (CO and COz2) of the reactions lead to increase the
pressure inside the autoclave. Various chemical reactions occurring inside the autoclave

has been considered and described below:
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All the possible chemical reactions are categorized into two categories; (i) reduction
and (ii) carburization. Reactions (7.1-7.24) represents the reduction of Nb20Os forming
NbO2, NbO and (NbO2+NbO) mixture in the presence of reducing agents (Mg and C) and

their mixture.

Nb,0O5 + Mg — 2NbO, + Mg0 (7.1)
Nb,05 + C — 2NbO, + CO (7.2)
Nb,05 + CO — 2NbO, + CO, (7.3)
2Nb,05 + C = 4NbO, + CO, (7.4)
2Nb,0s + C + Mg — 4NbO, + MgO + CO (7.5)
3Nb,05 + C + Mg - 6NbO, + MgO + CO, (7.6)
2Nb,0s + CO + Mg — 4NbO, + MgO + CO, (7.7)
4Nb,0O; + C + CO + Mg = 8NbO, + Mg0 + 2CO, (7.8)
Nb,0s + 3Mg — 2NbO + 3MgO (7.9)
Nb,05 + 3C = 2NbO + 3CO (7.10)
Nb,0O5 + 3CO — 2NbO + 3CO, (7.11)
2Nb, 05 + 3C = 4NbO + 3CO, (7.12)
Nb,0O5 + C + 2Mg — 2NbO + 2MgO + CO (7.13)
Nb,0Os + C + Mg - 2NbO + MgO + CO, (7.14)
Nb,05 + CO + 2Mg — 2NbO + 2MgO + CO, (7.15)
2Nb,05 + C + 2CO + 2Mg — 4NbO + 2MgO + 2CO, (7.16)
Nb,0O5 + 2Mg = NbO, + NbO + 2MgO (7.17)
Nb,0s + 2C —» NbO, + NbO + 2CO (7.18)
Nb,0s + 2CO — NbO, + NbO + 2CO, (7.19)
Nb,0s + C = NbO, + NbO + CO, (7.20)
Nb,0s + C + Mg —» NbO, + NbO + MgO + CO (7.21)
2Nb,05 + C + Mg = 2NbO, + 2NbO + 2MgO + CO, (7.22)
Nb,0O5 + CO + Mg — NbO, + NbO + MgO + CO, (7.23)
2Nb,0s + C + 2CO + Mg - NbO, + 3NbO + MgO + 3CO, (7.24)
NbO, + C + 2Mg — NbC + 2MgO (7.25)
NbO, + 2C + Mg — NbC + MgO + CO (7.26)
2NbO, + 3C + 2Mg — 2NbC + 2MgO + CO, (7.27)
2NbO, + 4C + Mg — 2NbC + MgO + CO + CO, (7.28)
NbO, + 2CO + 2Mg — NbC + 2MgO + CO, (7.29)
NbO, + C + CO + Mg - NbC + MgO0 + CO, (7.30)
NbO + C + Mg - NbC + Mg0 (7.31)
2NbO + 3C + Mg — 2NbC + MgO + CO (7.32)
4NbO + 6C + Mg — 4NbC + MgO0 + CO + CO, (7.33)
NbO + 2CO + Mg — NbC + MgO + CO, (7.34)
2NbO + 2C + CO + Mg — 2NbC + MgO + CO, (7.35)
3NbO + 4C + Mg —» 3NbC + MgO + CO, (7.36)
NbO, + NbO + 2C + 3Mg — 2NbC + 3MgO (7.37)
NbO, + NbO + 3C + 2Mg — 2NbC + 2MgO + CO (7.38)
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NbO, + NbO + 3C + Mg — 2NbC + MgO + CO, (7.39)

-300 -~
4997 .__.__'_'_._H—I—I"H_.—H -10007

500] -1200

NbO, + 2NbO + 5C + Mg — 3NbC + MgO + CO + CO, (7.40)
NbO, + NbO + 4CO + 3Mg — 2NbC + 3Mg0 + 2CO0, (7.41)
NbO, + NbO + 2C + CO + 2Mg — 2NbC + 2MgO + CO, (7.42)
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Figure 7.11: Feasibility and non-feasibility of possible reaction paths to form NbC from
Nb20s via multi-step route.
For the reduction and carburization of Nb2Os, the values of AG at standard pressure
corresponding to the above chemical reactions were estimated by
_ T _ T Cp
AGr = AHo + [; CpdT — T [AS, + [7 2dT],

(7.43)
Cp = Aa+ Ab.AT + Ac.AT2
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where, (Aa, Ab, Ac), AHo and ASo are the difference of the coefficient of heat
capacities, enthalpy and entropy at 298 K of products and reactants, respectively. The
negative values of Gibbs free energy (AG) for the above-mentioned reactions convey the
feasibility of the reaction as shown in figure 7.11. All the reduction reactions suggested that
Mg (alone) reduced Nb2Os more efficiently to obtain NbO2, NbO and (NbO2+NbO)
mixture as compared to C and (C+Mg) mixture as represented by reaction (7.1, 7.9, 7.17)
in figure 7.11. Further, C and CO (in the presence of Mg) reduced Nb2Os equivalently to
obtain similar products as reaction (7.5, 7.13, 7.21) and (7.7, 7.15, 7.23), respectively,
which are shown in figure 7.11. Rest of the other reduction reactions are non-feasible due
to their positive AG suggesting that individually C and CO (in the absence of Mg) are not
capable enough to reduce Nb2Os.

As a result of reduction reaction, feasibility of the formation of NbO is higher than
that of NbO2 (more negative AG of reaction 7.9, 7.17 than 7.1) which is also supported by
the XRD pattern of A3. Further, the formation of NbC can be obtained via in-situ reduction
carburization of oxide products (NbO2 and NbO) as Nb metal was not obtained in any of
the synthesized sample (as shown in figure 7.2). In the similar pattern, reaction (7.25-7.42)
represent the possible chemical reactions for the formation of NbC from NbO2, NbO and
(NbO2+NbO) mixture, all are feasible with negative AG values. Unlike reduction reactions,
reduction-carburization of NbO2 and NbO follow different paths as shown in figure 7.10
by reaction (7.25-7.30) and (7.31-7.36), respectively. While, reduction-carburization of
(NbO2+NbO) mixture is represented by reaction (7.37-7.42) which are more spontaneous
than previous chemical reactions (7.25-7.36) with high difference of AG values. As single
phase NbC was obtained at 800 °C, reduction-carburization reactions follow the following
order according to AG at 800 °C; 7.37 > 7.41 >7.38 > 7.42>7.25>7.27>17.29 > 7.33 > 7.36
>732>7.40>735>7.31>7.39>734>7.26>7.28>17.30.

Thermodynamically higher feasibility of the formation of NbO2+NbO mixture is
also evidenced in the XRD pattern (figure 7.2a) of AC3 where NbO (major) + NbO2
(minor) were obtained at 600 °C. This is further converted to NbC (major) + NbO2 (minor)
at 700 °C and NbC at 800 °C. In this sequence, charcoal encapsulated NbO particles which
is followed by reduction-carburization reactions. As a result, CO and CO: gases are evolved
through coated carbon resulting to porous particles. Moreover, the transition (Nb,05 —
NbO, - NbO — NbC) leads to more evolution of gases, which enhances the porosity on

the particle surfaces, which is demonstrated in figure 7.12.
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Nb;0Os (C) + carbon (L) - (1) Nb,Os (C) + NbO, + NbO + carbon (L) - (3)

R NG b 1) Nb,O5 (C) + NbO, + NbO + Nb + p-carbon (L) - (4)
/& - Nb,Os (C) + NbO, + NbO + Nb + NbC + p-carbon (L) - (5)

i \ NbO, (C) + Nb + NbC + p-carbon (L) - (6)

NbC + p-carbon (L) - (7)
C —> core; L —> layer;

Nb,Os p —> porous
NbO,
NbO NbC

Generation of pores
due to emission of
co/CO, |

i I Increased surface area due
- to evolution of more CO/CO,
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-<— Reduction = Carburization

Figure 7.12: Reaction mechanism of the formation of NbC using charcoal as carbon source
with Nb20Os.

7.8. Raman spectroscopy:
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Figure 7.13: Raman spectra depicting the presence of D- and G- band in AC4, ACS5, AC1
and AC6.

Raman spectroscopy was used to analyze the nature of carbon in AC1 and AC4.
figure 7.13 shows the Raman spectra with two characteristic bands corresponding to

disordered (D- band) and graphitic carbon (G- band) near 1282.1 nm™ and 1589.8 nm'
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respectively. Ferrari and Robertson !7 suggested that the disordered scattering and bond
stretching of sp? carbon atoms contribute to the formation of D- and G- band respectively.
The position of the G- band near to 1600 nm™ suggests nano-crystalline graphite. The
observed higher intensity of the D- band than the G- band in these samples depicts the

amorphous nature of carbon as has also been observed from TEM analysis.

7.9. Absorbance and photoluminescence (PL) spectroscopy:
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Figure 7.14: (a) UV-visible absorption spectra and (b) Tauc plot depicting dual bandgap
corresponding to dual absorbance of all the samples synthesized at 800 °C.

Figure 7.14a shows the UV-visible absorption spectra of all the samples synthesized
at 800 °C suggesting broad multiple absorption humps in the visible region, which may be
associated with the presence of either oxide centers (NbO2 and Nb20Os) or continuous
carbon network (highly disordered graphic carbon) in the nanocomposite powder samples
18-20

The values of band gap were calculated by extrapolating the linear portion of the
(ahv)? vs. hv curve as shown in figure 7.14b. The absorption observed at 600-650 nm and
550 nm might be associated to the presence of disordered carbon ** and Nb-O centers ',
respectively. Table 7.4 shows the band gaps (~1.8 eV & ~2.1 eV) of as-synthesized samples
depicting the absorption in the visible region of the E-M spectrum, which makes them
suitable materials for studying their photocatalytic behavior under visible irradiation.

Table 7.4: Band gap of the samples synthesized at 800 °C.

Sample label Band gap (eV)
AC4 1.86 2.09
ACS 1.82 2.05
AC1 1.84 2.12
AC6 1.82 2.02

Moreover, to observe the photoemission characteristics of the synthesized samples

photoluminescence (PL) spectroscopy was conducted, which is shown in figure 7.15. A
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broad emission spectrum in the visible region was observed for all the samples, which is
associated with disordered carbon (observed in Raman and XPS analysis) and other
functional groups present in the powder samples. Photoemission decreases as the amount
of lattice carbon increases and lattice distortion decreases from a holding time of 5 h (AC4)

to 10 h (AC1).
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Figure 7.15: Photoluminescence spectra of all the samples synthesized at 800 °C.

For 11 h of holding time (AC6) more intense photoemission is observed as
compared to AC1. This is because of the presence of some functional groups, which reduce
the efficiency of non-radiative decay. The XPS spectra showed the energy corresponding
to m— m* transition which also promotes the photoluminescence quenching as observed in
figure 7.14 which is in good agreement with its volume fraction on the surface of different
photo catalysts (AC4 and AC5) ?!. Moreover, the presence of NbCxOy on the surface also

promotes the photoluminescence quenching.

7.10. Photocatalysis study:

Figure 7.16a represents the adsorption of MB molecule during the establishment of
adsorption-desorption equilibrium in which adsorption of dye follows the similar trend as
observed in BET surface area analysis. The controlled experiments showed that ~2.8%
decolorization of dye (without catalyst) was observed in a dark chamber. Moreover, 3.2%
photo bleaching was observed under visible irradiation without photocatalyst which is
negligible as shown in figure 7.16b. The experiments under visible irradiation with the as
synthesized photo catalysts showed decolorization/degradation as a function of exposure

time for the derivatives of MB, respectively as shown in figure 7.16b.
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Figure 7.16: (a) Adsorption of MB dye during the establishment of adsorption-desorption
equilibrium; (b) Relative change in concentration of MB dye under visible
illumination; (c¢) Pseudo first order kinetics; and (d) Pseudo second order
kinetics of MB degradation.

Moreover, it can also be observed that AC1 exhibited 68.9% efficiency under
visible illumination for 2.0 h which is quite better than other samples (AC4, AC5 and AC6).
The presence of oxides in the samples may affect the generation of excitons and their
transfer towards the surface. Sample AC4 shows the least photocatalytic activity while
minor content of oxides in AC5 and ACG6 resulted in better activity than AC4.

The decolorization/degradation kinetics of photocatalytic reactions were studied
with the help of pseudo first and second order law. Plot of ‘—In(C/Co) vs. t’ and ‘t/C vs. t’
represent pseudo first order kinetics (figure 7.16¢) and pseudo second order kinetics (figure
7.16d), respectively. The respective reaction rate constants (K1 and K2; h'') and regression
coefficients (R?) have been listed in table 7.5, which illustrated that AC1 has the highest
photochemical reaction rate constants (Ki) of 0.6246 h'! following pseudo first order
kinetics. Moreover, based on quality of fitting (R?), it can be suggested that AC1 and AC6
followed pseudo first order kinetics while, AC4 and AC5 followed second order kinetic
(table 7.5). Similar trend has also been observed by Yang et al. ?? and Younis et al. ?* for
photoelectron reduction of Cr*" on MoS>@TiO> nanotubes and photodegradation activity

of undoped and doped CeO2 nanocrystals.
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Table 7.5: Details of photochemical reaction kinetics of MB dye.

Concentration (mg/L) Catalyst Efficiency Rate constant R?
Dye Catalyst (%) K (h')
1.0 20.0 AC4 46.15 0.3246 | 0.99
1.0 20.0 AC5 5191 0.3984 | 0.98
1.0 20.0 ACl 68.96 0.6246 | 0.99
1.0 20.0 AC6 46.39 0.3048 | 0.97

The observed diminishing absorption patterns may be associated with the
interaction of excitons with different reactive oxygen species (ROS) such as hydroxyl
radicals (OH") and superoxide anion radicals (05 ). With the help of mass spectrometry, it
can be illustrated that the decreasing absorption spectra were attributed to the degradation
of dye molecules to lighter organic molecules which are shown in figure 7.17 and 7.18 as

lower m/z molecules along with the parent molecule.
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Figure 7.17: Mass spectrometric results of methylene blue (MB) before and after the
visible irradiation for 2.0 h using AC1 as photocatalyst.
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Figure 7.18: Probable degraded products for MB dye after exposer of 120 min.

To ascertain the results obtained from absorption spectra and MS analysis, TOC
was carried out to check the decrease of concentration of organic carbon. In association
with the MS results, 30.18% reductions were observed for concentrations of organic carbon
irradiation in MB dye solution with AC1 after 120 min as shown in figure 7.19a. These
results demonstrate the partial degradation of parent dye molecules due to the presence of
some organic carbon in the form of aromatic rings which can be asserted that the
decolorization (absorption study) rate was faster than the degradation (MS and TOC study)

rate of dye molecules.
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Figure 7.19: (a) Total organic carbon (TOC) of MB dye with AC1 before and after the 120
min visible irradiation; (b) Reusability of AC1 as photocatalyst under visible
irradiation.

The photocatalytic activity of the synthesized samples was increased with
increasing holding time at 800 °C up to 10 h, which again was decreased at 11 h. As
observed from XRD analysis, carbon content in the lattice of NbC has increased from 0.79
(AC4) to 0.959 (AC1) resulting in less distorted crystallites which is further decreased at
longer holding time (11 h) with higher distortion as discussed in the W-H analysis.
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Moreover, a similar trend was also observed from BET analysis where SSA was increased
from 292 m?/g (AC4) to 506 m*/g (AC1) and then decreased to 475 m*/g (AC6). Further,
PL spectroscopy data show that recombination decreases with the decreased impurities in
the synthesized samples resulting in better degradation of dye with AC1 than other samples.
Further, the reusability of the nanocomposite photocatalyst is a significant parameter which
maneuvers the practical usefulness of photocatalyst. To observe the reusability and stability
of as-prepared C coated NbC NPs, recycle reactions were carried out for the degradation
of MB dye over AC1 as shown in figure 7.19b. To observe the recyclability of as prepared
photocatalyst, previously used photo catalysts (AC1) were removed from the solution by
centrifugation and then reused for the photodegradation of all the dyes with the same
concentration of the solution and irradiation intensity. The excellent stability of
photocatalyst (AC1) is well-illustrated from the XRD pattern of AC1 after the 3™ cycle of
photodegradation reaction as shown in figure 7.20a. These results suggest sufficient
stability of the photocatalyst during photodegradation of the dyes and can be reused without

significant decrease in performance.
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Figure 7.20: (a) XRD pattern of AC1 before and after the photocatalytic reaction; and (b)
Effect of various scavengers on the degradation of MB dye with photocatalyst (AC1).

To establish the mechanism responsible for such a good photocatalytic behavior of
synthesized photocatalyst, the generation of reactive oxygen species (ROS) has to be
confirmed by using €, h", OH and O; scavengers. As an effect of these scavengers,
degradation of MB dye got retarded, which is shown in figure 7.20b. Addition of ascorbic
acid (AA) did not alter the photodegradation profile while, all other scavengers (AO, SS
and IPA) reduced the efficiency by ~15%. Such decreased efficiency can be associated to

the involvement of h*, e~ and OH' in photochemical reaction.
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7.11. Proposed degradation mechanism:

Figure 7.21 illustrates the proposed mechanism responsible for the photocatalytic
degradation of MB dye under visible light irradiation. As per the XRD results, it cannot be
stated that nanocomposite sample consists of NbC alone, but, presence of O-centers
(observed form TEM and XPS analysis) inside the NPs induced the optical active sites
generating the charge carriers upon visible exposure. Earlier, Ohgi et al. * and Ishihara et
al. % also suggested the enhanced generation and transportation of charge carriers by
inducing oxygen centers (through partial oxidation) in the carbide nanoparticles. Figure
7.22 shows the valence band XPS spectra of AC1 and AC4 depicting different VB edges
of ~1.97 and ~1.71 eV and with the help of optical absorption analysis, the position of the

CB can be estimated.
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Figure 7.21: Proposed mechanism of photodegradation of MB dye.
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The CB edge potential of both the samples (-0.15 eV and -0.38 vs NHE,
respectively) are more negative than the standard redox potential of 0, /05 (-0.046 eV vs
NHE) to reduce molecular oxygen 2°. Further, VB potential edge of OH™/OH' (+1.99 eV
vs NHE) is lower than VB of photocatalyst 2°. Being metallic in nature, NbC supported the
charge transfer towards the surface of NPs where the reaction with the hydroxyl anion and
dissolved oxygen in water produces hydroxyl free radicals (OH') and superoxide free

radical anions (03 "), respectively. These reagents are considered as strong oxidizing agents
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and thus oxidize the dyes adsorbed on the surface of the NPs. Various reactions, which are

responsible for the degradation of dyes and are expressed as follows:

NbC+ C+hv—> NbC+C+ht+e” (7.44)
0,+e - 05 (7.45)
05 4+ H,0 = OH + OH™ (7.46)
OH™ +h* - OH' (7.47)

For all the samples, degradation efficiency is a function of phase content (NbC,
NbCxOy and Nb-O), n—n* transitions and oxygen vacancies present on the surface. Among
all of these parameters, the presence of NbCxOy and n—7n* governs whole catalytic reaction
(as discussed in PL analysis). Moreover, oxygen vacancies promotes the delayed
recombination (PL emission peak at 468 nm) which in turn provide more excitons . But
excess vacancies can also quench the photocatalytic reaction which might be responsible
for the observed reduced photodegradation in AC5 as compared to AC1. While, AC6

possess insufficient vacancies providing lesser degradation efficiency than ACI.
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Figure 7.22: Valence band spectra of AC4 and ACI along with the estimated band
structure of synthesized nanocomposite as photocatalyst.

Except for AC1, both AC5 and AC6 contain higher carbonyl (C=0O) group,

considered as hole scavengers 282

, which in turn reduce the generation of OH". Since, OH"
is a strong oxidizing agent as compared to O3, reduction in the generation of OH’ retards
the photocatalytic degradation efficiency of AC5 and AC6. Furthermore, in AC5 and AC6,
Nb exhibits 4+ (NbCxOy, NbC, NbO2) and 5+ (Nb20s) oxidation states in which Nb>" tries
to attain a more stable state, i.e. Nb*" by scavenging an electron to retard the
photodegradation. Sample AC1 consists of Nb in the 3+ (NbCxOy, NbC) and 4+ (NbCxOy,
NbC, NbO) states in which Nb** will try to achieve Nb*" by ejecting an electron to enhance

the degradation efficiency which can be expressed by the following equations:
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Nb>t + e~ — Nb** (7.48)
Nb3* - Nb** + e~ (7.49)
As the degradation can be achieved by the transformation of chromophore groups

and the generation of energetic electrons in visible light, photocatalysis is
thermodynamically and kinetically limited which might cause the partial degradation of
MB dye even with the visible range band gap of photo catalysts based on MS and TOC
results *°. With the help of results of detection of ROS species, it can be said that the
generation of ROS species is a function of both photocatalyst and dye solution. The
degradation of MB dye occurred by the hole, electron, and hydroxyl radical equivalently.
Thus, smaller crystallite size, high pore volume and specific surface area, smaller
recombination, and fine tuning of bandgaps are considered to be prominent factors for the

enhanced photocatalytic properties of single-phase carbon coated NbC NPs.
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CHAPTER 8 CONCLUSIONS
& FUTURE SCOPE

Overview

In this chapter, the conclusion drawn from on the basis of work done for the
synthesis of NbC-C nanocomposite powder at different experimental conditions using
different carbon precursors (smoked cigarette filters, parthenium hysterophorous,
cellulose acetate and activated charcoal) is presented. Further, the effect of carbon
precursor, lattice strain, lattice carbon (C/Nb) and composition on photocatalytic
performance of synthesized samples is summarized. Based on the work done,

suggestions for future work is also given.
|
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8.1. Conclusions

Niobium carbide (NbC) is considered as a promising candidate to enhance the
toughness of Co-WC cermets, as a thermal barrier coating, corrosion resistive coatings and
cutting tools. Apart from these applications, it also exhibits excellent electrocatalytic
performance for different fuel cell applications due to excellent chemical stability. Here,
the present work explores the photocatalytic behavior of NbC in which photon induced
charge carriers generates the ROS reagents resulting oxidation of organic molecules.

In the present work, it has been observed that the performance of synthesized NbC-
C nanocomposite as a photocatalyst is a function of particle size, SSA and chemical
composition of NbCx; most importantly in terms of a solid solution of Nb, C and O forming
carbon deficient NbCx and NbCxOy/NbO; defect site inside the NbC lattice. All the above-
mentioned parameters depend on the synthesis conditions and the nature of carbon source
which was carried out using four different carbon precursors. The major findings as

concluded from a series of experiments are presented below:

1. During the optimization of synthesis parameters by using different carbon sources,
it has been observed that the larger particles of Nb2Os i.e. ~250 nm were transformed to
smaller NbC nanoparticles (10-120 nm) as a result of solid-state reduction carburization
reaction among reactants which can also be expressed through following pathway:
Nb,0s - NbO, - NbO - NbC

The above-mentioned chemical phase transformation does not include the
formation of metallic Nb and semi-carbide phases (Nb2C, Nb4Cs and NbeCs etc.). The
presence of carbon coating on NbC nanoparticles suggested the temperature and time
dependent solid-state diffusion of carbon towards the core of Nb2Os particle resulting NbC
(NbCx, NbCxOy and NbO:) and evolution of oxygen in the form of CO or CO: inducing
porosity on the surface of the particles.
2. For all the precursors, single phase NbC-C nanocomposite has been obtained at 800
°C with different holding times. In terms of holding time, PH has resulted faster reduction
carburization of Nb2Os which did not require the holding time i.e. 0 h whereas the use of
CFs suggested the holding time of 20.0 h at 800 °C. Moreover, laboratory grade chemicals
(cellulose acetate and activated charcoal) exhibited moderate holding time (2.0 and 10.0 h,
respectively) at the same temperature.
3. In this work two different categories of carbon precursors were taken; 1) waste

materials (smoked cigarette filters and parthenium hysterophorous well known as carrot
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grass) and 2) laboratory grade chemicals (cellulose acetate and activated charcoal). In order
to get pure phase, the experimental conditions for each category of carbon source is
summarized in table 8.1.

Table 8.1: Comparative data of NbC samples obtained from different carbon precursors.

Chapter 4 Chapter 5 Chapter 6 Chapter 7
Cigarette Parthenium Cellulose Activated
filters hysterophorous acetate charcoal
Temperature (°C) 800 800 800 800
Holding time (h) 20.0 0.0 2.0 10.0
a(A) 4.468 4.462 4.466 4.469
x (C/Nb) 0.944 0.881 0.923 0.959
Avg particle size (nm) 120 66 80 12
Strain (g x10) 0.84 14.20 2.50 85.10
SSA (m*/g) 17.70 49.47 6.09 506.00
Pore volume (¢cm’/g) 0.092 0.121 0.019 0.369
‘NbC content (%) 14.72 22.90 18.60 13.72
‘NbC,Oy content (%) 9.99 23.70 19.30 4.54
"In/Ig 0.71 0.31 0.13 1.49
Catalyst loading (mg) 60.0 60.0 60.0 20.0
Dye adsorption (%) 54.01 56.70 20.19 78.11
Dye degradation (%) 54.38 100.0 45.86 68.96
Irradiation time (h) 8.0 8.0 8.0 2.0
Rate constant (h™) 0.0905 0.5537 0.0733 0.6246
Detected ROS 0'5 0'5 0'5 0'5
Recyclability (cycles) 3 4 4 3

“XPS (Nb3d) and Raman results

4. Single phase NbC samples (as observed from XRD results) exhibit lattice distortion
due to the presence of oxygen centers inside the NbC particles in the form of NbCxOy or
NbO: as revealed by the elemental line profile (TEM) and XPS spectroscopy. These
oxycarbide (NbCxOy) or oxide (NbO:) centers has also induced optical absorption
characteristics in visible region.

5. The Raman spectroscopy revealed the in-situ formation of carbon on the surface of
carbide as free carbon. The nature of different carbon (amorphous, graphitic etc.) depends
on upon the source of carbon taken as precursor. Among all the precursors, activated
charcoal induced the formation of higher content of disordered graphic carbon while,
smoked cigarette filters and parthenium hysterophorous resulted multilayered graphitic
carbon. Further, laboratory grade cellulose acetate resulted in the formation of larger layers
of graphite as compared to other carbon precursors.

6. Considering the optical activity under visible region, effect of concentration of dye
solution and photocatalyst (single phase NbC-C nanocomposite sample) for the

photodegradation of methylene blue dye was optimized to 1.0 mg/l and 60.0 mg/l,
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respectively. The preliminary photocatalytic experiments suggested the inverse
dependency of the concentration of dye solution due to decreased penetration of light and
inter molecular repulsion between dye molecules.

7. As an effect of composition of photocatalyst, single phase NbC with higher content
of NbCxOy center supported the photocatalytic activity. Moreover, the resultant
photocatalytic performance of NbC has also been influenced by the higher specific surface
area (compromised with lower content of NbCxOy) as observed in the case of activated
charcoal. Apart from these factors, the presence of Nb-oxides in the powder sample has
also suppressed the photocatalytic performance. Further, the role of free carbon also
maneuvered the photocatalytic performance as g-C provides better charge transfer
phenomenon while, amorphous carbon induces higher adsorption sites (high specific
surface area) for dye molecules.

8. Photocatalytic experiments under household CFL illumination suggested the
physisorption (pseudo first order) governing photodegradation of MB dye in which PH
derived NbC-C nanocomposite sample exhibited 100% discoloration of dye solution.
83.1% removal of organic carbon (TOC) has been observed suggesting the slower
degradation as compared to discoloration. The detection of reactive oxidative species
(ROS) revealed the involvement of superoxide anion radical (05 ") as major oxidizing agent
during photodegradation of MB dye. Direct mass spectrometry revealed the partial
decomposition of MB dye molecule to lower molecules having m/z ~202.17 suggesting the
photodecomposition of MB molecule instead of complete mineralization. Further, the
optimized NbC-C nanocomposite sample can be considered as a stable photocatalyst up to
4 continuous cycles without any significant structural modifications.

The use of organic waste (CF and PH) has resulted better photocatalytic behavior
of NbC-C nanocomposite samples as compared to those which have been obtained from
laboratory grade chemicals.

8.2. Future scope

The present work establishes the utilization of waste materials to develop
engineering compound i.e. NbC at relatively low temperature. Here, four different carbon
precursors have been used to understand the effect of temperature and holding time on the
formation of NbC using single source of Nb and reducing agent. However, other variety of
reducing agents (carbonates and zeolites etc.), organic or inorganic wastes (as carbon

source) and other Nb precursor can also be used to evolve the structural insights of synthesis
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of nano NbC. A systematic work can also be done to determine the exact band diagram
(density of states) with proper experimental justification (related to photocatalytic
performance) which has numerous theoretical approaches. Apart from photocatalytic
degradation of organic pollutants, treatment of some real time pharmaceutical wastes can
also be explored along with photocatalytic fuel generation (H2/O2 and alcohol production)

and COz reduction.
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