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                                Abstract  

Among numerous super high temperature ceramics, Zirconium diboride (ZrB2) has 

drawn in increasingly more consideration due to its unique combination of 

properties. As it has high melting point, high strength, high thermal and electrical 

conductivity, chemical inertness, and low density. Two-dimensional, zirconium 

diboride (ZrB2) nanosheets are prepared through liquid phase exfoliation and the 

prepared samples are characterized through Scanning Electron Microscope (SEM), 

X-Ray Diffraction (XRD), UV-Vis spectroscopy, and Atomic Force Microscopy to 

determine morphology, phase analysis, optical properties, and dimensional aspects of 

nanosheets, respectively. The photocatalytic performance of ZrB2 nanosheets were 

studied in comparison to TiO2 nanoparticles. Commercial TiO2 nanoparticles and 

exfoliated nanosheets are used to prepare ZrB2 /TiO2 nanocomposites with different 

weight compositions 0.5%, 1% and 2% (ZrB2 nanosheets) to evaluate photocatalytic 

degradation of Rhodamine B. The photocatalytic behaviour studied under the UV 

light for photo degradation of Rhodamine B. From the photocatalytic results, it is 

inferred that 1% nanocomposite shows the best performance with about 85% 

degradation in just 60 minutes. 
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Chapter 01 

Introduction 

Nanotechnology is a promising field, it promises vital improvements of 

manufacturing techniques and advanced materials. It has applications nearly in every 

field of research. Nanotechnology has so much potential in research and 

development to address major problems [1]. The world is facing severe energy crisis. 

The need of the hour is to shift towards sustainable and green energy products [2]. 

Due to increased human population and growth in energy consumption the world’s 

energy resources are depleting day by day. The dependence on fossil fuels like coal 

gas and natural oil is exceeding with an alarming rate. Due to this, fossil fuels are 

draining excessively. Also, the burning of these materials produces gases like CO2 

which are not only causing pollution in environment but is also a hazard for life on 

Earth due to global warming and greenhouse effect. Also, environmental and water 

pollution has become so fatal for human life. This pollution is becoming detrimental 

to human health [3]. Heavy metals and organic dyes are among the list of materials 

which pollute environment and cause serious health issues. Degradation of these 

water pollutants by employing light-absorbing materials under the solar spectrum is a 

highly efficient, and economical approach for the treatment of wastewater. 

Photocatalysis provides an easy way to remove the toxic organic dyes present in 

wastewater using solar radiation. [4][5] 

1.1 Two Dimensional Materials 

Two-dimensional (2D) objects are defined as layered objects that contain one (or a 

few) atomic monolayers. Previous to the separation of graphene, a single layer of 

graphite, in 2004 [6] 2D materials were considered for a long time as a class of 

purely academic materials that could not exist in a freestanding, atomically thin 

form. For example, Mermin suggested that objects in a two-dimensional form could 

remain virtually unstable, as a result in thermal fluctuations that prevent long-

distance alignment with finite temperatures. Within this context, the first 

demonstration of a stable, free 2D object, Graphene, was a monumental discovery. 

Since the discovery of graphene, many other 2D materials have been discovered and 
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studied. Extensive research has been done to study physical, chemical, and electrical 

properties of these materials. [7] 

Graphene is semi-metallic, other 2D materials have been found to be insulating (e.g. 

hexagonal boron nitride, h-BN), or semiconducting (e.g. molybdenum disulfide, 

MoS2), or metallic (e.g. tungsten ditelluride, WTe2), or superconducting (e.g. 

niobium diselenide, NbSe2). Research efforts worldwide in 2D materials have been 

wide ranging, including topics such as (i) studying basic properties such as electron 

mobility, (ii) exploring novel quantum phenomena such as anomalous quantum Hall 

effect, (iii) isolating single or few layers from the bulk through mechanical 

exfoliation for researching their physics, (iv) synthesizing the 2D material directly on 

a desired substrate via various growth methods, for intended device application., 

(Figure 1.1), offers a wealth of possibilities, leading to new physics and interesting 

phenomena, with potential device applications. 

 

                        

Figure 1.1 van der Waals heterostructures [61] 

     1.2 Transition Metal Diborides (TMDs) 

TMDs are a family of materials of type MB2, where M is a transition metal element 

(Mo, W, Zr, Nb, etc.) and B is Boron atom. [8] MB2 are a class of layered materials 

that contain vertically stacked hexagonal boron sheets of graphene-like structure, 

with metal atoms sandwiched between the sheets as given in Figure 1.2. Every metal 
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atom is surrounded by 12 equidistant boron atoms which are present in the planes 

above and below the metal layer, and 6 metal atoms in the same plane. [9]  

 

                       

                                                   Figure 1.2 Metal diborides structure [62] 

TMBs are a main class of ultra-high temperature ceramics (UHTC). They are 

encouraging for many applications due to their thermomechanical and chemical 

properties  high melting temperature up to   3300 
o 

C and excellent strengths at 

high temperature as shown in the Table 1. The diborides of group IV-XII are 

known as transition metals, which are usually hard and dense, and also good 

conductors of heat and electricity. [10, 11] 

 Table 1 Physical properties of some borides 

                                      

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1. Bonding in Metal Diborides 

The nature of bonding present between the alternating metal and boron layers is 

very different from previously discussed van der Waals solids, such as graphite. 

Boride Density 

(103 kgm−3) 

Melting 

point  

(
o 

K) 

Electrical 

resistivity 

(10−8 Ωm) 

Hardness, 

1 N load 

Crystal 

system and 

structural 

type 

TiB2 4.52 3470 9-15 2600 Hexagonal, 

AlB2 type 

ZrB2 6.09 3520 7-10 1830 Hexagonal, 

AlB2 type 

HfB2 11.2 3650 10-12 2160 Hexagonal, 

AlB2 type 

VB2 5.10 2670 16-38 2110 Hexagonal, 

AlB2 type 

NbB2 7.21 3270 12-65 2130 Hexagonal, 

AlB2 type 

 

Metal atom   
Boron sheets  
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In case of van der Waals solids, there are strong covalent bonds present between 

atoms in the individual layers, and these individual layers are held together by 

weak van der Waals forces. [12] The case of MB2 is more complex as they 

possess mixed bonding characteristics. For diborides of main group elements, 

such as magnesium and aluminium, the nature of bonding between the metal-

boron layers is predominantly ionic, which arises due to the electron transfer 

from metal to boron atoms.
 
Within the boron layer, covalent bond is present, 

however, the atoms in the metal layer have negligible metallic bonding. In 

contrast, in transition metal diborides, such as hafnium and zirconium, the nature 

of bonding between the metal-boron layers is a mixture of covalent and ionic. 

Apart from the electron transfer from metal to boron layer, the partial interaction 

of d electrons of metals with p-electrons of boron imparts the covalent character 

to the metal boron bond leading to a more complex bonding environment. The 

atoms in the boron layer are covalently bonded, and the ones in the metal layers 

have bonds with both metallic and covalent characteristics [13] 

1.2.2. Applications of Metal Diborides  

MB2 have attracted considerable attention over the years due to their remarkable 

physical and chemical properties such as hardness, thermal conductivity, and 

high melting temperatures. With every metal comes a different set of properties: 

MgB2 is a well-known superconductor at 39 K; [14] TiB2 has a very high melting 

temperature and shows electrical conductivity higher than the titanium metal 

itself; [15] ZrB2 and HfB2 are UHTCs [16] with applications in aerospace 

industry, such as building components of atmosphere re-entry vehicles; and ReB2 

and OsB2, [17] which contain puckered boron sheets instead of planar sheets, are 

ultra-hard materials with Vickers hardness over 40 GPa, which is the limit for 

ultra-hard materials. [18] 

    1.3 Zirconium Diboride (ZrB2) 

TMBs are an exceptional class of UHTCs. Among these TM compounds, 

refractory borides such as ZrB2, TiB2, TaB2, and HfB2 appealing contender for 

different applications like cutting apparatuses, molten metal containments, and 

microelectronics. [14]  
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ZrB2 is one of the super-high temperature ceramics that have earned the most 

consideration as potential competitor for leading edge materials because their 

oxidation resistance is superior to the other borides. [15]
 
ZrB2 shows an amazing 

combination of ceramic like strength  23 GPa or higher at room temperature  and 

elastic modulus      500 GPa at room temperature  with metal like electrical      

10
7
S m

-1
 ) and thermal ( >60 W m

-1
 K

-1
 ) conductivities. [16] Many of the 

important physical, structural and thermodynamic properties are shown in Table 

2. 

                       Table 2       Physical, structural and thermodynamic properties 

Properties                                                                  ZrB2     

Melting temperature (
0
C)                                           3245 

Crystal structure                                                    Hexagonal  

Theoretical density (g cm
-3

)                                        6.1 

Hardness (GPa)                                                           23 

                                  
-1

 K
-1

)                60 

Electrical conductivity (S m
-1

)                                10.0*10
6
 

Coefficient of thermal expansion (K
-1

)                   5.9*10
-6

 

Y   g’s       s  GP )                                             489 

 

    

1.4 Lattice structure of ZrB2  

The hexagonal AlB2-type structure of ZrB2 accumulates with P6/mmm space group 

(No. 191). One ZrB2 formula unit is contained in the unit cell. Each Zr atom has six 

equidistant neighbours. In its plane, each B is surrounded by three B neighbours and 

six Zr atoms out of the plane. The crystal structures of ZrB2 are illustrated in Fig. 3. 

Table 3 declared crystal structure, lattice parameters, and some other physical and 

chemical properties, together with assailable experimental and calculated data in 

contrast. 
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Figure 1.3 Crystal structure of ZrB2 [63] 

 

                           Table 3 Structure data of ZrB2 and heat of formation  

Structure data of ZrB2 

and heat of formation  

 ZrB2 Experimental ZrB2 Calculated 

Space group (No.) Crystal 

system 

P6/mmm (191) Hexagonal P6/mmm (191) Hexagonal 

Lattice constants a, c (Å) a = 3.169, c = 3.530 a = 3.197, c = 3.561 

Volume (Å
3
) 30.701 31.520 

-    H (kJ/mol)  322.59 296.81 

                                   

1.5 Synthesis routes:  

In this project top down approaches are used for the synthesis of Zirconium diboride 

nanosheets which are discussed below: 

1.6 Bottom-up approaches: 

 Also, there are many ways to develop 2D materials via bottom-up approaches like: 

 1. Wet chemical synthesis 

 2. Chemical vapour deposition  

Zr atom 

B atom 
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1.6.1 Wet chemical synthesis: 

 By this method, the objective materials are arranged utilizing forerunners, and 

synthetic responses occur in the arrangement. Certain surfactants are added to poise 

the size, shape, and the morphology of target materials to be delivered [35]. One 

broadly applied wet-synthetic strategies for the nanomaterials include template 

synthesis, hydro or solvo thermal synthesis, self-assembly of the nanocrystals, and 

the soft colloidal production [36]. 

1.6.2 Merits: 

 • All 2D materials sheets  metals  transition metal-oxides and the metal 

chalcogenides can be synthesized by this method. 

 • High return of 2D nanomaterials for minimal price can be accomplished.  

• Control on morphology of nanomaterials is more in wet compound strategies 

1.6.3 Demerits:  

• Difficult to achieve single layer of 2D Nano sheets 

1.7 Top down Approach 

1.7.1. Mechanical exfoliation:  

In this way, the layers are isolated utilizing explicit powers [37]. Graphene was 

combined utilizing this technique utilizing a great deal of graphite utilizing the 

"scotch tape strategy" [38]. Along these lines, great mono sheets can likewise be 

fabricated. This strategy is mainstream as it produces inside sheets and an enormous 

space of exploration is presently centred around it. 

1.7.2. Merits: 

 Usually, in this way, clean quality sheets are obtained. 
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Figure 1.4 Mechanical Exfoliation of 2D materials [64] 

1.7.3. Demerits: 

 Low yields are achieved in this process.  

 And in this way, there is a lack of chaos.  

 This method does not apply to production on a large local scale.  

 Sheet size and thickness control are problematic. 

 

1.7.4. Liquid phase exfoliation: 

In this way, solvents are used to separate the computer layers. These solvents used 

for their higher energy are compatible with those of crystalline glass [39]. Sonication 

produces single-layer Nano sheets and multilayers remain stable where there is a 

solvent / surfactant suitable for the reaction or distribution component [40]. Other 

surfactants can also be added to it to obtain well-defined properties. Sonication 

assisted oil extraction is now widely used in the preparation of mono-, few-loaded 

structures from bulk. In sonication sound forces are used which lead to shear forces. 

Cavitation bubbles are produced which, in the event of a collapse, burst layers [41]. 

Solvent selection is an important choice, that is, it should speed up the separation 

process. It should deliver a very stable spread with high density of 2D extruded 

sheets. Sometimes a combination of non-liquid chemicals can also be used to 

produce products effectively. In non-liquid chemicals, N-methyl-2-pyrrolidone 

(NMP) is widely used. NMP has a strength of more than ~ 40mJm-2 which is similar 

to the higher strength of multi-stranded material [39]. In NMP, one can achieve a 

stable distribution of graphite up to 40mg / ml with a maximum strength of ~ 

75mJm- 
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Figure1.5 Liquid phase exfoliation of 2D materials [65] 

1.7.5 Merits:  

 A great harvest is found in this process. 

 This method is non-ventilated. 

 Excludes chemical reactions. 

 The highest quality crystal product is available. 

 This method is simple and inexpensive. 

 Spreading spreadsheets are available 

1.7.6 Demerits: 

 Solvent exfoliation contains residual chemicals present in it that can affect 

Nano sheet structures such as graphene. The solvent may change and become 

toxic as well.  

1.8   Photo catalysis  

The utilization of solar energy for initiating reactions is already been applied [28]. 

Many photo induced reactions have been developed and utilized since sunlight is 

most abundant in nature. A reaction that uses a photo catalyst (that itself remains 

unconsumed at the end of reaction), which is usually a semiconductor; to accelerate a 
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chemical reaction in the light is known as Photo catalysis. When the light is absorbed 

on the surface of the photo catalyst free holes (hvb) and free electrons (ecb) are 

created [29]. 

 

 

Fig.1.6 Mechanism of Photocatalysis [60] 

Mostly the general catalytic reaction consists of an oxidation reaction from the free 

electron and a reduction reaction from the hole. 

4hvb ++ 4H2O O2 + 4H+ (oxidation reaction) 

O2 + 4H+ + 4ecb - 2H2O (reduction reaction) 

Generation of a free electron and free hole is necessary for good oxidizing 

capabilities. In case of semiconductors, the band gap must be bridged. Sufficient 

amount of energy must be provided by the incident light so that the electron gets 

energized enough to move from valence band to the conduction band. The energy (E) 

brought by a photon is given by: 

                                                𝑬 = 𝒉𝒄 / 𝝀  

1.8.1 Advantages of ZrB2 in photo degradation: 

➢ It is chemically, thermally and mechanically stable. 

 ➢ It is inexpensive 
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➢ The formation of photo cyclized intermediate product is avoidable. 

 ➢ No solid waste disposal problem occurs. 
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Chapter 2 

Literature review 

In the field of nanomaterials, two-dimensional nanomaterials show immense 

potential and applications due to their unique physicochemical properties. Due to the 

novel properties of metal diborides, they become encouraging for many applications. 

In the latter years, researchers are trying to exfoliate transition metal diborides, and 

ZrB2 has been used in various mechanical applications. Continuous efforts of 

exfoliating layered materials have contributed new applications.  

ZrB2 is ultra-high temperature ceramic and novel due to its hardness, high melting 

temperature, and thermal conductivity it can be further applicable for EMI shielding, 

energy storage and aerospace applications. The potential of ZrB2 has been 

investigated at micro level but there is a surge for nanomaterials with superior 

physical and chemical properties. 

A. Yousaf et al. reported the synthesis of 2D nanosheets of metal diborides including 

AlB2, CrB2, HfB2, NbB2, MgB2, TiB2, TaB2, and ZrB2, via ultra-sonication-assisted 

exfoliation. Tip sonication and bath sonication methods were used for exfoliation and 

each metal diboride powder was mixed with a suitable organic solvent or aqueous 

surfactant solution to make dispersions. The lateral dimension of exfoliated sheets 

has a length up to micrometers and thickness down to 2-3 nm. The exfoliated metal 

diboride layers retained their chemical composition and hexagonal structure with a 

lateral dimension up to micrometers and thickness down to 2-3 nm. TEM results 

showed the size of flakes varying from 100 nm across to several microns across and 

morphologies like flat, planar sheets for Mg, Al, Ti, and Cr diborides and folded, 

crumpled for Zr, Nb, Hf, and Ta diborides. AFM results showed thicknesses varying 

between 3 to 18 nm and lateral dimensions from 150 nm to 4 µm across.[59] 

Wang L. et al. reported the synthesis of ZrB2 nanosheets by using zirconium dioxide, 

iodine and sodium borohydride via solid state route. ZrB2 nanosheets were produced 

with the dimension of 500nm and thickness 20nm at 700
0 

C in autoclave. [50] 

An Y. et al. reported the effect of ZrB2-SiC graphene ceramic composite by using 

commercial raw material through hot pressing method. Due to the effect of SiC 



13 
 

whisker and graphene nanosheets, flexural strength and fracture toughness are both 

improved. [48] 

Table 4 Literature summary 

Material  Method Properties Application Reference 

SiC, ZrB2 , 

graphite  

Plasma spray 

method 

Ablation 

behaviour of 

SiC/ ZrB2 

coatings are 

controlled by 

the formation 

of ZrO2 dense 

layer 

Leading 

edges, re-

entry missiles 

nozzles 

throat, 

propulsion 

systems 

Torabi S. et al. 

[53] 

Zirconium, 

silicon 

powder 

 

Hot pressing 

method 

In situ 

composite of 

ZrB2 and SiC 

formed that 

were found in 

agglomerates 

with particle 

size ranges. 

Synthesis 

reported 

Zhang G. et al. 

[47] 

Zr(OPr)4   H3 

BO3 , C12 H22 

O11 , and 

AcOH. 

 

Sol gel 

method 

different 

shapes of 

particles 

achieved 

Synthesis 

reported 

Zhang Y. et al. 

[49] 

NbSe2 

powder, NMP 

as a solvent, 

TTIP, Glacial 

acetic acid, 

distilled water 

and HNO3   

 

Liquid phase 

exfoliation 

for Nano 

sheets and 

sol gel 

method for 

TiO2 Nano 

particles 

Improved 

photo 

degradation 

to 98%. 

Photo 

catalysis 

Khan, R .et al. 

[53] 
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MoS2 powder, 

NMP as a 

solvent, 

TTIP, Glacial 

acetic acid, 

distilled water 

and HNO3   

 

Liquid phase 

exfoliation 

for Nano 

sheets and 

sol gel 

method for 

TiO2 Nano 

particles 

Reached 

constant rate 

reaction by 

0.559 hr
-1 

by 

2% addition 

of 

nanosheets. 

Photo 

catalysis 

Khan, R .et al. 

[52]  

Commercially 

available 
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ZrB2 is ultra-high temperature ceramic and novel due to its hardness, high melting 

temperature, and thermal conductivity it can be further applicable for EMI shielding, 

energy storage and aerospace applications. The potential of ZrB2 has been 

investigated at micro level but there is a surge for nanomaterials with superior 

physical and chemical properties. So, in this research project ZrB2 nanosheets will be 

synthesized and its potential as a photocatalyst material will be investigated.  

2.1 Aims and objectives 

            The aim of this study is to: 

• Synthesize and characterize Zirconium diboride nanosheets. 

• To investigate photocatalysis of ZrB2/TiO2 nanocomposites. 
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Chapter 3 

Experimentation  

 

3.1 Synthesis of ZrB2 Nanosheets  

ZrB2 nanosheets are prepared through liquid phase exfoliation. 50 mg/ml solution of 

ZrB2 is sonicated in 80mL NMP. Purpose of NMP used as a solvent for this method 

is as it has an ability to overcome the strong forces present between the ZrB2 layers. 

ZrB2 sheets are obtained by using probe sonicator for 6 hours with 80% amplitude. 

Then the exfoliated nanosheets are centrifuged at 1500, 1000 and 500 RPM for 60 

mints respectively in a centrifuge machine. From centrifugation, compact and light 

weight nanosheets are separated and after that ZrB2 nanosheets are filtrated over 

nylon membrane by the use of vacuum filtration. The nanosheets are then detached 

from the filter paper to characterize them. 

 

 

                                         

                                                 

 

Fig.3.1 Synthesis Route for preparation ZrB2 nanosheets 

Exfoliation 

Prepared sample 

Centrifugation Filtration  



16 
 

 

3.2 Synthesis of Nanocomposites (ZrB2 /TiO2) 

Commercial Titania is used to prepare ZrB2 /TiO2 nanocomposites. Separate 

mixtures of TiO2 and ZrB2 in 2-propanol (50mg/ml) were sonicated for 1 hour in 

probe sonicator for homogeneous dispersions. Both these dispersions are utilized to 

make composites with ZrB2 weight 0.5%, 1% and 2% through the bath sonicator for 

2 hours. Afterwards, the solvent was dried away in oven at 80   ֠  C and the composite 

samples were ready for further characterization and application.   

3.3 Characterization of Samples  

The analysis of the synthesized nanosheets and nanocomposite was performed by the 

following characterization techniques:  

3.3.1 X-Ray Diffraction (XRD) 

 XRD was performed using powder samples of nanosheets and nanocomposite, 

without involving any sample preparation step.  

3.3.2 Scanning Electron Microscopy (SEM) 

 For SEM analysis powder samples were sonicated in ethanol for 2 hours and then 

drop- cast on clean glass slides followed by drying of samples at 80   ֠  C. 

 3.3.3 Atomic Force Microscopy (AFM)  

AFM analysis also required sonication of powder samples in ethanol for 2 hours then 

drop-casting on clean silica slides and subsequent drying at 80   ֠ C for evaporation of 

ethanol. 

 3.3.4 UV Visible Spectroscopy 

 UV analysis required homogenous dispersion of powder samples. The powder 

samples were sonicated for 3 hours in NMP (N-Methyl-2-pyrrolidone). 2 ml of each 
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dispersion was used for UV analysis. The ZrB2/TiO2 nanocomposites were further 

employed for photocatalytic degradation of Rhodamine B dye.  

3.3.5 Brunauer Emmett Teller (BET)  

Surface area and porosity is the vital property of a material which can be determined 

by BET analysis technique. For sample preparation 200 mg of sample is purified by 

degassing to remove the extra atmospheric contaminants like water vapors and air at 

150 
o
C. Then the sample analysis was performed using Gemini® VII 2390 

instrument. Operating conditions were degassing of the sample at 300°𝐶 for 3 hrs. 

and analysis were performed at 0.05 to 0.3 p/p0 range. 

 3.4 Photocatalysis of Rhodamine B  

The photocatalytic degradation efficiency of the prepared ZrB2 /TiO2 

nanocomposites was tested by degradation of an organic dye rhodamine B. To 

prepare dye solution, 1 mg of Rhodamine B was taken in 1 L of deionized water and 

prepared a homogeneous mixture. Each ZrB2 /TiO2 nanocomposites sample was 

added in of dye solution (1mg/1ml) to study their effect on dye photodegradation. 

The readings of degradation are taken after 15 mins intervals. 
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Chapter 4 

Results and discussion 

Exfoliated ZrB2 nanosheets and prepared nanocomposites (ZrB2/TiO2) are 

characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), 

UV-Vis spectroscopy, atomic force microscopy (AFM) to study the phase, 

morphology, optical properties and dimensional aspects of ZrB2 nanosheets and the 

composites respectively. 

 4.1 Characterization of ZrB2 nanosheets 

XRD is done to characterize the phase of ZrB2 nanosheets. Figure 4.1 a) represents 

the XRD pattern of bulk ZrB2 and exfoliated nanosheets at 500 RPM, 1000 RPM, 

and 1500 RPM. The hexagonal aspect of bulk ZrB2 is characterized by the peaks at 

25.2
o
, 32.6

o 
,41.6

o 
,51.7

o 
,58.1

o 
,62.5

o 
,64.4

o 
,68.2

o 
,74.0

o 
and 81.5

o 
which corresponds 

to the (001), (100), (101), (002), (110), (102), (111), (200), (201) and (112) Planes, 

respectively, conformable with the reported value of ZrB2 (JCPDS cards, No. 65-

3389).  
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        Figure 4.1  XRD spectra of Bulk ZrB2 and exfoliated ZrB2 nanosheets at 500 

RPM, 1000 RPM and 1500 RPM 
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Exfoliated Nano sheets are shifted at some angles as given in the figure 4.1 a), 

Broadness of peaks in 1000 and 1500 RPM separated ZrB2 Nano sheets in 

comparison to bulk as shown in figure 4.1 a), as the peaks observed at 32.6
o
, 41.6

o
, 

64.4
o 

and 81.5
o
 corresponds to (100), (101), (111) and (112) planes respectively, 

conforms that there will be a part of bulk is also present along Nano sheets in 500 

RPM. 

UV-Vis Spectroscopy is carried out to characterize the optical properties of ZrB2 

nanosheets. Figure 4.2(a) shows the UV-Vis spectrum of ZrB2 nanosheets at 500, 

1000, 1500 RPM and bulk ZrB2, showing the UV light absorption in the ZrB2 

nanosheets. A solid absorption band shows at around 270 nm owing valence band to 

conduction band at the plane of ZrB2 nanosheets [55].  
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Fig. 4.2 UV-Vis spectra of Bulk ZrB2 and ZrB2 Nano sheets at 500 RPM, 1000 RPM 

and 1500 RPM 

SEM is done to characterize the morphology of ZrB2 Nano sheets. Figure 4.3(a, b, c) 

show the morphology of thin Nano sheets as a result of liquid phase exfoliation at 

500 RPM, 1000 RPM, 1500 RPM respectively, in comparison to the bulk ZrB2 

(figure 4.3 d). Average Lateral dimension obtained at 500 RPM is 637.435nm, 

590.925 nm at 1000 RPM and 569.23 nm at 1500 RPM.   



20 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 SEM images of (a) exfoliated ZrB2 Nanosheets at 500 RPM (b) at 1000 RPM 

(c) at 1500 RPM (d) Bulk ZrB2 

AFM is done to characterize the dimensional aspect of ZrB2 Nano sheets prepared 

via liquid phase exfoliation. Thickness of Nano sheets can be estimated from the 

obtained results. Average thickness as measured from AFM is 8.37nm at 1500 RPM, 

11.1nm at 1000 RPM while 13.1nm at 500 RPM. Figure 4.4 a) show the 13.5nm 

thickness of Nano sheets at 500 RPM, figure 4.4 b) show 11.1nm thickness at 1000 

RPM and figure 4.4 c) show 9.77nm thickness at 1500 RPM. [52]  

 

a) b) 

c) d) 

2 μm 

2 μm 

2 μm 

2 μm 
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Fig. 4.4 AFM of exfoliated ZrB2 Nano sheets with height of flakes a) 500 RPM b) 

1000 RPM c) 1500 RPM 

4.2 Characterization of ZrB2 /TiO2 nanocomposites 

In figure 4.5 XRD of composites (ZrB2 /TiO2) and pure TiO2 is shown. Titania is 

characterized by the peaks at 25.2   ֠ , 38.5   ֠ , 47.98   ֠ , 53.76   ֠ , 54.99   ֠ , 62.57   ֠ , 

68.59   ֠  and 70.19   ֠ , approves the formation of anatase TiO2  Nano particles and 

corresponds to the (101), (112), (200), (105), (211), (204), (116) and (220) planes 

respectively[56]. While the peak at 27.3 corresponds to the (003) plane, confirms the 

presence of Nano sheets. With increase in content of ZrB2 Nano sheets in Nano 

a b 

c 
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composites from 0.5% to 2%, the peak becomes apparent. So figure 4.5 confirms the 

formation of composites. [53] 

 

Fig.4.5 XRD spectra of Nanocomposites at different weight ratios 

 

 

Fig. 4.6 UV-Vis spectra of Nanocomposites at different weight ratios. 

In figure 4.6 it can be seen that 0.5% composite spectra is somewhat similar to that 

of bulk one which means that particles are fully loaded on Nano sheets which is 

confirmed by the SEM results. But in 1% and 2% composite absorption increases in 
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UV region. From the spectra, it can be clearly seen that by increasing the content of 

ZrB2 Nano sheets in composites UV light absorption increases [53] 

 

 

 

 

Fig. 4.7(a,b,c)  SEM images of  nanocomposites  

b) 

c) TiO2 particles 

ZrB2 Nano Sheet 

 ) TiO2 particles 

ZrB2 Nano Sheet 
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While figure 4.7shows the formation of composites. TiO2 nanoparticles ranges in 

16nm-50nm with a uniform size distribution [59]. Attachment of TiO2 nanoparticles 

over the surface of Nano sheets can be clearly seen. 

4.3 BET Surface Area Analysis 

BET used to decide the surface space of the pre-arranged composites. It has been 

seen that with expansion in substance of ZrB2 Nano sheets inside TiO2 Nano 

particles, the surface region increments up to 1 weight % i.e. till 1% ZrB2 /TiO2. 

Further expansion of ZrB2 results in the surface area reduction for 2% ZrB2 /TiO2 as 

shown in Table 5.  

The diminished surface region can be because of the less ideal circulation of ZrB2 

sheets as displayed in SEM results. The Nano sheets are aggregated in 2% ZrB2 

/TiO2, bringing about decrease of surface region. [53] 

 

Table 5 BET of prepared samples to figure the surface area 

 

4.4 Photo degradation Analysis 

To prepare dye solution, 1 mg of Rhodamine B was taken in 1 L of deionized water. 

Prepared samples (0.5% ZrB2 /TiO2, 1% ZrB2 /TiO2, 2% ZrB2 /TiO2) are added in 50 

ml of dye solution to study their effect on dye photo degradation. The mixture is 

irradiated with UV light in the UV reactor. The progress of photo degradation is 

studied using Beer Lambert law  A= εcl  with UV/Vis spectra. The readings of 

Serial no.                                     Samples          Surface 

area (m
2 

/g)               

 

1  Pure TiO2 

nanoparticles 

         36.66  

2  0.5% ZrB2 

/TiO2  

         42.55  

3  1% ZrB2 

/TiO2 

         55.92  

4  2% ZrB2 

/TiO2 

         50.81  

2 μm 

5 μm 
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degradation are taken after 15 minutes intervals. It is seen that, 1% ZrB2 /TiO2 is 

more efficient for photo degradation than 2% ZrB2 /TiO2. The (reaction rate) 

efficiency of dye degradation is calculated by:  

Degradation efficiency= (C0-Ct)/C0 *100%  

Where C0 and Ct is the initial concentration and concentration at time t of dye. 
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Fig 4.8 (a,b,c) UV-Vis spectra of RhB dye degradation caused by prepared 

composites (d) Pure TiO2 

Figure 4.8 shows the improvement of photo degradation process under UV light 

spectrum obtained after every 15 min during the reaction. It can be clearly seen in the 

figure that the absorbance by RhB decrease with time. Complete degradation of RhB 

dye by 1% ZrB2 /TiO2 is observed in 60 min. The efficiency of 2% ZrB2 /TiO2 

decreases as compared to 1% ZrB2 /TiO2 due to contributing lower surface area as 

compared to 1% ZrB2 /TiO2. Because of the aggregation of ZrB2 Nano sheets in 2% 

ZrB2 /TiO2, the photocatalytic activity under UV light is decreased. [52,53]  

d) 

c) 
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Figure 4.9 (a) C/Co plot of TiO2 Nano particles and prepared composites to represent 

the photo degradation (b) Log plots of degradation efficiency to determine the rate 

constant (c) Percentage degradation of Rhodamine B as a function of increasing time 

Figure 4.9 (a) shows photo degradation of Rhodamine B as a function of Ct/C0 and 

fig. 4.9 (b) shows Log plots of degradation efficiency the rate constant determination. 

The photocatalytic degradation efficiency (PCD) was calculated using the Eq.1. 

     b) 

c) 
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          % Degradation = (1- Ct/C0  x 100 …………………………………….. 1  

Based on above analysis, the plausible photo-response mechanism is proposed. As 

TiO2 is sensitive to UV light, under illumination electron-hole pairs were generated. 

In figure 4.6, schematic represents the photo degradation of prepared ZrB2 /TiO2 

nano composites. When light source is incident on TiO2 nano particles, electron from 

the valence band jumps into the conduction band, forming a hole in the valance band 

of TiO2 nanoparticles and then further transfer to the conduction band of ZrB2 nano 

sheets. There is a possibility that this electron in the conduction band and the 

electron-hole in valance band may recombine and decrease the efficiency of the 

process, but some of them which do not recombine, reach on the top of the surface as 

photo exited electrons and reduce the atmospheric oxygen or the hydroxyl radicals. 

The valance band hole may oxidize the surface absorbed water. The resulting 

reactive Oxygen species will further decompose the organic dirt into carbon dioxide 

and water, present on the surface. [57,58] 

 

Fig. 4.10 schematic representation of photo degradation by ZrB2 /TiO2 nano 

composites 

       Following reactions will happen during photo degradation process, 

               TiO2 –ZrB2 + hv → [TiO2 - ZrB2  e− ]*  

             [TiO2 - ZrB2  e− ]* + O2 → [TiO2 - ZrB2 
+
] + O2 

--
, 
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           O2 
--
 + organic compounds∕dye (RhB) → degradation products. 

These photo degradation reactions generally follow first order reaction kinetics [53] 

which is given by:  

                   r = dC/dt = kKc/1+KC   

Simplified as:      ln C/C0 =kKt=kt. 

where, k is first order rate constant. 

The maximum efficiency of 85 % was achieved by the sample with 1% of ZrB2 

nanosheets. The catalyst with 0.5% and 2% of ZrB2 nanosheets have shown 76% and 

71 % maximum degradation efficiency in 60 minutes as shown in Fig. 4.6 (c). 
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Conclusion  

ZrB2 nanosheets were successfully synthesized by liquid phase exfoliation. 

Exfoliated nanosheets were then characterized by XRD,SEM, UV-Vis and AFM. 

Exfoliation of ZrB2 into nanosheets was confirmed by the characterization 

techniques. New peaks observed in the XRD analysis confirmed the formation of 

ZrB2 nanosheets. SEM and AFM analysis showed the average thickness of sheets to 

be less than 11nm and length approximately 1 micrometer. The UV-Visible graph 

showed the absorbance of nanosheets in UV region, recommended these sheets as 

UV-photoactive material. For photocatalytic activity ZrB2 nanosheets were combined 

with commercial TiO2 nanoparticles to prepare a photocatalyst material. 

ZrB2 /TiO2  nanocomposites were prepared by ex situ addition of exfoliated ZrB2  

nanosheets at different weight ratios to study photocatalytic degradation of 

Rhodamine B under UV light. The photodegaradation efficiency of prepared samples 

increase from 0.5%  to 1% ZrB2 /TiO2  nanocomposites with about 85% photo 

degradation of RhB in just 60 min.With further addition of nanosheets, the 

photodegradation efficiency decreases for 2% nano composites. The decrease in 

photodegradation efficiency is speculated to be  due to agglomeration of nanosheets 

and fast recombination rate of charge carriers. From this research work it can be 

concluded that ZrB2 itself is a good photocatalyst. 
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Future Recommendation 

The prepared nanosheets have low thickness and 650nm lateral dimension which 

shows they have high aspect ratio and characterized by XRD, SEM, AFM and UV-

Vis spectroscopy.  The samples prepared were tested under UV light for 

photocatalysis. 

 In future these samples can be tested under visible irradiation by sensitizing ZrB2 

with some visible light absorbing material like MoS2, PbS QDs and their effects 

could be studied. And also can be tested in energy storage.  It can be further 

applicable for EMI shielding. 

Zirconium diboride possesses properties like hardness, chemical inertness, oxidation 

resistance and high conductivity both thermally and electrically. The ZrB2 

nanosheets we can extend these advantages to nanoscale devices and products, for 

instance, electrodes, aircraft materials, durable electronics, and heterostructures 

incorporating other nanomaterials. 
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