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ABSTRACT

Scientist for the past two centuries have been fascinated by carbides due to their
unique physical, chemical and mechanical properties. It is because of their high
melting point that they form refractory carbides and falls in the category of ultra high
temperature ceramics (UHTC). Their hardness is also very high due to which they find
use in production of drill bits and cutting tools. Among these carbides, ZrC is a very
significant compound due to its distinctive features and thus is useful for industrial
applications. Keeping this in mind, ZrC nanopowders were synthesized in the present
study via a carbothermal-reduction technique by using ZrO2 as a precursor for Zr and
CeH14 as a C source along with Mg as a reductant. Various experiments were
performed by varying temperature (600, 700, and 800 °C), holding time (2.5 and
7.5h), and in the later stages varying the C content to observe the changes in the
morphology of the compound. All the synthesis was done in a sealed stainless steel
autoclave in a furnace at a heating rate of 5 °C/min. Synthesized samples were
characterized by X-ray diffraction, scanning electron microscope and transmission
electron microscope. The thermal analysis was done using thermal gravimetric
analysis/ differential scanning calorimetry. XRD results illustrated that heating the
precursors at 700 °C with a holding time of 10h is optimum condition to produce
single phase ZrC. The nanoparticles produced have an average size of about 26 nm
having a C layer engulfed structure. The factors influencing the synthesis of ZrC have

been discussed in the present work.
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Chapter 1 - Introduction

1. Introduction

By the start of 20" century, transitions metals (Group IV, V and VI) have attracted many
scientists throughout the world as they have exclusive and eccentric properties including
their immense hardness, very high melting point, high thermal stability and chemical
stability and high corrosion resistance. In the past few decades, nanotechnology has
developed rapidly, due to which more and more transition metal carbides are being
investigated [1-3]. When these transition metals combine with carbon, they form transition
metal carbides (TMCs) or simply carbides. With respect to their parent metals, TMCs
behave like noble metals and are utilized for electrochemical reactions such as oxidation
of hydrogen, alcohols, and reduction of oxygen. They are generally prepared
from metals or metal oxides at high temperatures (~1500 °C or higher) by combining the

metal with carbon [1].

1.1 Transition metal carbides (TMCs)

TMCs are also called refractory carbides wherein the general meaning of ‘refractory’ is the
substance which can withstand high heat. Refractory carbides are very useful materials
with various industrial applications as they can withstand a high temperature (>1800 °C)
with an ease. Due to high melting points, they can be used under very wide operational
temperature ranges and exhibit an unusual mixture of metallic, ionic and covalent behavior.
Although, many of the applications of the carbides are recently discovered but the
refractory carbides and nitrides have been acknowledged by the scientists for more than a
hundred years. As early as the start of 19" century, carbides were being produced such as
titanium carbide (TiC) and tungsten carbide (WC) were extracted from steel [1]. In 1890,
E. G. Acheson fabricated silicon carbide (SiC) and gave the name Carborundum. By the
year 1900, Henri Moissan a French chemist synthesized many carbides by the process of
electric arc-furnace [2]. TMCs have many unique properties due to which they find many
applications in different industries such as, tantalum carbide (TaC) has very strong covalent
bonds and high degree of stability, thus it can be used to enhance performance of very hard
metal machining tools [3]. Chromium carbide (CrsC,) is used to manufacture steels, valve
seats and is also used as a corrosion resistant material [4]. Silicon carbide (SiC) and boron
carbide (B4C) are used as abrasives in finishing and grinding processes. TMCs are also

thermally efficient materials and for that purpose, they are being used in resistors and semi-
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conductor devices [5]. Titanium-carbo nitride powder (TiNC), is used in hardening of
materials and also for the protection of cutting and sliding surfaces. Alongside, it is also
used as a non-toxic cover for medical implants [6]. Zirconium carbide (ZrC) is used in
cutting tools (due to its high hardness) and is also used as an applicant for coating of nuclear
fuels [7]. Carbides are generally classified in 4 categories on the basis of their bonding
between metal and C atoms, these categories are explained in Fig. 1.1 [1].

N\
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Figure 1.1: Categorization of carbides based on bond nature.

1.2 Applications of TMC’s

Carbides find use in various kind of industries, some of them are listed below:

Tungsten carbide (WC) — It has HCP structure and is considered among the hardest
carbides with 2600 VHN and 650 GPa bulk modulus. Due to its high hardness it is being
used for making machining tools.

Silicon carbide (SiC) — It also has HCP structure and possesses mainly two phases; a. (SiC)

is the one having non — cubic (hexagonal and rhombohedral) structure and p (SiC) is the
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one having cubic structure. It is found in nature as an extremely rare mineral ‘moissanite’.
The synthesis of SiC is reported back to 1890 by Edward Acheson [8]. It has very high
melting point (~2830 °C). It is widely used as abrasive in lapidary and in the process of
whiskering and also in ballistic vests.

Boron carbide (B4C) — Till 1930, the chemical composition estimated for boron carbide
corresponds to formula B4C but since it has Biz structural unit, the chemical formula written
for the ‘ideal’ boron carbide was Bi12Ca. It absorbs neutrons without forming long-
lived radionuclides. Also, it is used as an absorbent for neutron radiation which arises in the
nuclear power plants and also from anti-personnel neutron bombs. As of 2015, B4C is the
third hardest substance known to the mankind, after diamond and cubic boron nitride, and
its nicknamed "black diamond".

Hafnium carbide (HfC) — It is a carbide with melting point of ~3900 °C and is considered
as one of the most refractory binary compounds. It also has a low oxidation resistance
(starting from 430 °C). Its usages are limited due to high costs, while it is mainly used in
hard coatings applied by processes like plasma spraying.

Zirconium carbide (ZrC) — It is a cubic structured carbide with a very high melting point
(~3500 °C) and very high hardness. It has a low neutron absorption cross-section. When
placed under radiation it has a very weak damage sensitivity and for this it is used for the
coating of thorium dioxide and uranium dioxide particles. Also, due to its high hardness it
is being used in cutting tools.

1.3 Crystal Structure and composition

A crystal is defined as a solid material in which the unit cells are arranged in a 3-D manner.
In TMCs, the atoms are packed in such a way that they occupy a minimum space. This
observable fact is known as close packing. In these kind of structures, the closely packed
atoms gets themselves adjusted in the depressions of the other adjacent planes. Therefore,
each atom is surrounded by close neighbors, represented as either HCP, BCC, FCC etc.
The crystal structures become increasingly complex moving from Group 1V to VIII. The
crystal structure of TMCs is shown in the table 1.1 which reveals that the carbides show
FCC structure while their metals are HCP and BCC. This transition in the crystal can be
explained on the basis of number of valence electrons in carbon which further increases

the concentration of sp electrons. Group IV compounds follows this trend due to MX
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stoichiometry, group V compounds contain high non-metal content and high sp electron
density, so in those cases FCC is observed. In early transition metals MX and M2X are

dominant while in later transition metals stoichiometry shifts to MzX and MsX.

Table 1.1: Crystal structure of transition metal (M) and their carbides (MC).

Metal M structure MC structure
Titanium HCP FCC
Zirconium HCP FCC
Hafnium HCP FCC
Vanadium BCC FCC
Niobium BCC FCC
Tantalum BCC FCC

Chromium BCC ortho-rhombic

Molybdenum BCC ortho(a), HCP (B)

Tungsten BCC HCP

Most of the TMCs of group 1V and V have FCC unit cell in which regular lattice sites are
occupied by metal atoms and octahedral voids are occupied by carbon atoms which is

shown in schematic diagram (figure 1.2).
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Figure 1.2: Crystal structure of FCC TMCs.
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Some of the basic features of TMCs of group IV, V are discussed as follows:

Group IV: This group has the lowest carbon to metal (C/M) atomic radii ratio as compared
to group V and VI. The C/M ratio decreases as the size of metal atom increases. They are
composed of metal-carbon combination where the C atoms are placed at octahedral sites.
Group V: This group has the intermediate C/M atomic radii ratio as compared to group
IV and VI and the C/M ratio decreases as the size of metal atom increases. They are
composed of metal-carbon combination where the C atoms are placed at half of the
octahedral sites. The main composition is M2C.

Group VI: This group has the highest C/M atomic radii ratio compared to group IV and V
and the C/M ratio decreases as the size of metal atom increases with the exception of Cr as
it belongs to the intermediate class of carbides but it meets the refractory criteria. They

have many compositions (e.g. Cr have compositions Cr23Cs, Cr7Cz, CrzCy).

1.4 Physical properties of TMCs
1.4.1 Melting point

TMCs are known for their high melting points. Many of the carbides either melts or gets
decomposed when reaching above 3000 °C, TaC having the highest value of ~3900 °C.
Group VI elements have the highest range of melting points, but in the case of carbides,

the maximum range of high melting points can be found in group V. It is worth noticing in
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figure 1.3 that there is an increase in the melting temperature of metals from Ti to W.

However, their corresponding carbides show decrease in the melting point.
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Figure 1.3: Comparison of melting points of TMs and TMCs.

1.4.2 Density

Transition metals of group V and VI have BCC crystal structure while on the other hand

Ti and Zr have HCP structure. Most of these transform into FCC structure on carburization.

The negative deviation in density of carbides is the cause for this. TiC and ZrC both have

higher density than their respective metals. The result of this is an increase in metal — metal

spacing which occurs when a mono carbide is formed. The density of metal carbides of

group 1V, V and VI with their corresponding carbides is shown in Figure 1.4.
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Figure 1.4: Comparison of densities of TMs and TMCs.
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1.5 Resistivity

All the materials are basically classified into conductors, semiconductors and insulators.
Conductors have the lowest resistivity 102 - 10 pQ-cm, while semiconductors resistivity
ranges from 10° - 10™ pQ-cm, and insulators have resistivity of about 10%3 - 10'® uQ-cm.
Though, the resistivity of carbides have high value than that of metals, still their resistivity
lies in the range of conductors. WC and TaC have the minimum value of resistivity of the
range ~22 uQ-cm while, CrsC and TiC have the maximum value of resistivity of the range

~68 uQ-cm. All the other metal carbides have resistivity in the range of 35-60 pQ-cm [9].

1.6 Mechanical properties

Mechanical properties mainly include hardness, toughness and stiffness. As hardness
involves elastic and plastic deformations, the carbides of group IV have better resistance
than groups V and VI. Stiffness may be defined as force applied per unit deformation of the
object; the extent to which it resists deformation in response to an applied force. Li et al.
studied that with rise in temperature, the open porosity of the C/ZrC composites increased.
As a result of this a strong interface was formed and C fibers got damaged, showing adverse
mechanical properties. As a result of this, the strength and toughness decreased from 232
MPa to 103 MPa and from 11.9 MPa m*? to 3.4 MPa m*? respectively. There was an

increase in the linear recession from 21.0 mm/s to 32.0 mm/s and then to 35.7 mm/s [10].

1.7 Chemical properties

TMCs like platinum (Pt), palladium (Pd) are used as electrode elements in fuel cells and in
electrolyzers. WC has been studied extensively as electrocatalyst for oxygen reduction
reaction (ORR), methanol oxidation reaction (MOR) and hydrogen oxidation reaction
(HOR), and hydrogen evolution reaction (HER) [11-13]. Table 1.2 shows the various
characteristic properties of TMCs of group IV, V and VI.
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1.8 Zirconium — carbon (Zr-C) system
As early as 1865, ZrC was prepared from zirconia (ZrO2) and carbon by Troost [15]. Two
decades later, Moissan in 1893 prepared carbides by the reaction in the electric arc furnace
[16]. Early ZrC was only prepared by reduction of zirconia which included 3 steps with the
formation of Zr,Oz which begins to form at 940 — 960 °C, then ZrO which forms above
1240 °C, and finally the carbide. The overall reaction is best written as:
Zr0, + 2.63C — ZrCy710¢0s + 1.92CO (i)
Zirconium carbide (ZrC) falls under the category of interstitial TMCs with hardness value
of the range ~26 GPa due to which it is used in cutting tools and for the coating of wear-
resistant materials. It has good thermochemical and thermomechanical properties [17, 18].
Besides having high value of melting point and high hardness ZrC also demonstrates high
emissivity. The current carrying capacity of this compound is also very high at higher
temperatures. Therefore, ZrC is used in tips of field emitters, photovoltaic radiators and
arrays [17-21]. ZrC as the recent studies shows, can be synthesized at low temperature by
using the precursors which are prepared by solution-based methods [22-26] which have
many advantages. In these kind of methods precursors that are rich in C and Zr are mixed
to produce very minute powders, fibers and thin films. Table 1.3 shows the reaction of ZrC

with other metals which were taken at different temperatures.

Table 1.3: Reaction of ZrC with metals and metal oxides [14-16].

Temperature
Metal . Product
(°C)
Niobium 1600 Forms ZrC — NbC solid solution
Forms TaC and solution of Zr in Ta. It had hardness
Tantalum 2200
greater than Ta
Molybdenum 1900 Forms a new phase similar in hardness to Zr
Forms a new phase of great hardness exceeding that of
Tungsten 2200
tungsten
_ Very slight solubility of Re in ZrC (<0.8 at. %) is
Rhenium 2000
observed
ZrO2 1800 Forms an oxycarbide of the type ZrCxO1x
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1.9 Phase relationship of Zr-C system

ZrC system is a face centered cubic compound. A phase diagram based on a number of
studies is shown in figure 1.5.
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Figure 1.5: Phase diagram of Zr-C system [27].

The melting point of Zr metal is 1855 + 15 °C as shown in the figure. Like most of the
carbides ZrC is also sub-stiochiometric and contains carbon vacancies and and is stable for
C/M ratio 0.65 to 0.98 as is clear from phase diagram and the melting point reaches its peak

of 3420 °C near C/M = 0.8 and then decreases as we move towards higher C/M ratio.

1.9Properties of zirconium carbide

1.9.1 Lattice parameter and density

C. Kempter and R. Fries calculated the lattice parameter for ZrC and found it to be precise
to 4.69764 + 0.00005 A [28]. They also found that Zr contained 0.5-2% Hf as an impurity,
however, they showed such a small amount of Hf has little effect on the lattice constants
of zirconium or its compounds. The lattice parameter mainly depends on the rate and
amount of the carbon diffusion into ZrC lattice. ZrC has a less value of density (6.73 g/cm®)
compared to other carbides like WC, TaC and HfC [29]. ZrC is used in re-entry
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vehicles, rocket/SCRAM jet engines and supersonic vehicles. It fulfils the requirement of
the industry which needs less dense materials which can bear high loads at high

temperatures.

1.9.2 Chemical reactivity

The chemical reactivity of ZrC is somewhat greater than that of similar carbides e.g. TiC.
It is essentially inert to cold concentrated HCI, H2SO4, H3PO4, H2C204, HCIO4, and H2SO4
+ H3PO4. However, cold HNOgz, HCI + HNOg, or dilute H2SO4 + H3PO4 and the oxidizing
acids when heated, dissolves the carbide. The reaction between CO and ZrC leads to an
oxycarbide. Prescott (1926) measured the pressure of CO over a mixture of ZrO, C, and
ZrC [30]. This data was represented by the equation taken in the temperature (T) range
1600-1750 °C:

log P (CO) = 8.592 — (16580/T) (ii)

1.9.3 Heat of formation

Mah and Boyle (1955) reported the value of heat of combustion as -44.1 + 1.5 kcal/mole
for an impure sample of ZrC for which two assumptions were made for correcting ZrC
results. First, the sample was assumed to be 94.01% ZrC, 5.86 % ZrN and 0.13% free C
which lead to 72.7 cal /g correction. Secondly, it was assumed that the sample contained
94.72% ZrC, 5.23% ZrO and 0.05% free C which lead to 92.0 cal /g correction [31]. A
decade later Mah (1964) found the value to be -47.0 + 0.6 kcal/mole for two samples; one
analyzing ZrCo.e3 (with 0.11% free C, 0.18% N and 0.17% O2) and the other ZrCo.g9 (0.12
% Ti, 0.07 %N and 0.05% O>). Mah assumed that the oxygen was present as ZrOz, and Ti
and B were uncombined. If, on the other hand, the oxygen were dissolved as ZrOo.7 and
boron as ZrBo.7, and the titanium as TiCo 7, heat of formation of -30.8 kcal/mole for ZrCo 73

was obtained.

1.10 Advantages of zirconium carbide over other TMCs

ZrC is a very important compound as it has a high corrosion resistant capacity. ZrC is also
a member of ultra-high temperature ceramics or the UHTC community. Due to covalent
bonding ZrC has a very high melting point than the other carbides. The main advantage of
this compound is its low value of density (~6.8 g/cm®) which makes it suitable for the use

in re-entry vehicles, rocket/SCRAM jet engines and supersonic vehicles. As mentioned
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earlier when compared to other carbides, it has a low neutron absorption cross-section due
to which it is used as the coating of thorium and uranium dioxide particles. The application
of ZrC in hard alloy can improve the hardness and corrosion resistance of materials. ZrC
nanoparticles can be used in nano-structured parts in metallurgical, chemical and aviation
industries. It finds its application in the textile industry in making thermostat textiles in
nylon, fiber and hard alloy. Besides all this, ZrC nano powders has high visible light
absorption, excellent infrared reflectance and large energy storage characteristics [32]. Due
to some superior characteristics over other TMCs, it can revolutionize various engineering

sectors if ZrC can be synthesized optimally at low temperatures.
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2. Literature Review

Among all the known TMCs, zirconium carbide (ZrC) holds special importance as it is used for
cutting tools and other industrial purposes. Synthesis of ZrC is also a perilous process as its
properties is dependent mainly on the procedure followed for the synthesis. ZrC was prepared as
early as in the 1960’s [1]. Some of the important developments on the formation of ZrC is being

discussed as follows.

In 1972, Sarkar et al. [2] took a mixture of reactor-grade ZrO; and graphite. Heat treatment was
given to the sample in a specially designed graphite tube furnace. The reactions between ZrO;
and C were carried from 1400 to 1800 °C in the presence of CO. The pressures ranged from 100-
760 Torr with holding time from 4 to 75 h. The as-synthesized samples had zirconium oxycarbide
(ZrCx0Oy) as an intermediate phase in which ZrO and C didn’t react. The lattice parameter ‘a’ of
the intermediate phase observed was in between 0.4676 to 0.4681 nm depending on various heat
treatment cycles followed.

In 1990, Lu et al. [3] prepared ZrC by using (RO)4Zr as a liquid organometallic precursor. The
reaction was performed in a newly developed mechanism called Triple Torch Plasma Reactor
(TTPR) in temperature range of 1500 to 3500 °C. It was suggested that excess C can be removed
with the addition of a fixed amount of CO; in the plasma. The product powder was porous and
spherical with the specific area of 140 m?/g.

In 1993, Kobayashi et al. [4] investigated the conditions for low-temperature synthesis of ZrC
fine powder from ZrO»-Mg-CHs reaction which was cyclic in nature. The synthesis was
performed with the help of thermite-type reaction which is conducted in pure Ar atmosphere, with
metallic Mg as reducing agent and CHs gas as a carbon source. Single phase ZrC was formed
through the formation and decomposition of Mg.Cs (2Mg + 3CH4 + Mg.Cs + 6H2 = 2Mg + 3C)
with a molar ratio of 2.2:1 (Mg:ZrO) at 750 °C for 30 min. The average particle size was 0.05
um with specific surface area measured via BET was in the range of 44.1 - 49 m?/g.

In 1997, Tsuchida et al. [5] used planetary ball mill to synthesize ZrC nanopowders using various
molar ratios of Zr and C. The mixed Zr and C powders was exposed to air in graphite crucible via
self-propagating high-temperature synthesis (SHS). Morphology, color and phase composition of
final products were observed for Zr-C powder mixtures with varying amounts of carbon content.

The structures obtained were stratified swelling type structure, porous swelling type structure and
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block-like structure without swelling depending upon the carbon content. The carbon content also
affected the crystal structure of ZrC with variable lattice constant from 0.4637 - 0.4693 nm.

In the same year, Maitre and Lefort [6] performed a solid—solid reaction between zirconia and
carbon under inert Ar atmosphere thereby producing ZrC by the formation of intermediate
oxycarbide ZrCo.g400.06. The mixtures obtained were kept in carbon crucibles followed by heat
treatment of the samples in the presence of Ar at temperatures ranges of 1350 to 1550 °C. The
completion of the reaction took place at 1450 °C when the sample was kept for 12h. Thermal
analysis were performed to check the rate of the reaction and lattice parameter was also calculated.
Temperature was optimized within the range of 1350 to 1550 °C, and it was observed that the
final transformation of the oxycarbide into carbide was slow. Lattice parameter remained constant
even with variation in the temperature having the value of 0.4688 nm.

In 1999, Hasegawa et al. [7] mixed phenolic resin and zirconium 2, 4,-pentanedionate (ZTP) in
2,4 pentanedione and ethanol, 10ml each, with the addition of sulphuric acid and distilled water.
C/Zr molar ratio was kept at 4.0 in the initial stages. The solutions were stirred at room
temperature at 65 °C for half hour. The dried fibers were heat treated at different temperatures in
between 1100 to 1500 °C for 4h in Ar atmosphere. However, samples prepared at 1500 °C showed
single phase ZrC in the XRD spectrum.

In 2002, Dong et al. [8] synthesized ZrC by mixing zirconia and graphite in a ball mill for 24 h,
The as-synthesized powders were heat treated at 1800 °C in vacuum furnace at 100 Pa N>
pressure. Due to longer duration and high energy of the milling process ZrO. powders were able
to react with carbon at room temperature.

In the same year, Li et al. [9] synthesized nano ZrC via a reduction-carburization process in which
they took 6.9 g ZrCls, 3mL CCl4 and 5.1g granular Na metal into an autoclave made of stainless
steel. The autoclave was sealed and heated to 550 °C for 12h. The sealed autoclave was then
cooled down to room temperature. The as-synthesized sample was washed with ethanol, 0.1M
HCI and distilled water. This was done to remove NaCl and other impurities. The sample was
then dried in vacuum oven at 60 °C for 4h. XRD of the sample confirmed face-center cubic (FCC)
ZrC having a = 4.686 A, while the average size of nanocrystallites were 18 nm, which was
estimated from the Debye-Scherrer formula. The SAED pattern suggested that particles were
well-defined single crystal while, HRTEM micrographs showed regular fringe spacing with 0.238
nm corresponding to (002) plane having a graphite coating. Thermodynamic calculations revealed
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that reduction reactions of ZrCls and CCls with Na were spontaneous and exothermic. This was
confirmed by the negative values of AG and AH with the starting temperature of 400 °C.

In 2004, Shen et al. [10] synthesized ZrC nanospheres by taking ZrCls, CsCls, and Na as
precursors in an autoclave at 600 °C for 20 h. The samples were washed several times with
C2HsOH and then with distilled water for the removal of impurities including NaCl. XRD
confirmed the formation of ZrC with a measured lattice parameter of a = 0.4861 nm and TEM
micrographs confirmed the diameter of the nanoparticles in the range of 50-80 nm.

In 2007, Yan et al. [11] prepared ultrafine ZrC via a new route called the sol-gel method using
zirconium oxychloride (ZrOCl2:8H.0) as Zr source and phenolic resin as the carbon source. 0.2
moles per litre of ZrOCl>8H,0 was prepared by dissolving some ZrOCl2>-8H20 in the solution
such that C2HsOH/H.0O ratio was about 4:1. Some adjustments were done in the pH value using
dilute NHz by stirring it continuously to form a zirconia sol. After which phenolic resin was added
in the molar ratio of 3:1 of C/ZrO> to form a binary sol. The obtained gel was put in a jar and ball
milled for 24h and then kept in open for 4h. A binary gel was formed which was dried in the oven
for 12h at 80 °C. The reactions were done at 1400 °C/1h. The average crystallite size of the
particles was less than 200 nm with a specific area of 54 m?/g. The measured oxygen content of
the synthesized powder at 1400 °C/1h was less than 1.0 wt%.

In the same year 2007, Dolle et al. [12] also synthesized ZrC via sol-gel route. Zirconium n-
propoxide, saccharose as carbon source and acetic acid were mixed forming a gel. These gels
were subjected to pyrolysis under Ar atmosphere thereby obtaining the desired precursors which
contained mixed nanosized tetragonal ZrO, and amorphous C. When these mixtures were further
heat treated, the precursors had carbothermal reduction of the oxide particles and then oxycarbides
were formed. It was proved that the oxygen content of the particles can be decreased by increasing
the temperature from 1400 °C (8 at. %) to 1600 °C (3 at. %).

In 2010, Lee et al. [13] developed a novel reduction method to obtain ZrC powders. ZrCls was
used as Zr source while carbon black as carbon source. Sodium bicarbonate (NaHCOs3) was used
as a reducing agent [13]. To reduce the amount of Cl in ZrCl4 by Na component in NaHCO3 ball-
milling process was used, which further lead to the formation of sodium chloride. Synthesis
parameter (temperature) was varied. Also, the various molar ratios of initial carbon content were

optimized. It was found out that when 1 mole of ZrCls and 6 moles of NaHCO3 were used as the
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starting precursors, the Zr/C ratio initially required to produce pure ZrC was about 7 moles. ZrC
phase was synthesized at 1400 °C with 150 nm as average crystallite size.

In 2010, Tao et al. [14] took preceramic polymer, polyzirconoxanesal (PZS) and synthesized it
efficiently by one-pot protocol (strategy to improve efficiency of a chemical reaction). Various
characterizations like gel permeation chromatography (GPC), nuclear magnetic resonance (*H-
NMR and *C-NMR) and Fourier transform infrared spectra (FTIR) were performed. The
formation of the precursor revealed excellent solubility for processing fiber composites. Pyrolytic
conversion was studied with the help of thermogravimetric analysis (TGA), along with XRD and
scanning electron microscopy (SEM). Decomposition of the polymer was completed at 600 °C
and at 1300 °C, ZrC was achieved. The experiment was performed in the presence of Ar with the
total yield of the final sample being 68.5%. According to the authors, 1300 °C was the lowest
temperature for preparing ZrC ceramics by using these kind of precursors. The spherical shaped
ZrC particles had sizes in the range of 20 to 100 nm. The phase transition from t-ZrO, to m-ZrO,
occurred from 600 to 1200 °C while, pure ZrC was formed at or above 1300 °C.

In 2011, Xiang et al. [15] synthesized activated zirconium carbide nanoparticles at room
temperature via mechano-chemical route by making use of ball milling technique. During the
milling, toluene served as a Process Control Agent (PCA) as well as a source of carbon. The
carbon content (x) can be changed accordingly by controlling the time of ball milling. The ZrCx
nanoparticles at 1200 °C showed a Vicker’s hardness of ~14 GPa. These spark plasma sintered
particles had density of ~99.8%. Other carbides like WCx, TiCy, and NbCy, can also be prepared
with the help of this technique.

In 2011, Chen et al. [16] synthesized ZrC nanoparticles which had average size of about 10 nm
using pulsed plasma in liquid (PPL) technique. Zr metal electrodes were the source of Zr and
liquid ethanol was used as C source. The effect of quenching and vacuum environment in this
method were studied. As a result, highly pure and uniformly distributed samples were obtained.
The results of thermo gravimetric analysis (TGA) and infrared ray emissivity showed that the
graphite containing carbon shells were composed of several layers. The transmissivity of these
layers were very high which protect the ZrC nanoparticle from oxidation and it also preserves its
high infrared ray emissivity.

In 2013, Arianpour et al. [17] synthesized ZrC using zirconium acetate as Zr source, SUcrose as
carbon source and polyvinyl alcohol as reducing agent. All these were mixed in the presence of
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HNOz at 80 °C for 2h. Then, the precursor was dried at 200 °C in an oven for 4h. The precursor
was then placed in an electric furnace. The heating rate was kept at 10 °C/min with 3h of soaking
time with a high vacuum of 10° Torr. After this, the final products were ball milled after which
XRD and SEM were done. Carbon to zirconium ratio (C/Z = 4) contained the highest amount of
carbide phase with 20nm crystallite size.

In the same year, Wang et al. [18] followed auto clave method for the synthesis of ZrC in which
Zr0O2 (1.23 g), Li,CO3 (0.74 g) metallic Mg (2.40 g) were mixed and heated in an autoclave to
600 °C for 20 h. After the autoclave was cooled down to room temperature, the washing of
precipitates was done with the help of ethanol, HCI and distilled water for removing the
impurities. Drying of the samples was done in a vacuum oven for 5h at 60 °C. XRD showed pure
phase ZrC with a lattice constant of 4.693 A. It was observed that particles were in the range of
20 to 40 nm in diameter. In TGA analysis, it was found that the sample has good thermal stability
below 250 °C.

In 2014, Justin et al. [19] synthesized activated porous ZrC by Na,COs, by the activation of
commercial ZrC. As a result, there was a tremendous increase in the specific surface area (from
0.6 to 96 m?/g) of ZrC which was further incorporated into vulcan carbon XC-72R by solid-state
reaction by a method of intermittent microwave heating or IMH, where the heating was performed
at irregular intervals and Pt nanoparticles were dispersed. The performance for oxygen reduction
reaction (ORR) was studied in 0.1 mol/L HCIO4 aqueous electrolyte by cyclic voltametry. XRD,
XPS results and TEM micrographs indicated ZrC nanoparticles are dispersed over vulcan carbon
XC-72R. On the combination of activated ZrC with Pt, the resulting catalyst showed higher
activity for oxygen reduction.

In 2015, Lei Dai et al. [20] synthesized ZrC via a method of direct electrolysis. They were able
to show that the pure ZrC powder can be obtained by direct electrolysis of non-sintered ZrO,/C
mixture in molten CaCl, (850 °C) at voltage range of 3V for a time period 7h. The C content of
the mixture was over stoichiometric ratio of ZrC and C, promoting the electrochemical reduction
of ZrO, with CaZrOs as intermediate. A molten salt reactor was used to perform all the
electrolysis experiments in the presence of inert (Ar) atmosphere.

Aoyun et al. [21] in 2015, fabricated high quality nano-sized ZrC powders via self propagating
high-temperature synthesis or SHS method followed by process of ball milling. ZrO2, Mg as
reducing agent and sucrose (C12H22011) as carbon source were charged to ball mill (ZrO; balls,
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ball to powder weight ratio was 4:1, rotating rate was kept at 400 RPM). The samples were mixed
for 3h using alcohol as ball milling medium and then they were dried at 80 °C for 12h. The mixture
was then pressed into a cylinder which was kept under Ar atmosphere at 800 °C for 10 min. The
collected product was washed with dilute HCI, distilled water and ethanol. The samples were then
dried in vacuum at 80 °C for 24h. The as-synthesized samples were highly pure, had a very low
oxygen content and the particles were evenly distributed. The average particle size of the particles
was 50 nm.

In 2016, Mohammad et al. [22] succeeded in synthesizing ZrC by using ZrCls (4.82 g) and
naphthalene (2.23 g) by dissolving them in toluene (CeHs-CHs). The reagents were stirred at 100
°C and later on Na (1.95 g) was added into the solution. A brown solid was formed which was
then heated in an electric arc furnace under Ar atmosphere for 1h. Impurities were removed by
washing the samples in distilled water. The samples were then dried in vacuum at 200 °C for 30
min. The results revealed that after heat treating the samples in Ar atmosphere above 500 °C,
ZrCly started to form ZrC nanorods which were converted to pure ZrC at 700 °C. The nanorods
had cubic lattice structure with the length ranging from 50 to 70 nm. ZrC nanorods are potential
candidates for the future and can be used for various purposes such as cutting tools, in high
temperature ceramics (HTC) and also in engineering composites including gas turbine blades.

In 2016, Liu et al. [23] synthesized ZrC by using organic polymer as a precursor. The a-
hydroxycarboxylic acid and tartaric acid, formed complex structure with zirconium. This complex
reacted with C2HsO> via polyesterification process which immobilized the metal ion [23]. The
carbothermal reaction was completely achieved at 1300 °C by mixing the precursors with ZrO,/C
(coke). ZrO./carbon (coke) gets converted into carbide by forming an intermediate oxycarbide
phase. Average particle size was calculated to be in the range (50-150 nm). Thermal analysis of
the obtained ZrC powders in air environment showed that the ZrC started to oxidize at 260 °C
followed by the oxidation of carbon at 680 °C.

In 2016, Sugashima et al. [24] synthesized ZrC by pursed wire discharge (PWD) in Ar, (Ar +
oleic acid) fume/vapor and oleic acid liquid. It was a new method for synthesis of ZrC
nanopowders by using PWD in organic liquid. XRD pattern showed various planes calculated
from the peak positions. The particle size of the as-synthesized samples was calculated with the
help of TEM micrographs. It was confirmed that most of the prepared particles were less than
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100 nm. By using oleic acid liquid, it was confirmed that particle size was 20.5 nm. Therefore,
PWD method in oleic acid was suggested to be effective for the synthesis of carbide nanopowders.
In 2017, Feng et al. [25] synthesized nano-sized ZrC powder at high temperature (1600 °C) by
the carbothermal reduction of ZrO using a modified spark plasma sintering (SPS) apparatus. The
synthesized ZrC powder had a particle size of approximately 189 nm and a low oxygen content
of 0.88 wt%. The metal basis purity of the synthesized powder came out to be 99.87%. Along the
experiment, it was noted that low synthesis temperature, faster heating/cooling rates and the effect
of current during the modified SPS process suppressed the particle growth effectively. Using the
synthesized powder, ZrC ceramics were obtained with high relative density (97.14%) after that
they were densified at very high temperature (2100 °C) for 30 min at a pressure of 80 MPa by

SPS. The average grain size of the densified ZrC ceramics was approximately 9.12 um.
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3. Experimental Work

In the present work, zirconium carbide (ZrC) nanopowders were synthesized following a
carbothermal-reduction route using zirconium oxide (ZrOz, Sigma-Aldrich, 99.5%) as Zr
source, hexane (CeéH14 95% LR SDFC Ltd.) as C source and magnesium (Mg) metal powder
(SDFC Ltd.) to reduce ZrO, and further to facilitate the formation of ZrC. Detailed
description of the materials and methodology is as follows:

3.1 Methodology

All the experiments were performed in a tightened stainless steel autoclave of 30ml
capacity in which a mixture of ZrO; (1.232 g), CsHi4 (10 ml) and Mg (2g) metal powder
was mixed in agate-mortar. Heat treatment of the mixture was done at different
temperatures (600, 700 and 800 °C). The heating rate was kept at 5°C/min with a holding
time of 5h and 10h at each temperature. After heating the autoclave at desired temperature
it was cooled at room temperature keeping it in furnace. It was observed that in-situ phase
formation occurred at 800 °C. At this temperature variation of carbon content (7ml, 4ml,
1ml, 0.22ml and 0.198 ml) was done to optimize the synthesis parameters. In the later
stages, holding time was also varied to 2.5h and 7.5h as an attempt to check for any change
in phase composition mechanism. In each of the cases, leaching of the as-synthesized
powder was done by taking a solution of HCI : H>O (1:1) for the removal of undesired
MgO and other metastable impurities. Finally, the powder was subjected to wash several
times with the help of distilled water, after which it was kept in oven for drying at 120 °C
for a time period of 24h. Table 3.1 shows the experimental data consisting of different

synthesis conditions:
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Table 3.1: Data of the experimental conditions for preparing ZrC nano powders.

Sample Id (CeHai4) (ml) | Temperature (°C) | Holding time (h)
5ZrC600 10 600 5
10ZrC600 10 600 10
5ZrC700 10 700 5
10ZrC700 10 700 10

2.5ZrC800 10 800 25
5ZrC800 10 800 5

7.5ZrC800 10 800 7.5
10ZrC800 10 800 10

5ZrC800 C7 7 800 5
5ZrC800 C4 4 800 5
5ZrC800 C1 1 800 5
5ZrC800 C0.22 0.22 800 5
5ZrC800 C0.198 0.198 800 5

The process followed is shown in figure 3.1 below, which represents the formation of ZrC

nano powders, in which, initial, intermediate and final conditions are mentioned.

Zr e
source )
(ZrOz) ‘
Hexane [ S ’ as-synthesized >
. powder sample I
Reducing y
agent (Ma) Autoclave Acid leaching
(stainless steel) with HCI (1:1)
(800, 700, 600 °C) +
Washing with

distilled water

Figure 3.1: Methodology for synthesizing and characterizing nano zirconium carbide (ZrC).
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3.2 Characterizations
3.2.1 X-ray diffraction (XRD)

XRD is an indispensable method for characterization of a material, making use of the
Debye-Scherrer method using the diffraction of X-ray beams on powder or micro samples
as the planes are oriented equally and this orientation causes 3-D reciprocal space to be
projected onto a single dimension. Bragg’s law (1912) is used to find the position of peaks
by calculating the distance between the parallel planes which is given as,
2d.sinf = ni (iii)

where, d = spacing between adjacent layers,

A = wavelength of incident X-ray (nm),

O = scattering angle (degrees)

n = the order of the diffraction (~1 for the most of the cases)
XRD analysis was done on PANalytical X Pert Pro XRD diffractometer with Cu-Ka
radiation, A=1.5418 A with an applied voltage of 45 kV, and current range of 40 mA. All
the as-synthesized powdered samples were kept in the sample holder and scanned between
20° < 26 < 80° with step size of 0.0131° at room temperature. The peak matching of
samples was done by matching the cards with International Centre for Diffraction Data
(ICDD) [1].

3.2.2 Differential scanning calorimetry/Thermal gravimetric analysis
DSC/TGA helps in analyzing whether the reaction in prepration/decomposition of sample
is endothermic or exothermic with rise and fall in temperature [2]. While varying the
temperature, there is a change in the physical state of the material, it either release or
absorbs heat, which further results in oxidation or reduction of material, thereby having a
gain or loss of weight of sample. The analysis were carried out at a heating rate of 5 °C/min
using NETZSCH STA 449 F3. The spectrum of the samples 5ZrC700 and 5ZrC800C0.22
was obtained in the temperature range of 30 to 800 °C under air atmosphere using alumina
(Al205) crucible.

3.2.3 High resolution transmission electron microscopy (HRTEM)
HRTEM is a technique in which an electron beam is transmitted through a very thin sample.

The image of these transmitted electrons is magnified and focused onto an imaging device.
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The image is then detected with the help of a charge coupled device (CCD). HRTEM
provides information about the structural defects, crystal interfaces and the individual grain
size with the corresponding lattice spacing [3]. For HRTEM analysis, the powder samples
5ZrC700 and 5ZrC800 C0.22 were dispersed in ethanol after ultra-sonicating them for 30
min to break the agglomeration of nanosized particles. A drop of the solution was deposited
on both sides of the carbon coated copper TEM grid and allowed to evaporate at room
temperature. The powder samples were analyzed with JEOL 2100F instrument and the

operating voltage was 200 kV.

3.2.4 UV-Vis spectroscopy

Ultraviolet—visible spectroscopy is the spectroscopy related to absorption or reflectance in
the ultraviolet (A ~ 100-400 nm) and visible (A ~ 400-800 nm) region. Due to the absorption
or reflectance in the visible range, there is a direct effect on the perceived color of the
chemicals. For a given excitation process, a molecule absorbs specific energy, which
corresponds to one type of frequency giving rise to an absorption line [4]. However, there
is a not a single molecule but a group of them, there are number of vibrational and rotational
energy states related to each electronic level so we get a series of absorption peaks. All the
samples were tested in Hitachi U3900H spectrophotometer. Before the sample testing, the
instrument was calibrated for wavelength and zero PMT function, baseline was taken with
reference to BaSO4 tablets. The samples were placed in sample holder, rays were passed

through it in UV-Vis range, and transmittance (% T) was recorded.

3.2.5 Photocatalytic activity

The photocatalytic activity was analysed for the as-synthesized sample by checking the
degradation of methylene blue (MB) dye which is an organic pollutant. The experiment
was accomplished in direct sunlight exposure (90000 lux) for a duration of 5h. For this
procedure, 0.0001g dye was dissolved in 100ml of distilled H.O which was stirred for 20
min to make a homogeneous solution. Thereafter, 0.01g of catalyst was added in dye
solution. This solution was kept in a dark compartment with continuous stirring for 30 min.
This was done to attain the adsorption-desorption equilibrium. The degradation under solar
radiation was investigated via Hitachi U3900H spectrophotometer at 60 min interval for
the duration of 5h.



https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Visible_spectrum
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4. Results and Discussion

In order to have better efficiency of the process, the operating temperature (600, 700 and
800 °C) was varied and different holding times has also been optimized and presented. In
the later stages, the carbon content of the sample was also varied to optimize the amount
of carbon source. These variations lead to change in crystal-structure, thermal and
microstructural features of as-synthesized nano powder which are being discussed in this

chapter.

4.1 X-ray diffraction (XRD) analysis

The results of XRD analysis were compared and matched with different standard ICDD
cards in PANalytical X Pert Highscore Plus tool to identify the different phases under
various synthesis conditions. Almost all the obtained patterns contained 5 diffraction peaks
of ZrC corresponding to (111), (220), (200), (311) and (222) planes respectively which
asserted NaCl type structure of space group fm-3m [1]. The standard cards from which

peaks were matched are enlisted below:

Table 4.1: List of standard ICDD cards used in proposed work.

S. No. ICDD card Phase Crystal structure
1. 03-065-0332 ZrC FCC
2. 01-074-0815 Zr0O; Monoclinic
3. 01-089-7710 ZrO; Tetragonal
4. 00-026-1080 C HCP

The information from the XRD peaks was extracted by measuring peak positions and Bhi
which is full width at half maxima by means of Pearson’s V1l fitting of peak profile. Lattice
constant ‘a’ (defined as a physical dimension of unit cell in a crystal lattice) was calculated
using Bragg’s diffraction law by calculating the interplanar spacing dnx from the following

formulae,
nai

— A+ h2 2 2 i
YT and a=dvh* + k* +1 (iv)

which is in tune with the standard value of 4.6941 A (ICDD 03-065-0332).

dpy =
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4.1.1 Effect of temperature on the synthesis of ZrC

ZrC was synthesized at different temperatures (600 and 700 °C) and the corresponding
XRD data was recorded which is shown in figure 4.1. It can be seen from the XRD patterns
that the synthesis conditions including temperature and holding time play vital role in
preparation of ZrC. As a Zr source, ZrO, was taken and through XRD spectra, it was
determined that ZrO. powder was a mixture of m-ZrOz (monoclinic) and t-ZrO-
(tetragonal) as shown in figure 4.1a. In the beginning, when the sample was heated at 600
°C for 5 and 10h the reduction and carburization could not occur as is evident from fig. 4.1
(b & c) where all the peaks corresponds to m-ZrO: (stable at low temperature) and t-ZrO»
phases [2]. However, when the sample was heated to 700 °C for 5h simultaneous reduction-
carburization process was observed resulting single phase spectrum of ZrC (figure 4.1 d).
The broad peaks corresponds to nano ZrC but were highly strained (discussed later). To
reduce it and also to introduce higher crystallanity, heating time was increased to 10h, apart
from ZrC peak, peak of carbon (at 20 = 26°) was also obtained. Such a transformation of
carbon in longer holding time might be associated to the graphitization of extra amorphous
carbon which was not visible in 5ZrC700 [3]. This is because of the fact that graphitic C
around ZrC particles has been on higher side and moreover, some excess C has also been
converted to graphitic carbon.
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Figure 4.1: Effect of synthesis temperature on the developed phases during the formation
of ZrC.
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It may also be noted that at lower temperature (600 °C), the reaction didn’t have sufficient
thermal energy to reduce ZrO> completely which is associated to broadened peak along
with shifting towards lower angle. It can be accomplished that reduction-carburization
reaction mechanism at different temperatures affects the formation of crystallite in Zr unit
cell by the movement of C and O, atoms. Though, pure phase is observed in 5ZrC700, but
at this temperature amorphous C was present and when holding time was increased to 10h
(10ZrC700) amorphous carbon changed to graphitic C which is attributed to the fact that
at higher temperatures graphitization takes place in which amorphous C transforms to
graphitic C which is clearly visible in the XRD pattern (figure 4.2 e) [4]. However, peak
intensities indicate that complete transformation of amorphous C to graphitic C has not
taken place, thus, the optimization of process variables to get ZrC at 800 °C was done by
varying the holding time and afterwards by varying carbon content which is presented in

subsequent sections.

4.1.2 Effect of variation of holding time at 800 °C on the synthesis of ZrC
As per the earlier discussions, after the optimization of the synthesis conditions pure ZrC
was obtained at 700 °C at 5h of holding time. In this particular section, effect of
impregnation time is investigated at different time durations (2.5h, 5h, 7h and 10h) at 800
°C. Figure 4.2 shows the effect of holding time on the as-synthesized sample. The amount
of graphitic carbon has been decreased as the holding time is reduced from 10ZrC800 to

2.5ZrC800 asserting the time dependency of graphitization at constant temperature.
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Figure 4.2: Effect of holding time at 800 °C on the synthesis of ZrC.
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Also, at different holding times variation in lattice parameters was observed, which is
shown in figure 4.3 and given in table 4.3. It is observed that reaction parameters also affect
the lattice parameters of ZrC; first it decreases upto 5h then increases when holding is
further decreased to 2.5h which may be attributed to diffusion of C in ZrC. As observed
from XRD data, carbon needs to be diffused into Zr lattice to from ZrC which is not getting
fulfilled resulting to the stretching of unit cell. While, 5h holding at 800°C is assumed as
the optimized condition for the occupancy of carbon in its equilibrium position in Zr lattice
to form FCC unit cell of ZrC. The deviation from standard lattice parameter is least in the
case of 5ZrC800, therefore the amount of hexane is optimized keeping the same operating

conditions as 5ZrC800.
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Figure 4.3: Variation of lattice parameter at different holding time at 800 °C.

4.1.3 Effect of variation of carbon content at 800 °C on the synthesis of
ZrC

After synthesizing ZrC at various temperatures and holding times, 5h holding time at
800 °C was chosen to study the effect of variable amount of C-source. The proposed
reaction for the synthesis of ZrC is given as follows:

6Zr02 + C6H14_ + 5Mg - 6ZrC + 5MgO + 7H20 (V)
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In the above equation (v), going by the stoichiometric norms, molar ratio 6:1:5 was taken
of ZrO», hexane and magnesium respectively. All the above samples were synthesized with
0.01 moles of ZrO, and 0.45 moles of Ce¢H14 (10 ml). Such a high amount of CgHi4 was
taken deliberately to generate higher partial pressure inside the autoclave. To have an
indirect idea of partial pressure, different molar concentrations of CeHi4 were used for
reaction in autoclave. The crystallographic data was observed via XRD pattern which is
shown in figure 4.4. 1t is clear that the C peak intensity decreases as we go on decreasing
the amount of C and diminishes completely when the stoichiometry (1:1) and sub-

stoichiometry (1:0.9) was maintained.
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Figure 4.4: Variation of carbon content at 5h holding at 800 °C.

The variation of lattice parameter (a) with the variation of the C content is shown in figure
4.5. In 5ZrC800, a = 4.6974 A. However, on decreasing the carbon content, ‘a’ decreases
upto 7ml of precursor content which can be attributed to profused layer of C on ZrC which
stops the C to diffuse into ZrC then keeps on increasing upto 0.22ml due to sufficient

concentration required for C to diffuse in ZrC. Also a drastic jump is seen as C content is
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changed to 0.9 mole from 1 mole which is related to the insufficient amount of carbon used

for the reaction. The superscripts in the graph represents the number of moles of C taken.
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Figure 4.5: Variation of lattice parameter with varying carbon content at 800 °C.

4.2 Williamson — Hall analysis

XRD is considered to be one of the most versatile techniques for calculation of particle
size, lattice parameter and much more. One of the methods used to calculate the crystal
size is Scherrer method. It relates to the size of the particles to the broadening of the peak

in a diffraction pattern and was given by Paul Scherrer in 1918 [5] and is given as,
t = o cortrm V)
where, k is the shape factor value of which is taken to be almost equal to 1, 0 is Bragg’s
angle and wavelength, A = 0.15406 nm. The broadening of strain is given by Stokes and
Wilson formula [6]. As per their calculations, € which is the induced strain is written as:
B =4.c.tanByy, (vii)
As per the Williamson-Hall plot the FWHM is the combination of both equation (vi) and
(vii) which is given as:
Brii €0SOpp = ? + 4.£.5in0yy, (viii)

The above equation represents the USM model of W-H analysis which is based on the fact
that distribution of strain is isotropic in the whole crystal. By drawing a graph between
BrricosOnki VS 4sinbhki, we can find the slope and intercept through which the strain and size

of the particle respectively can be calculated [7]. Pn mainly depends on tan6 instead of
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being depending on (cos0)™, as a result of which the diffracted beams can be separated

easily when crystallite size and strain are involved concurrently [8]. The samples were

fitted with Pearson VI curve fitting via Origin 2016 software and some of the curve fittings

is shown below.
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Figure 4.6: The W-H analysis of the sample ‘5ZrC700’, the crystalline size is
extracted from the y-intercept of the fit. The strain and stress is extracted
from the slope (a) Pearson VI fitted data, (b) USM.
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from y-intercept of the fit. The strain and stress is extracted from the
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extracted from the y-intercept of the fit. The strain and stress is extracted
from the slope (a) Pearson VII fitted data, (b) USM.
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Figure 4.11: The W-H analysis of the sample ‘5ZrC800 C0.22’, the crystalline size is
extracted from the y-intercept of the fit. The strain and stress is extracted
from the slope (a) Pearson VII fitted data, (b) USM.

The table 4.2 shows the Williamson — Hall analysis of all the synthesized ZrC samples and

the amount of strain calculated from the USM model along with the particle size calculated

from the Scherrer method. From the table 4.2, it can be seen 5ZrC700 contains maximum

strain i.e. 5.98, while if we go towards higher temperature 800 °C the induced strain is less
which is also confirmed by the peak broadening of 5ZrC800. The peaks grow narrower and

more intense as we go towards 10ZrC800. On varying the holding time, the value of strain

increases as the holding time is reduced with an exception of 5ZrC800 which has a less

value of 4.65 as it shows the least deviation from the standard lattice parameter. The highest
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particle size is of the sample with the least amount of holding time at 2.5h. If we go by
variation of hexane, the amount of strain keeps on decreasing and is least when the
stoichiometry of C to Zr is 1:1. Intensity of peaks of carbon also decreases simultaneously

as is clearly shown in fig. 4.4.

Table 4.2: Williamson — Hall analysis of each of the synthesized samples.

sample ID USM Scherrer Method,
€x103 t (nm) t(nm)
5ZrC700 5.98 30.59 9.89
10ZrC700 5.84 29.41 9.93
2.5ZrC800 5.81 32.01 10.21
57rC800 4.65 22.26 10.14
7.5ZrC800 5.60 29.96 10.27
10ZrC800 4.32 25.61 11.29
5ZrC800 C7 4.34 22.33 10.50
5ZrC800 C4 5.16 27.15 10.40
5ZrC800 C1 4.80 24.73 10.45
5ZrC800 C0.22 4.13 22.50 10.85
5ZrC800 C0.198 4.17 22.93 10.84
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Table 4.3: List of d-spacing and lattice constants of synthesized samples.

sample Id Interplanar spacing éc?;gt(:nt
‘d’ (111) (nm) A)

5ZrC600 - -

10ZrC600 - -
5ZrC700 0.27097 4.7039
10ZrC700 0.27093 4.7042
2.5ZrC800 0.27088 4.6996
5ZrC800 0.27055 4.6974
7.5ZrC800 0.27215 4.7155
10ZrC800 0.27224 4.7178
5ZrC800 C7 0.27052 4.6952
5ZrC800 C4 0.27099 4.7007
5ZrC800 C1 0.27119 4.7030
5ZrC800 C0.22 0.27146 4.7044
5ZrC800 C0.198 0.26789 4.6656

The list of as-synthesized samples along with their lattice parameter (a) and corresponding
interplanar spacing (d) is given in table 4.3. From the table, it can be seen that as the holding
time is increased at 700 °C (5ZrC700 & 10 ZrC700) the lattice constant increased. This is
true for samples synthesized at 800 °C wherein any increase in holding time leads to
increase in lattice constant ‘a’. This increase in ‘a’ may be attributed to the fact that the
formation of ZrC, which is a multistep reduction-carburization is a fast process, resulting
in fast diffusion rate of C. So, the carbon which is being diffused in the crystallites either
is not getting the sufficient time for diffusion or else it is being diffused in non-optimal
locations [8]. On the other hand, on decreasing the amount of hexane in the sample, the
behavior of ‘a’ changes, its value is less for C = 10ml and 7ml which might be due to the
thickness of graphitic C on the ZrC boundaries causing hindrance in the diffusion of C in
ZrC. With decrease in C content, ‘a’ increases as the concentration gradient is sufficient
for the diffusion of C in ZrC particles. Further, decrease in C content results in abrupt

change in the value of ‘a’ which may be due to the insufficient C present in the sample.
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4.3Thermal analysis
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Figure 4.12: DSC/TGA study of (a) 5ZrC700 and (b) 5ZrC800 C0.22.

Samples ‘5ZrC700’ and ‘5ZrC800 C0.22” were subjected to study the thermal stability in
air atmosphere via DSC/TGA analysis which is shown in fig.4.12. From XRD analysis it
was clear that both the samples have single phase spectra in spite of different amount of
hexane which is very clear in TGA graph of both the samples. Both the samples showed

slight weight loss of 13% and 5% respectively upto 300 °C which might be associated to
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the loss of adsorbed water and surface contaminations. Beyond 300 °C, both the samples
behave differently due to presence of different amounts of C. In region 350-450 °C, small
weight gain of 6.7% is observed in the sample 5ZrC700 which corresponds to adsorption
of Oz on powder sample resulting in the oxidation of ZrC particle [10,11]. While, 5ZrC800
C0.22 showed a significant weight gain of around 24% which is caused by the
transformation of ZrC to ZrO; following the chemical reaction mentioned as follows [10]:
0,+ZrC - Zr0, + C (ix)
It is a very well-known fact that beyond 450 °C, free carbon has a tendency to evaporate,
resulting in formation of CO or CO, which is clearly illustrated in both the samples as a
significant weight loss of 60% is observed in 5ZrC700 upto 630 °C [12]. With further
increase in temperature ZrO2 was formed slowly upto 800°C indicating that O has the
tendency to diffuse at high temperatures to attain a stable phase configuration [13]. With
further increase in temperature, the rate of diffusion of O, atoms through layer of ZrO, will
increase [14]. After converting from ZrC to ZrO- at 630 °C the sample becomes stable till
800 °C. According to Maitre et al. [15] ZrC has the potential for high-temperature
structural applications because of the low surface energy. From the graph it can be
concluded that the sample has good thermal stability below 300 °C.

4.4 Microstructural analysis
The HRTEM analysis of the sample 5ZrC700 and 5ZrC800 C0.22 shows the agglomeration

of nano particles which is clearly shown in figure 4.13 a & b respectively.

Figure 4.13: (a) HRTEM micrograph showing morphological features of sample 5ZrC700,
(b) HRTEM micrograph of 5ZrC800 C0.22 having agglomerated morphology.
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Figure 4.14: (a) HRTEM micrograph of sample 5ZrC700 indicating the carbon layer on
ZrC particle, (b) lattice fringes of plane (200) of cubic ZrC.

(amorphous)

Figure 4.15: (a) HRTEM micrograph of sample ‘5ZrC800 C0.22’ indicating the carbon
layer on ZrC particle, (b) lattice fringes of plane (111) of cubic ZrC.
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Figure 4.16: SAED pattern micrograph of sample (a) 5ZrC700 (b) 5ZrC800 C0.22 of cubic ZrC.

Fig. 4.14a shows the TEM micrograph of the sample 5ZrC700 in which a layer of amorphous C is
adsorbed on ZrC particle surface in the form of floccules which is associated to the high content of
the hexane used to synthesize ZrC at 700 °C. Fig. 4.14b shows the lattice fringes of the sample
5ZrC700 which are equivalent to 0.286nm and 0.373nm which corresponds to the (200) plane of
ZrC and (004) plane of C respectively. TEM analysis of ‘5ZrC800 C0.22° shown in figure 4.15a
shows the coated morphology of ZrC particle and it can also be confirmed from the figure that on
shrinking the C content to the stoichiometric ratio the thickness of C layer also diminishes. Fig.
4.15b shows the lattice fringes which corresponds to (111) plane having an interplanar spacing
value (d) of 0.219 nm. In combination with the HRTEM images, the selected area electron
diffraction (SAED) patterns of both the samples 5ZrC700 and 5ZrC800 C0.22 which can be seen
in fig. 16a and 16b respectively shows that the particles have diffused ring structure clearly visible
in the micrographs which further confirms the formation of ZrC having polycrystalline nature. Also,
the structure of the synthesized particles are agglomerated and interface is not distinct which further

suggests their transient nature.
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4.5 Optical analysis

Optical properties of the various ZrC samples were investigated by UV-Vis spectroscopy
as shown in below figures. Figures 4.17a and 4.18a, shows the absorption of UV-Vis rays
in the range 300-650 nm suggesting the broad absorption spectrum of synthesized samples

is in the visible region.
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Figure 4.17: (a) Absorption spectra of sample 5ZrC700 in the range 300-650 nm, (b) Tauc
plot of 5ZrC700 with band gaps of 2.22 eV and 2.66 eV.
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Figure 4.18: (a) Absorption spectra of sample 5ZrC800 C0.22 in the range 300-650 nm,
(b) Tauc plot of 5ZrC800 C0.22 with band gaps of 2.55 eV and 2.82 eV.
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Figure 4.17a and 4.18a of sample 5ZrC700 and 5ZrC800 C0.22 respectively reveals a

broad absorption band in near UV-region. The center of maxima lies at ~ 448.2 nm and
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442.3 nm, which are associated with the n-z* transition of C = O bonds [17]. Tauc plot is
used to calculate the optical band gap in case of semiconductors. The Tauc gap is often
used to characterize the optical properties of amorphous materials and is generally plotted
between hv vs (ohv)Y" where r denotes the nature of transition. The band gap is calculated
by using the modified form of Tauc plot [18,19]:

ahv = A(hv — Ey)" (x)
where ‘A’ is constant, ‘o’ is the absorption coefficient and ‘n’ corresponds to various
transition levels with values 1/2 (allowed direct), 2 (allowed indirect), 3/2 (forbidden
direct) and 3 (forbidden indirect) [20]. As ZrC is an indirect band-gap semiconductor so n
is taken to be 2. By the extrapolation of the straight line portion of the graph between (ahv)?
vs hv the exact value of band gap was obtained. In the present work, the band gaps are

calculated from the Planck’s radiation formula given in equations xi (i) and (ii):

E=he/, xi (i)
E= 1244/A(nm) xi (ii)

where, Planck's constant,h = 6.626 X 1073* m? kg/sand c =3 x 108 m/s

The band gaps were found to be 2.22 (560.36 nm) and 2.66 eV (448.2 nm) corresponding
to 5ZrC700. Also, 2.55 eV (487.84 nm) and 2.82 eV (442.3 nm) corresponding to 5ZrC800
C0.22 (fig. 23b and 24b). Due to this, it is expected to possess large breakdown field. This
value of band gap comes under indirect wide band gap semi-conducting materials [21], and

is used for high temperature applications [22].

4.6 Photocatalytic activity

The degradation of methylene blue (MB) dye was investigated by as- synthesized sample
5ZrC800 C0.22. Figure 25(a) shows the calibration curve of MB (black curve) and various
concentration of MB at different time interval. As a result of adsorption-desorption
equilibrium, 26.15 % dye has been adsorbed on the surface of ZrC nanoparticles after 30
min as shown in figure 25b. Further, the exposure of solar irradiations over solution
resulted to the photodegradation of MB dye in the presence of as-synthesized photocatalyst
as shown in figure 25b. Moreover, the efficiency of the degradation of MB can be

calculated from the given eqgaution [23]:




Absorbance
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D(%) = =t x 100

(xi)

where, Co and Ci represent the concentration of the dye at time t =0 and t = t, respectively.
After the exposure of 5h, 80.21% dye was degraded which may be associated to the

generation of electrons and holes responsible for the formation of hydroxyl radical (OH)

and super oxide anion radical (0;") to degrade MB molecule [20].
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Figure 4.19: (a) Absorption spectra of MB dye at various exposure intervals.
(b) %age degradation of 5ZrC800 C0.22 at different intervals of time.
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5. Conclusion

ZrC nanopowder were synthesized successfully by using single step carbo-thermal route
using zirconium oxide as Zr source, Mg as reducing element and hexane as C source.
Among all the samples, the sample synthesized at 700 °C with a holding time of 5h
(5ZrC700) produced single phase ZrC as revealed by matching the XRD peaks with the
standard ICDD card (03-065-0332). Since the carbon content was observed so the synthesis
temperature was raised to 800 °C. But, the carbon content was still prominent with the least
in 2.5h of holding time. However, lattice parameter ‘a’ in the sample 5ZrC800 (4.697 A)
showed the least deviation from the standard value (4.69 A). Therefore, the sample
5ZrC800 was used to optimize the carbon content by considering different stoichiometric
ratios. At the stoichiometric ratio of ZrC and C (1:1) single phase ZrC at 800 °C with 5h
of holding time was obtained. It further confirms that C is able to fill the octahedral voids
to form a stable configuration. Lattice parameter ‘a’ was also calculated using Bragg’s law
and average value obtained was 4.7 A which is close to the standard value of 4.69 A. The
particle size was obtained by Scherrer method with the average particle size calculated to
be ~10.5 nm. Williamson-Hall method was also used to calculate the particle size and the
corresponding strain in the as-synthesized samples by making use of the Uniform Strain
Model (USM). It was observed that, strain in the particles varies with the variation in the
synthesis parameters which is further confirmed from the peak widths. The thermal
analysis of the sample with 1:1 stoichiometry (5ZrC800 C0.22) showed that ZrC nano
powders were stable upto 250 °C after which it started to oxidize. With the further increase
in temperature, the diffusion of oxygen in ZrC becomes large and at temperature range of
~530°C it gets converted to ZrO,. However, the sample 5ZrC700 which comparatively had
more C than the other sample showed a difference in TG pattern showing more weight loss.
HRTEM analysis showed agglomerated particles confirming the formation of carbon
engulfed ZrC nano particle. The optical studies of the synthesized samples 5ZrC700 and
5ZrC800 C0.22 showed a band gap of ~2.5 eV, calculated with the help of Tauc plot. This
value of band gap falls under the category of wide band-gap semiconductors. Furthermore,
photo catalytic activity of sample 5ZrC800 C0.22 was also studied showing a degradation
of 80% of Methylene Blue (MB) dye in 5h when exposed to solar radiation.
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6. Future scope

ZrC nanopowders can also be synthesized using different carbon sources where the
synthesis parameters (time and temperature) can also be optimized. Being a potential
candidate as catalyst, the electrocatalytic and photocatalytic behavior of nano ZrC can be
studied for various HER, ORR, OER in acidic/basic medium and different photochemical
reactions (mineralization of organic pollutants, photocatalytic H. production,

photocatalytic fuel formation) respectively.




