
Nano-composites and Multi-functional Materials 2017
(ICNMM)

Nano-composites and Multi-functional Materials 2017
(ICNMM)

School of Natural Sciences
National University of Sciences and Technology, H-12, Islamabad

August 21-23, 2017

International Conference onInternational Conference on

EDUCATION

Conference Proceedings



International Conference on 

Nano-Composites and Multi-Functional Materials 2017 

August 21 - 23, 2017 

 
Focal Person: Dr. Qurat ul Ain Javed 

Assistant Prof. 
     Department of Physics 

 
Tel: +92 51 9085 5585, Cell: +92 342 5159839 

 
Email: icnmm17@sns.nust.edu.pk 

 
Weblink:sns.nust.edu.pk/icnmm 

 

 

School of Natural Sciences,  

National University of Sciences and Technology,  

H-12, Islamabad 

http://sns.nust.edu.pk/icnmm


2 

 

CONTENTS 
Page  

1. Organising Committee       3 

2. Bibliography        4 

3. Summary         8 

4. Address of Chief Guest       11 

5. Address of Chairperson       15 

6. Abstracts         17 

7. Full Articles        34 

8. Conference Program       145 

9. Photo Gallery        149 

10. Acknowledgement       162 

 

Venue of Conference: 

SMME Seminar Hall,  SNS, NUST, H-12, Islamabad, Pakistan. 

 

 

 

 

 

 

 



3 

 

 

 



4 

 

BIBLIOGRAPHY 

Foreign Invited Speakers 

Prof. Afsin Gungor: 

Akdeniz University, Faculty of Engineering, Department of Mechanical Engineering Antalya, Turkey. 

Importance of Nanoparticles Usage to Energy Efficiency 

Prof. Zhang Chao: 

University of Science and Technology Beijing, China 

Study of GMI Sensors. 

Prof. Dr. Unal Akdag 

Aksaray University, Mechanical Engineering Department, 68100, Aksaray, Turkey. 

Forced convection with nanofluids in periodic passages under pulsating flow conditions. 

Prof. Ali Reza Moradi 

Department of Medicinal Chemistry, Faculty of Pharmacy, Shahid Sadoughi University of Medical 

Sciences, Iran 

Super-resolved digital holography for non-invasive 3D structural 

Prof. Zahid Ali Khan Durani 

Department of Electrical and Electronic Engineering Imperial College London South Kensington 

Campus London SW7 2AZ, UK 

Beyond-CMOS electronics: Semiconductor quantum effect devices at the 10nm scale. 

LocalSpeakers: 

Prof. Rehana Sharif  

Department of Physics, University of Engineering and Technology Lahore 



5 

 

Electrodeposition of Metal/Polymer Composite Counter Electrode Materials for Efficient Dye-

Sensitized Solar Cell 

Dr. Arbab Muhammad Taufiq 

Department of Physics, Hazara University Mansehra, 21300 Mansehra, Pakistan  

Novel fabrication scheme for Rare-earth doped alumina silicate nanoparticles based optical fibres 

for applications in high power lasers 

Dr. Muhammad Yasir Rafique 

Department of Physics, COMSATS Institute of Information Technology, Lahore 54000, Pakistan 

Switching behaviour and novel stable states of magnetic hexagonal nanorings 

Dr. Mujtaba Ellahi 

Department of Chemistry, Faculty of Arts & Basic Sciences, Baluchistan University of Information 

Technology, Engineering and Management Sciences (BUITEMS) Quetta 87100, Pakistan 

Electro-clinic Effects of Polymer Network on Polymer Disperse Liquid Crystal (PDLC) films 

Dr. M. Yaqoob Khattak 

Department of Physics, Kohat University of Science & Technology (KUST), Kohat, KPK, Pakistan  

Pinned magnetic moments in exchange bias: Role of the antiferromagnetic bulk spin structure 

Dr. Matiullah 

Department of Physics, Kohat University of Science and Technology, Kohat 26000, Pakistan 

Visible Light Active Silver, Vanadium co-doped TiO2 with improved photo catalysis activity. 

Dr. Anis Ur Redman 

COMSATS Institute of Information Technology, Islamabad 

Facile Synthesis of Nanostructured Ferrites for Technological Applications  

Dr. Farrukh Shahzad 



6 

 

COMSATS Institute of Information Technology, Islamabad 

Magnetic Raman scattering from NiO nanoparticles 

Dr. Kashif Nadeem 

International Islamic University Islamabad 

Magnetic transitions and negative magnetization in CoCr2O4 nanoparticles  

Dr. Rashid Jalil 

 Department of Physics, University of Engineering and Technology, Lahore  

Graphene and beyond 

 Dr. Malika Rani 

 The Women University Multan  

Metal insulator transition in some strongly correlated electron systems 

Dr. Altaf Karim  

Department of Physics COMSATS Institute of Information Technology Park Road, Chak Shahzad 

Islamabad, 45550,  

Pakistan Multi scale Modelling for Energy Needs 

Online Registered Speakers 

Mr. Hamid Khan 

Department of Physics, Kohat University of Science and Technology, Kohat, KPK Pakistan  

Synthesis and testing of Ni-Cu-Alloy nanoparticles in alternating magnetic field for magnetic 

hyperthermia treatment of cancer 

Mr. Muhammad Asad  

US-Pakistan Centre for Advanced Studies in Energy, NUST, H-12, Islamabad  



7 

 

Development of Al thin films with enhanced adhesion by thermal evaporation for solar thermal 

reflector application. 

Ms. Maria Zahid  

The Women University Multan  

Effect of Dysprosium on Structural and Physical properties of Ba2NiCoFe12O22 Y-type Hexa ferrites 

Mr. Izran Ullah 

Kohat University of science & Technology, Kohat (KPK) Pakistan 

Contribution of BulkAntiferromagnetic Spin Structure towards Pinned Magnetic Moments in 

Exchange Bias Effect 

Ms. Saba Aziz  

US-Pakistan Centre for Advanced Studies in Energy, NUST, H-12, Islamabad 

 The effect of surfactant on dispersion stability of Titanium dioxide based nanofluids with different 

volumeconcentrations. 

Dr. Shahid Saeed Qureshi  

Government Postgraduate College, Jhelum  

Nano-protective Ultra-Thin Polymer Coatings via Layer by Layer Nanofabrication Technique  

Ms. Sabah Baqi 

School of Natural sciences, NUST H-12 Islamabad 

A facile growth mechanism, structural, optical, dielectric, electrical properties of ZnSe nanosphere 

via hydrothermal 

Ms. Sabeen Fatima 

School of Natural sciences, NUST H-12 Islamabad 

The high photocatalytic activity and reduced band gap energy of La and Mn co-doped BiFeO3/ 

graphene nanoplatelets (GNP) nanohybrids. 



8 

 

ICNMM-INTRODUCTION 

 “International Conference on 

Nano-Composites and Multi-Functional Materials” 

August 21 - 23, 2017. 

Venue: SMME Seminar Hall, SNS, NUST, H-12, Islamabad, Pakistan. 

Organising Focal Person: Dr.Qurat ul ain Javed 

SUMMARY: Nanotechnology is often described as an emerging technology—one that 

not only holds promise for society, but also can revolutionize our approaches to common 

problems. Nanotechnology is not a completely new field; however, it is only recently that 

discoveries in this field have advanced so far as to warrant examination of their impact upon 

the world around us. 

Nanotechnology is helping to considerably improve, even revolutionize, many technology 

and industry sectors: information technology, homeland security, medicine, transportation, 

energy, food safety, and environmental science, and among many others. Many benefits of 

nanotechnology depend on the fact that it is possible to tailor the structures of materials at 

extremely small scales to achieve specific properties, thus greatly extending the materials 

science toolkit. Using nanotechnology, materials can effectively be made stronger, lighter, 

more durable, more reactive, more sieve-like, or better electrical conductors, among many 

other traits. Many everyday commercial products are currently on the market and in daily 

use that rely on nanoscale materials and processes. 

Nanotechnology offers the promise of developing multifunctional materials that will 

contribute to building and maintaining lighter, safer, smarter, and more efficient vehicles, 

aircraft, spacecraft, and ships. In addition, nanotechnology offers various means to improve 

the transportation infrastructure: Nano-engineered materials in automotive products 

include polymer nanocomposites structural parts; high-power rechargeable battery 
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systems; thermoelectric materials for temperature control; lower rolling-resistance tires; 

high-efficiency/low-cost sensors and electronics; thin-film smart solar panels; and fuel 

additives and improved catalytic converters for cleaner exhaust and extended 

range.Nanoscale sensors and devices may provide cost-effective continuous monitoring of 

the structural integrity and performance of bridges, tunnels, rails, parking structures, and 

pavements over time. Game changing benefits from the use of nanotechnology-enabled 

lightweight, high-strength materials would apply to almost any transportation vehicle. For 

example, it has been estimated that reducing the weight of a commercial jet aircraft by 20 

percent could reduce its fuel consumption by as much as 15 percent. 

Keeping in view the importance of nanocomposites and multifunctional materials, The 

department of Physics, School of Natural Sciences at National University of Sciences and 

Technology is offering experimental nanotechnology program since 2012. The conference 

first of its kind at the department has been organized by the combined efforts of whole 

faculty at the department. The conference provides a platform to the interested people for 

discussing their ideas among the people and to interact with each other for the sake of 

promotion of research in this area of experimental Physics. 

In this conference following aspects of Nanotechnology are expected to be covered 

 Progress in Multifunctional Materials and Applications 

 Fabrication, Characterization, and Applications of Nano-CompositesState-of-the-art 

Research and Applications of Shape Memory Alloys 

 Recent Advances in Piezoelectric, Ferroelectric, Multiferroics and Magnetoelectric 

Materials 

 Advances in Inorganic Luminescent Materials and Applications 

 Progress in Metamaterials Research 

 Graphene and other Emerging 2D-layered Nanomaterials: Synthesis, Properties and 

Potential Applications 

 Multifunctional One dimensional Nanostructures 

 Recent advances in Spintronic Materials, Magnetic Tunnel Junctions and MRAMs 
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 New Concepts and Advances in Photocatalytic and Piezoelectric Materials for Energy, 

NEMS/MEMS, and Environmental Applications 

 Functional Nanomaterials for New Generation Solid State Gas Sensors. 

 Non-volatile Memory Devices: Materials, Emerging Concepts and Applications 

 Next Generation Micro/Nano Systems 

 New Concepts and Advances in Reversible Phase Transformation Materials for 

Promising Applications 

 Multifunctional Inorganic Porous Nanostructures 

 

 

Dr. Qurat-ul-ain Javed 

Ph. D (Experimental Condensed matter Physics) 

Assistant Professor, 

School of Natural Sciences (SNS) 

National University of Science and Technology 

(NUST) 

H-12 Islamabad, Pakistan. 

 

Dated: August 21 – 23, 2017 
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INAUGURAL ADDRESS BY 

Prof. Dr. N.M. Butt, S. I. 

Chairman PINSAT, Preston University,  Islamabad. 

At the ICNMM August 21-23, 2017 

Bismillah-ir-Rahman-ir-Rahim 

I am greatly indebted to the management of the conference to invite me to address this 

august gathering of nano-specialists and other eminent scientists and students from 

Pakistan and abroad. 

NUST is one of the top Universities of Pakistan and the vision of Nanotechnology work at the 

university was right at this University from the early years of its formation.  It was the 

founding Rector ofNUST, Lt Gen® Syed Shujaat Hussain who had the vision of establishing 

this rising technology, emerging as “Industrial Revolution”, at NUST and invited me in 2006 

for a Lecture on Nanotechnology at the temporary campus of the university at Lal Kurti in 

Rawalpindi.  Now because of his vision several departments of the University, SCME, 

Chemistry, Biosciences, Physics are involved in the frontline research and with up to date 

equipment needed in nanotechnology research, particularly in SCME headed by a famous 

material scientist Professor M. Mujahid as its Dean and Principal, making labs of the NUST as 

the leading nanotechnology Labs in Pakistan. The current focus of research is on Auxetic 

nanocomposites that have important applications in sensors, defence armours, Bullet proof 

vests etc., Hydroxyapatite for applications in medical area, Nano catalysts, Nano crystalline 

Zeolites having applications in Petrochemical Industry and others nanotech areas. 

Recently   the establishment of the US-Pakistan Centre for Energy at NUST  with a well-

known materials Engineer  Dr. M. Bilal Khan   will be another important institution where 

Nanotechnology applications will be extensively investigated  for energy storage and its 

efficient  production .During my recent visit at this centre  I was pleased to see a number of 
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laboratories for energy research may it be Bio-Fuel, solar and other renewable energy 

studies etc., and excellent  materials characterization facilities  like XRD,SEM  etc., 

The organizing of this International conference by Dr Quart-ul-Ain at the Department of 

Physics, a young Materials scientist, is a commendable job, though the Physics department 

is smaller than other nano-labs at NUST, I am confident with support of the University 

seniors, this development in Physics Department will add further to the Nano-status of 

NUST in Pakistan in another aspect of nanotechnology. The presence of eminent professor 

from Turkey and China to come for lectures shows the importance of the conference at 

international level. 

Because of excellent facilities of research in various departments of NUST the programs of 

MS and PhDs are of high standard which will help in meeting the needs of Human Resource 

in Nanotechnology for other Universities and the Industry of Pakistan. 

In Pakistan outside NUST, nanotechnology laboratories have been established in several 

universities apart from the excellent Material Science laboratories of the Pakistan Atomic 

Energy Commission which have the advantage of establishing materials science and 

metallurgy laboratories needed for its nuclear energy and nuclear defence program 

spreading over several decades. Incidentally, I had the fortune of serving the Atomic Energy 

Commission for several decades. Where the word nanotechnology was not used at the time 

but the level of materials investigations requiring the precision of nuclear level was in fact 

the same as later required for investigation and characterization of nuclear materials with 

almost the same expertise and equipment as used in nanotech laboratories today. 

Therefore, you see that most of the senior materials scientists are the earlier Nuclear 

Physicists, Nuclear Chemists or the Nuclear Biologists. 

In fact , the originator and visionary of nanotechnology is traced to the Nobel Prize Physicist, 

Richard Feynman  who gave the famous lecture, “There is a plenty of Room at The Bottom” 

at the Annual Physical meeting of the American Physical Society held at Caltech in California, 

way back in December 1959.By bottom he meant the smallness of materials to the 

nanoscale sizes or atomic sizes where he predicted that materials then show very different 

properties as compared to their properties at the bulk scale. Scientists, particularly, the 
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physicists already knew that at the atomic scale the laws of classical or bulk Physics did not 

hold but new laws of quantum Physics explain the behaviour of materials at atomic scale. 

The quantum laws therefore played a dominant role in explaining the behaviour of nano 

materials, well explaining the biological and chemical behaviour and for the first time the 

physicists, Chemists and Biologists started talking intimately with one another to better 

understand the behaviour of nanomaterials. 

The science became multi-disciplinary of necessity in the realm of Nanotechnology. Even 

engineering disciplines had to feel the need of more intimately interacting with the physical, 

chemical and biological sciences to join the Multi-disciplinarily of teaching. This led to the 

evolution of degrees with particular nomenclature of “Nanoscience and Nanotechnology or 

even Nano engineering”. 

Coming over to the nanotechnology in Pakistan, the earlier initiative was taken in 2003 by 

the Government of Pakistan with the primary support of Dr. Atta Ur Rahman, a famous 

chemist of Pakistan who was then the Minister of Science   and he, on national level 

established a Commission on Nano Science and Technology and appointed myself as the 

Chairman of this Commission with 16 Scientists of various scientific organizations in Pakistan 

as the Members of the Commission for any consultations. 

The Government funded 5 Institutions to the tune of about 18 million dollars and 

nanotechnology research was initiated in 2004 in these places. The earlier concepts and 

awareness were started as early as in mid-90’s when as a materials physicist I started giving 

lectures on nanotechnology at the conferences and science societies. 

The funding of these few laboratories resulted in the publications of research in 

nanotechnology and presentations in nanoscience. 

In later years the students who went for their PhDs abroad, started coming back with 

research experience in nanotechnology and various universities started setting up 

nanotechnology laboratories where these fresh PhDs were employed. 

In 2013 the Government of Pakistan included nanotechnology in its manifesto and the 

survey of nanotechnology by the Ministry of Science and Technology revealed 22 
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Laboratories with qualified scientists and relevant equipment for research in various aspects 

of nanotechnology. 

Currently there are of course more laboratories in nanotechnology coming up in Pakistan. 

I would now give some thoughts where Pakistan needs to lay more emphasis and this is the 

area of Human Resource development at undergraduate / graduate level and dire need of 

bringing Pakistan’s Industry to the application loop of nanotechnology which is 

unfortunately missing in Pakistan. The mind-set of Industry managers is not inclined yet to 

get the benefits of this technology although the countries around the globe including our 

neighbours are paying good attention to involve industry for applying nanotechnology to 

their products. 

Similarly, the human resource development although to some extent at the MS/PhD level is 

being produced in Pakistan because of research facilities in this technology yet at under 

graduate level there is only one Institute established in 2010 having program of BS 

(Nanoscience and Nanotechnology) degree at the Preston Institute of Nano Science and 

Technology (PINSAT), of the Preston University in Islamabad. This degree is multidisciplinary 

in nature with advanced level of teaching and practical in nano-based Physics, Biology and 

Chemistry. 

This multidisciplinary under-graduate degree has been very useful to our graduates in that 

for their higher studies of MS/PhD degrees in bio, chemical or physics areas. Therefore, 

more universities with such multidisciplinary programs need to be supported. 

In the end, I must say that the organizing of this conference is a great step by the physics 

department of NUST and I congratulate the Dean, the Head of Physics Department and the 

organiser of the conference Dr Qurat-ul-Ain and her teams for this wonderful effort and to 

the administration of the University for extending support to the conference. 

Such conferences are indeed very useful platforms for sharing expertise and establishing co-

operations in future joint research. 

I am confident that this event will be of great help to the younger scientists to get the 

benefits of experience of the senior’s scientists of Pakistan and those from abroad who have 

taken time, to be here, out of their busy schedules at home. I wish them a pleasant stay in 
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Pakistan and I hope they will remember some glimpses of our friendly and beautiful 

country. 

Ladies and gentlemen, thank you and best wishes. 

 God bless you all. 

 

*********************** 

Address of Chairperson (Dr Qurat-ul-Ain Javed): 

My respected chief guest Dr. N M Butt  from PINSTECH, Dean Dr. Azad Siddique, HOD 

Physics Dr. Rizwan Khalid and all fellow participants and students. 

Today we all gather on this auspicious occasion at the inauguration of International 

Conference on Nanocomposites and Multifunctional materials. The need for this conference 

arise from the growing wide spread use of nanotechnology in the spectrum of life. This 

usage is growing exponentially so its usage would be seen more and more for our future 

generation. Hence this conference is being held at our university so the student could 

benefit from this exchange on cutting edge technologies of future.  

This conference would last for 3 days and it consists of multi parallel Session running day 

long on various topics related to our field so I encourage all of our students to feel free to 

attend any session pertaining to their interest. 

I would like this opportunity to specially thank our honourable chief guest Dr. N. M. Butt, 

who has been really kind for not only gracing us with his presence on this occasion but he 

was very helpful to our team in the planning stages of this conference, the meticulously and 

with a keen interest and humble patience went over each detail of the conference 

whenever we approached him. We, Sir! are honoured by your help and support.  

I would also like to give a mention to my colleagues, my Principal Dr. Azad Siddique my HOD 

Dr. Rizwan Khalid who helped and support me throughout the planning stages of this 

conference. 
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Our estimated foreign guests Prof. Afsin Gungor, Prof. Zhang Chao, Prof. Unal Akdag and 

Mr. Quain Hao 

I am thankful to you for coming here after travelling to attend this conference. Local invited 

speakers, I am also very thankful to you for coming out to this conference. 

In the end, I ask all of you students to take interest in this conference and try to utilize it to a 

maximum for your own benefits. 

 

*********************** 
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ABSTRACT 

Foreign Invited Speakers 

Prof. Afsin Gungor  

 Akdeniz University, Faculty of Engineering, Department of Mechanical Engineering Antalya, Turkey  

Title of the talk: Importance of Nanoparticles Usage to Energy Efficiency 

Abstract: In the 21st century, energy consumption has reached the maximum level and thus 

importance of the energy efficiency has increased. For this purpose, many new methods have been 

developed for increasing energy efficiency. One of these methods is the use of nanoparticles and 

nanofluids. Nanofluids are the suspension of nanoparticles in a base fluid. Nanofluids are promising 

fluids for thermal efficiency of systems due to their anomalously high thermal conductivity. At 

present, in the literature there are a lot of studies for nanofluids thermal conductivity and efficiency. 

In this study, the energy efficiency of the nanofluids used in thermal systems was examined to under 

different condition. In this study, the energy efficiency of the nanofluids used in thermal systems 

was examined under different condition and the importance of nanofluids was emphasized.  

Prof. Zhang Chao 

University of Science and Technology Beijing, China  

Title of the talk: Fabrication of amorphous/nanocrystallinewires for GMI sensor  

Abstract: The giant magneto impedance (GMI) effect has the characteristics of high sensitivity, fast 

response and good stability, so it has great potential application in sensor technology and magnetic 

recording technology, especially the development of magnetic sensors with high sensitivity, good 

stability, low power consumption, miniaturization. Since then, giant magneto impedance effects 

have been found in amorphous films, glass coated amorphous wire materials and nano crystalline 

alloy ribbons. The University of Science and technology Beijing has prepared glass coated amorphous 

wire, which have great sensitivity could be used in magnetic field detection. 
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The left and right pictures are the distributions of elements Si and B on the cross section of amorphous wires 

Prof. Dr. Unal Akdag 

Aksaray University, Mechanical Engineering Department, 68100, Aksaray, Turkey  

Title of the talk: Forced convection with nanofluids in periodic passages under pulsating flow 

conditions 

 Abstract: The application of nanofluids is thought to have a strong potential for enhancing the heat 

transfer characteristics of the corrugated channels due to the improved thermal conductivity of the 

fluid. Heat transfer and flow mixing under pulsating flow is often used in different scientific fields. 

Wavy channels do not provide any important heat transfer enhancement when the flow is steady. In 

this study, the heat transfer characteristics of water based nanofluids in a corrugated (wavy) channel 

under pulsating inlet flow conditions is investigated numerically. The simulations are performed for 

different Reynolds number, pulsating frequency and amplitude by using control volume based CFD 

solver. Nanoparticle volume fraction and the other parameters kept constant. The flow is both 

thermally and hydro dynamically developing whiles the corrugated-channel walls are kept at a 

constant temperature. Results indicate that there is a good potential in promoting the thermal 

performance enhancement by using the nanoparticles under pulsating flow. As a result of flow 

periodicity formed the secondary flow structures in the corrugated walls and improved the mixing 

between hot and cold fluids. Furthermore, the pulsating flow has an advantage to prevent 

sedimentation of nanoparticles in the base fluid. Comparison of heat transfer coefficient for 

nanofluids under the steady flow conditions with existing results is presented. The use of 

nanoparticles under the pulsating flow conditions is increased heat transfer rate when compared to 

the steady flow case. The obtained results are given as dimensionless parameters.  
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Prof. Ali Reza Moradi  

Department of Medicinal Chemistry, Faculty of Pharmacy, Shahid Sadoughi University of Medical 

Sciences, P.O. Box 14155-6451, Iran  

Title of the talk: Super-resolved digital holography for non-invasive 3D structural  

Abstract: Characterization of Nano-composites We introduce digital holographic microscopy (DHM) 

as a non-contact, inexpensive, non-abrasive, and non-invasive method for polymeric 

nanocomposites 3D surface characterization. Several arrangements integrated with super-resolution 

imaging methods will be presented. The characterization can be performed through the 

measurement of roughness parameters of the surfaces, which are derived from the recorded 

holograms. The experimental results corroborate the potential of the present method to be served 

as an alternative for expensive surface measurement devices such as Stylus profilers and atomic 

force microscopy (AFM). 

Prof. Zahid Ali Khan Durani 

 Department of Electrical and Electronic Engineering Imperial College London South Kensington 

Campus London SW7 2AZ, UK  

Title of the talk: Beyond-CMOS electronics: Semiconductor quantum effect devices at the 10 nm 

scale  

Abstract:As the size of semiconductor devices reduces to below 10 nm, quantum tunnelling and 

confinement of electrons, and single-electron charging effects associated with the discrete nature of 

charge, become increasingly significant. At the sub-10 nm scale, these effects can occur even at 

room temperature, raising the possibility of a quantum-effect ‘beyond-CMOS’ semiconductor device 

technology. At present, even in nominally classical CMOS FinFETs, at state-of-the-art channel 

thickness <10 nm, large threshold voltage variations associated with quantum confinement effects 

have been reported. For a ‘beyond CMOS technology, there is great potential in extending electronic 

materials from Si to layered materials such as graphene and MoS2. However, the controllable 

fabrication of electronic devices at the few nanometre scale is difficult by conventional means. In 

this regard, developments in advanced lithography such as pattern dependent electron beam 

lithography (EBL) and scanning probe lithography (SPL) are of great promise 
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Silicon single-electron transistors (SETs) with sub-10 nm island size, capable of room-temperature 

(RT) operation, provide a means to transition smoothly from conventional nanoscale FETs to 

quantum-effect ‘beyond CMOS’ devices. In this talk, we present the fabrication and electrical 

characterisation of Si nanowire (NW) and point-contact SETs with island sizes of ~5 nm or less, 

capable of room-temperature operation. These devices can be defined by techniques such as a 

combination of electron beam lithography and oxidation, where pattern geometry is significant to 

reach the ~5 nm scale. Alternative methods such as focused ion beam gallium implantation and 

subsequent wet etching, and SPL, will also be discussed. The devices can be based on Si NWs of 

various lengths and these may be suspended or non-suspended, where the later case also allows 

investigation of the physics of electron-phonon interactions in 5 nm Si nanocrystals. 

Local Speakers: 

 Dr. Arbab Muhammad Taufiq  

Department of Physics, Hazara University Mansehra, 21300 Mansehra, Pakistan  

Title of the talk: Novel fabrication scheme for Rare-earth doped alumina silicate nanoparticles 

based optical fibres for applications in high power lasers  

Abstract: This work describes an alternative synthetic technology for rare earth (RE)-doped alumina 

silicate based nano-engineered fibres, in which the RE concentrations can be well controlled to 

improve the doping homogeneity whose realization is important for high power lasers. The 

technique comprises novel synthetic technology of homogeneously distributed Rare earth doped 

alumino-silicate (YAS) nanoparticles of around 5-10 nm incorporated as a perform core using dip 

coating method in conjunction with modified chemical vapour deposition (MCVD) process. The core 

glass with composition of 0.4Yb2O3-0.8Al2O3-98.8SiO2 (mol %) exhibits a clear Yb3+ derived 

absorption at around 976-978 nm. The refractive index fluctuation is 1.8 × 10- 3 and shows a 

homogeneous distribution of the refractive index and dopants in the core region. Our proposed 

nanoparticles growth strategy for the formation of core material is sufficiently versatile and can be 

adapted to incorporate RE elements and co-dopants such as Fluorine (F) with excellent dopant 

uniformity and good repeatability. 
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Dr. Muhammad Yasir Rafique 

 Department of Physics, COMSATS Institute of Information Technology, Lahore 54000, Pakistan 

Title of the talk: Switching behaviour and novel stable states of magnetic hexagonal nanorings  

Abstract: Micro magnetic simulations for Cobalt hexagonal shape nanorings show onion (O) and 

vortex state (V) along with new state named “tri-domain state”. The tri-domain state is observed in 

sufficiently large width of ring. The magnetic reversible mechanism and transition of states are 

explained with help of vector field display. The transitions from one state to other occur by 

propagation of domain wall. The vertical parts of hexagonal rings play important role in developing 

the new “tri-domain” state. The behaviours of switching fields from onion to tri-domain (HO-Tr), tri-

domain to vortex state (HTr–V) and vortex to onion state and “states size” are discussed in term of 

geometrical parameter of ring. 

Dr. Mujtaba Ellahi 

 Department of Chemistry, Faculty of Arts & Basic Sciences, Baluchistan University of Information 

Technology, Engineering and Management Sciences (BUITEMS) Quetta 87100, Pakistan  

Title of the talk: Electro-clinic Effects of Polymer Network on Polymer Disperse Liquid Crystal 

(PDLC) films  

Abstract: The purpose of this study is to enhance the optical contrast of polymer disperse liquid 

crystal (PDLC) films display by applying class α- longitudinal nematic liquid crystals (NLCs) linear 

chain polymer mixtures. The NLCs has been selected due to its Characteristics for the PDLC films 

such as strong binding, optical clarity, strong adhesion, toughness, and flexibility. This can be easily 

prepared by polymerization induced phase separation (PIPS) technique with epoxy curable 

monomers, and hardener. In this research, best possible preparation condition was 40% LC, curing 

time 7 hrs. at 95°c temperature. The electro-clinic (EC) effect is the slope of the electro-optical (E-O) 

axis of a NLCs in the plane perpendicular (|) to a functional electric field. The electro-clinic effect in 

NLCs with an even director is not an essential condition in the presence of a warped director. Our 

findings have revealed a change in droplet shape on the driving voltage of a PDLC shutter with bi 

polar droplets and investigated their effects on the morphology, electro-optical (E-O) properties, and 

conductivity of the PDLC thin films. Hence, this thin film can be further successfully applied in display 
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industries for the enhancement of E-O contrast with specifically change of ON-scattering at 

minimum time. Keywords: PDLC film, electro clinic effect, epoxy monomer, morphology. 

Dr. M. Yaqoob Khattak 

Department of Physics, Kohat University of Science & Technology (KUST), Kohat, KPK, Pakistan 

Title of the talk: Pinned magnetic moments in exchange bias: Role of the anti-ferromagnetic bulk 

spin structure  

Abstract: The behavior of the exchange bias effect of a ferromagnetic/antiferromagnetic bilayer in 

the presence of a second ferromagnetic layer at the other interface of the anti-ferromagnetic layer 

can yield important information about the nature of the pinning of spins in the anti-ferromagnetic 

layer. We have studied Ni25Mn75/Ni(/Co) bilayers and (Co/)Ni/Ni25Mn75/Ni(/Co) trilayers, 

epitaxially grown on a Cu3Au(001) substrate. The optional Co layers were used to change the 

magnetization direction of the Ni films from perpendicular to the film plane into the film plane. 

Magneto-optical Kerr effect measurements show that trilayers with collinear magnetization 

directions of both FM layers exhibit always a much lower exchange bias field Heb at a fixed 

temperature compared to bilayers of the same Ni25Mn75 thickness. At the same time, the blocking 

temperature for exchange bias Tb is strongly reduced. In trilayers with orthogonal easy axes of the 

two FM layers (in-plane and out-of-plane), in contrast, both Heb and Tb are nearly identical to that 

of the corresponding bilayers. This is shown in the figure, in which the exchange bias (bottom part of 

the graph) of the bottom Ni/Co ferromagnetic film with in-plane magnetization (green curve) nearly 

does not change upon the deposition of a Ni layer with out-of-plane magnetization on top of the 

antiferromagnetic Ni25Mn75 layer (red curve), but shrinks drastically once the magnetization 

direction of the top Ni layer is turned into the plane by a Co over layer (blue curve). Such a behavior 

can be explained by pinned magnetic moments inside the bulk of the anti-ferromagnetic layer that 

coexist independently for orthogonal spin directions, but must be equally shared between both 

interfaces in the case of collinear spin directions. This result thus also confirms a 3Q-like non 

collinear spin structure of Ni25Mn75. 
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Figure: Temperature dependence of coercively HC and exchange bias field Heb of the bilayer 

(squares) and trilayer in the noncollinear (circles) and the collinear configuration (triangles) 

measured with longitudinal MOKE. 

Dr. Matiullah 

Department of Physics, Kohat University of Science and Technology, Kohat 26000, Pakistan 

Title of the talk: Visible Light Active Silver, Vanadium codoped TiO2 with improved Photocatalytic 

Activity  

Abstract: Optimized doped TiO2 is necessary for efficient visible light harvesting and widening 

theapplications spectrum of TiO2 based materials. Titanium dioxide doped with Silver 

and/orVanadium has been synthesized by one pot hydrothermal method without 

postcalcination.Codoping induced visible light absorption while maintaining the photo-active 

anatase phasealong with good crystallinity. Synthesized products are in nano-meter range and 

possess highspecific surface area. Having nearly spherical morphology, the particles are distributed 

and theparticle size estimated from TEM observation is in accordance with the XRD results. 

Spectroscopic investigations reveal that the doped atoms successfully entered the TiO2 

latticemodifying the band structure. The narrowed band gap allows visible light photons for 

absorptionand the co-doped samples displayed enhanced visible light absorption among the 

synthesizedsamples. Photodegradation performance evaluated under visible light irradiations 
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showed thatsilver, vanadium co-doped TiO2 have the best visible light photocatalytic activity 

attributed tostable configuration, high visible light absorption, coupling between silver and 

vanadium, andtheir optimal doping concentration. 

Dr. Anis Ur Rehman 

COMSATS Institute of Information Technology, Islamabad  

Title of the talk: Facile Synthesis of Nanostructured Ferrites for Technological Applications 

 Abstract: Spinel ferrites are generally produced by ceramic routes in industry. Minimizing the 

production costs by simplifying traditional process is also looked-for. As the economic magnetic 

materials, ferrites are also being developed with advanced synthesis methods for new applications. 

Several ways are applied to enhance the microstructure and properties. Recent work on facile 

preparations and potential applications for nanostructured ferrites will be discussed. To obtain 

nanoferrite powders, numerous methods have been adopted. Spinel ferrites with adaptable 

electrical and thermal properties have been obtained by doping a small amount of RE elements. 

Methods employed were simplified sol-gel method namely the WOWS (Without Water and 

Surfactants) sol-gel method and the co-precipitation method. These materials have been found 

useful in a wide field, from resistive switching (resistive random access memories (RRAMs)), to 

medical, energy and environmental applications. 

Dr. Farrukh Shahzad 

COMSATS Institute of Information Technology, Islamabad  

Title of the talk: Magnetic Raman scattering from NiO nanoparticles  

Abstract: Raman spectroscopy can also be used to study magnetic materials. A strong Raman 

response is observed for antiferromagnetic spin ordering. Usual magnetic measurements as SQUID 

magnetometry are very sensitive to small magnetic moments but do not really give full information 

on anti-Ferro magnetically ordered spin pairs. Therefore, Raman spectroscopy is used to investigate 

the samples of NiO nanoparticles with different crystal sizes in this research study for the first time. 

Single crystals of NiO are antiferromagnetic with a Neel temperature of 523K. Raman spectra of this 

material show a peak at about 1500cm-1 arising from a 2- Magnon (2M) excitation which is directly 

related to the antiferromagnetic. The Raman behaviour of the 2M excitation for bulk material is 
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rather well understood but no comprehensive work is available for the 2M behaviour of NiO 

nanoparticles. In this talk, it will be shown that how Raman spectroscopy can be used to monitor 

antiferromagnetic spin ordering using an example of NiO. It is shown that the 2M feature is found to 

depend on crystallite size of NiO nanoparticles and on temperature. 

Dr. Kashif Nadeem 

 International Islamic University Islamabad  

Title of the talk: Magnetic transitions and negative magnetization in CoCr2O4 nanoparticles 

Abstract: In this talk, I shall present the magnetic properties of CoCr2O4 nanoparticles. Zero fields 

cooled (ZFC) and field cooled (FC) magnetization curves revealed paramagnetic to ferromagnetic 

transition at Tc at 100 K along with two other low temperature transitions such as spin spiral state 

and lock-in state. ZFC magnetization curve showed negative magnetization due to uncompensated 

spins at low field, which gets suppressed after application of high field. Saturation magnetization 

(Ms) decreases with decreasing temperature which is not accordance with the Bloch’s law prediction 

for ferromagnetic system. Decreasing Ms with temperature is may be due to due to stiffed/ strong 

spin spiral state at low temperature. Coercivity showed a sharp increase at low temperatures which 

is due to surface spins disorder and/or disordered spin-spiral state. Nanoparticles also showed slow 

spin relaxation at low temperatures in ZFC and FC protocols. In summary, CoCr2O4 nanoparticles 

exhibit negative magnetization and rather stiffed/ strong spin spiral state at low temperatures. 

Dr. Rashid Jalil  

Department of Physics, University of Engineering and Technology, Lahore  

Title of the talk: Graphene and beyond.  

Abstract: The isolation of two-dimensional graphene from the layered material graphite by using the 

simple and unusual method of repeated mechanical peeling by scotch tape has stunned the scientific 

world. Not only graphene but many other layered materials including mica, boron nitride, BISCO, 

MOS2, WS2 have been successfully isolated using mechanical exfoliation. Rapid progress in 

graphene research and demonstration of proof of-principle applications in short time has forced 

R&D organizations and industries to strongly focus on graphene in variety of areas. An attractive 

feature of graphene is its very high electronic quality that is generally expressed by the mobility of its 
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charge carriers. Transport measurements revealed graphene’s charge carrier mobility on usual 

Si/SiO2 ~ 5000-15,000 cm2V-1s-1, which is far less than graphene’s predicted intrinsic mobility of 

~200,000 cm2V-1s-1 (reported in suspended graphene samples). Excellent thermal and mechanical 

properties of graphene enable it to be ideal nano filler for composites. Hetero structures involving 

graphene and other layered materials like BN, MOS2, BSCCO, WS2 allowed to study ballistic 

transport, metal tuneable insulator transition and transparent flexible devices. The present work is 

the overview of potential applications of graphene along with the other 2D materials of this family. 

Dr. Malika Rani 

 The Women University Multan  

Title of the talk: Metal insulator transition in some strongly correlated electron systems  

Abstract: Strongly correlated electron (SCE) systems have been intensively studied because of their 

fascinating properties such as metal insulator transition (MIT), superconductivity and colossal 

magnetoresistance. As for the MIT, the SCE systems exhibit various types of MIT such as Slater MIT, 

Mott MIT and Anderson MIT. In this study, the MIT has been investigated by performing magnetic 

susceptibility (χ (T)), electron spin resonance (ESR) spectroscopy, specific heat and pulsed 

magnetization measurements on polycrystalline A2CrO4 (A = Sr, Ba). 

The polycrystalline samples were synthesized by solid state method. Magnetization was measured as 

a function of temperature from 2 K-400 K (at constant field H = 0.1 T) and also as a function of 

applied magnetic field from 0.1 T -7 T (at temperature T = 2 K). A high-field magnetization process 

was revealed at 1.3 K and 4.2 K. The susceptibility curve of Sr2CrO4 calculated from the 

magnetization versus applied field showed a broad maximum around 14 K and a clear kink near 4 K. 

The Neel temperature was found to increase with increasing the applied magnetic field. The 

compound clearly exhibited a paramagnetic metal to antiferromagnetic insulator transition at TN = 

3.2 K, although the magnetic ground state was thought to be a spin-singlet state. The transition was 

found continuous because there was no hysteresis either in field cooled (FC) or zero field cooled 

(ZFC) magnetization measurements. Curie Weis (CW) law fitted above 80 K failed to reproduce the 

experimental magnetization curve between 4 K and 80 K, which indicates that Sr2CrO4 behaves as a 

correlated paramagnetic metal above the Neel temperature. Highfield ESR measurements have been 

performed on Sr2CrO4 in the temperature region from 1.9 to 80 K using pulsed magnetic field up to 
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16 T. In this study, ESR measurements in the frequency range from 40 to 340 GHz were covered by 

using Gunn and backward traveling wave oscillators. The g-value calculated from both ESR and 

magnetization measurements on Sr2CrO4 is 1.94, which was found exactly what is expected in case 

of Cr4+ ion. Microscopic evidence for antiferromagnetic transition was also observed in ESR 

measurements. A two-sub lattice model with biaxial anisotropy was found to be applicable to 

observe ESR modes. 

For Ba2CrO4, the magnetization measurements revealed a paramagnetic metal to antiferromagnetic 

insulator transition at TN = 3.5 K. Like Sr2CrO4 hysteresis was also not observed in both FC and ZFC 

magnetic curves which supported continues MIT in Ba2CrO4 as well. This also demonstrated that no 

parasitic ferromagnetism was present. Application of CW law on the magnetization curve revealed 

that Ba2CrO4 was also a paramagnetic metal above the Neel temperature. The g-value of Cr4+ ions in 

Ba2CrO4 was estimated to be g = 1.94, which agreed with that found in case of Sr2CrO4. The specific 

heat at constant pressure Cp (T) was also measured on Ba2CrO4 by relaxation method using PPMS 

(Quantum Design). Specific heat curve showed a sharp peak at TN and the entropy change was 

estimated to be 7.3 J/K for the temperature higher than 2 K, which corresponded to 80% of the 

theoretical value for S = 1 spin system. It was concluded that the MIT observed in both Sr2CrO4 and 

Ba2CrO4 was of Slater's type. 

Online Registered Speakers 

Mr. Hamid Khan  

Department of Physics, Kohat University of Science and Technology, Kohat, KPK  

Title of the talk: Synthesis and testing of Ni-Cu-Alloy nanoparticles in alternating magnetic field for 

magnetic hyperthermia treatment of cancer. 

 Abstract: Ni-Cu nanoparticles (NPs) were prepared through ball milling technique for application in 

magnetic hyperthermia treatment of cancer. Bulk alloys with different compositions of Ni and Cu 

(70/30, 75/25, and 80/20) were prepared using arc-melting technique. Theses samples were re-

melted three to four tomes to ensure the homogeneity of composition of alloy samples. Alloy phase 

formation and elemental composition of these samples were confirmed by X-ray diffraction (XRD) 

data and energy dispersive spectroscopy analysis (EDS) respectively. Scanning electron microscope 

(SEM) was used for the morphology and size measurement of the nanoparticles. The bulk samples 
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were ground to fine powder and the powder was ball milled for reduction in size. Milling time was 

varied and effect of milling time on particles size was studied. Vibrating sample magnetometer 

(VSM) was used to measure the saturation magnetization, coercivity, and hysteresis loops of these 

samples at low temperature and room temperature. The ball milled nanoparticles were heated in 

alternating magnetic field at different frequencies. Broad spectrums of heating curves ranging from 

40˚C to 100˚C were obtained for different composition of Ni and Cu, and for different milling times. 

This shows that the heating effect of the Ni-Cu nanoparticles can be controlled to the desired 

temperature range (45˚C to 48˚C) required for hyperthermia applications by fine tuning the alloy 

composition and milling time. 

Mr. Muhammad Asad 

US-Pakistan Centre for Advanced Studies in Energy, NUST, H-12, Islamabad 

Title of the talk: Development of Al thin films with enhanced adhesion by thermal evaporation for 

solar thermal reflector application.  

Abstract: Concentrated solar power (CSP) technology is considered to be a clean energy source and 

has a bright future in fulfilling the energy needs of the world. The reflectors, that are used to 

concentrate the sun light for the harvesting of the solar energy, are of utmost importance. For that 

purpose, aluminium (Al) front surface mirrors were prepared for the solar thermal power plant 

applications by using thermal evaporation technique. Thermal evaporation of the Cr and Al layers 

were done under very high vacuum (~10-7 torr) conditions. The adhesion between Al and the glass 

substrate was increased by the use of very thin chromium (Cr) layer. Prepared samples were 

characterized by the scanning electron microscopy (SEM) and atomic force microscopy (AFM) and 

the light reflectivity was measured by the ultra-violet visible spectroscopy (UV-VIS spectroscopy). 

Film surface and reflectivity of the light has extreme importance which directly affects the power 

plants’ overall performance. The prepared films had a very high reflectance and characterization 

showed a smooth film surface with low surface roughness which determines that the thermal 

evaporation of aluminium under high vacuum to prepare the solar reflectors is very important and 

also the use of the adhesive layer of chromium between the glass and the Aluminium film plays a 

significant role for the durability of the reflectors. 
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Ms. Maria Zahid  

The Women University Multan  

Title of the talk: Effect of Dysprosium on Structural and Physical properties of Ba2NiCoFe12O22 Y-

type Hexaferrites Abstract: A series of Ba2NiCoDyxFe12-xO22 (x = 0.00, 0.05, 0.01, 0.15, 0.20, 0.25) 

nano-structured Y-type hexaferrites were synthesized by the sol-gel auto combustion technique. 

XRD analysis revealed Y-type hexagonal phase is formed. The increase in Dy-content leads to the 

slight increase in the lattice parameter ‘c’ indicating the distortion in the cell due to difference in 

atomic radii. SEM micrograph confirms the increase in grain size with the substitution of Dy. The 

irregular platelet like particles was also observed in SEM profiles. Electrical permittivity decreases 

with the increase of frequency due to interfacial polarization in accordance with Maxwell Wagner 

model. At high frequencies grain boundaries were effective and at low frequencies the permittivity 

decreases due to conducting grains. Magnetization and Coercivity also decreases as the Dy doping 

increases. The decrease in magnetization may be attributed to segregation of Dy at grain boundaries. 

The decrease in Coercivity is due to decrease in exchange coupling effect between neighbouring 

domains. 

Mr. Izran Ullah  

Kohat University of science & Technology, Kohat (KPK) Pakistan  

Title of the talk: Contribution of Bulk Antiferromagnetic Spin Structure towards Pinned Magnetic 

Moments in Exchange Bias Effect  

Abstract: A series of experiments is carried out to identify the fundamental mechanisms leading to 

the exchange bias effect in ultrathin epitaxial bilayer samples ferromagnetic/antiferromagnetic 

(FM/AFM) on Cu3Au (001) substrate. The studied samples are single-crystalline antiferromagnetic 

Ni25Mn75 or Mn and ferromagnetic Co layers, deposited under ultra-high vacuum conditions, in 

which structural or chemical defects are deliberately introduced by Ar+ ions sputtering at certain 

depth of one half of the AFM layer. The approach is to influence both the interface coupling 

between an FM and an AFM material as well as the pinning sites inside the AFM material by the 

controlled insertion of disorder at defined depths of the AFM layer. Comparison of the magnetic 

properties measured at the two parts (sputtered and un-sputtered) of the sample then allows a 

precise determination of the influence of the sputtering of the AFM layer during the sample 
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preparation, since all other parameters such as film thicknesses and composition of the alloy AFM 

layer are identical. It is evident from these experiments that the sandwiched defects at one part of 

the AFM layer enhance the exchange bias field (Heb) for the sputtered part compared to the un-

sputtered part. The possible explanation could be that due to sputtering some defects are produced 

within the AFM layer leading to the formation of domains in the bulk of the AFM which in turn give 

rise to uncompensated pinned moments within the bulk of AFM responsible for the increased Heb 

as predicted in the domain state model for the technologically important. 

Ms. Saba Aziz 

US-Pakistan Centre for Advanced Studies in Energy, NUST, H-12, Islamabad 

Titleof the talk: The effect of surfactant on dispersion stability of Titanium dioxide based 

nanofluids with different volume concentrations  

Abstract: Nanofluids, one of the implausible outcomes of nanotechnology has become very 

engaging research area by dint of its incredible thermal transport performance in many domains 

including heating, cooling, defence, power generation, nuclear, microelectronics, space technology 

and medicine. Nevertheless, for a better judgment of such Nanofluids, their synthesis and 

stabilization are definitely a matter of inordinate concern. In conventional fluids, Suspension of 

nanoparticles can improve heat transfer properties superbly. Nanofluids are diluted fluid 

suspensions of particles in nano-regime. In contrast with the micro and millimetre size of particles, 

nanometre size particles have greater comparative surface area that considerably enhances heat 

transfer properties, and upturns the stability of the suspension. 

The research work comprises of synthesis and characterization of Titanium Dioxide/Titania (TiO2) 

Nanoparticles and the preparation of Nanofluids (nanoparticles +Base Fluid) with different particles 

concentrations to evaluate the stability of Nanofluids. Synthesis of TiO2 Nano particles has been 

done using Sol-gel route. Subsequently, deionized water was used as a base fluid for the preparation 

of nanofluids. Synthesized TiO2 nanoparticles were characterized by scanning electron microscopy 

(SEM), Energy Dispersive Spectroscopy (EDX), X-ray Diffraction analysis (XRD) and Fourier transform 

infrared spectroscopy (FTIR). Samples were prepared at room temperature with two different 

volume concentrations 0.05vol% and 0.5vol% of nanoparticles. Stability of prepared nanofluids 

samples was investigated by Spectral analysis method. Sodium dodecyl sulphate (SDS) is used as 
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dispersant agent, and the stability of the surfactant base nanofluids samples was analysed at same 

concentration ratio to study the effect of surfactant on stability of nanofluids. 

Dr. Shahid Saeed Qureshi  

Government Postgraduate College, Jhelum  

Title of the talk: Nano-protective Ultra-Thin Polymer Coatings via Layer by Layer Nanofabrication 

Technique  

Abstract: Layer-by-Layer (LbL) assembled films offer many interesting applications (e.g., in the field 

of nano-plasmonics), but are often mechanically feeble. The fabrication of nano protective films of 

an oligomeric epoxy resin with polyamine using covalent LbL-assembly is described. The film growth 

is linear, and the thickness increment per layer pair is easily controlled by varying the polymer 

concentration and/or the adsorption times. The abrasion resistance of such cross-linked films was 

tested using a conventional rubbing machine and found to be greatly enhanced in comparison to 

classic LbL-films that are mostly assembled through electrostatic interactions. These robust LbL-films 

are then used to mechanically protect LbL-films that would completely be removed by a few rubbing 

cycles in the absence of a protective coating. A 45 nm thick LbL-film composed of gold nanoparticles 

and poly (allylamine hydrochloride) was chosen as an especially weak example for a functional 

multilayer system. The critical thickness for the protective LbLcoatings on top of the weak multilayer 

was determined to be about 6 layer pairs corresponding to about only 10 nm. At this thickness, the 

whole film withstands at least 25 abrasion cycles with a reduction of the total thickness of only 

about 2%. 

Dr. Altaf Karim  

Department of Physics COMSATS Institute of Information Technology Park Road, Chak Shahzad 

Islamabad, 45550, Pakistan  

Title of the talk: Multi scale modelling for Energy Needs  

Abstract: In today’s modern world properties of materials can be predicted with high accuracy 

before these materials are ever made. In this scenario I will describe the development of multi-scale 

modeling computational framework based on self-learning algorithms for the design and discovery 

of new materials. I will give some practical examples that how these computational methods are 
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combined together to predict new structures and designs of materials with desired properties 

fulfilling the modern day's energy needs. 

Ms. Saba Baqhi 

School of Natural sciences, NUST H-12 Islamabad 

Title of the talk: A facile growth mechanism, structural, optical, dielectric and electrical properties 

of ZnSe nanosphere via hydrothermal  

Abstract: Hydrothermal method was chosen as a convenient method to fabricate zinc selenide 

(ZnSe) nanoparticle materials. The prepared nanospheres were characterized using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM), where its different properties were 

observed using UV–visible spectroscopy and LCR meter. It was found that the pure ZnSe 

nanoparticles have a Zinc blende structure with crystallite size 10.91 nm and in a spherical form 

with average diameter of 35 nm (before sonication) and 18 nm (after sonication) with wide band 

gap of 4.28 eV. It was observed that there is inverse relation of frequency with dielectric 

constant and dielectric loss while AC conductivity grows up by increasing frequency. Such 

nanostructures were determined to be effectively used in optoelectronic devices as UV detector 

and in those devices where high-dielectric constant materials are required. 

Ms. Sabeen Fatima 

School of Natural sciences, NUST H-12 Islamabad 

Title of the talk: The high photocatalytic activity and reduced band gap energy of La and Mn co-

doped BiFeO3/ graphene nanoplatelets (GNP) nanohybrids 

Abstract: Recently, bismuth ferrites have attracted great interest in the field of photo catalysis due 

to their magnetic nature and narrow band gap. Herein, nanohybrids of lanthanum (La) and 

manganese (Mn) co-doped BiFeO3 (BLFMO)/graphene nanoplatelets (GNPs) have been synthesized. 

The hybrids were prepared by two different but simple and low-cost synthesis routes: (i) co-

precipitation (namely the C-series), and (ii) hydrothermal (namely the H-series) methods. This article 

details a comparison of the C-series and H-series BLFMO/GNP nanohybrids based on their 

photocatalytic activity and band gap. The H-series nanohybrids showed a more crystalline structure, 

reduced band gap and less dye removal compared to the C-series nanohybrids. The enhanced dye 
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removal (92%) of the C-series nanohybrids is attributed to their high surface area (55 m2 g1) due to 

GNP incorporation inside the BLFMO/GNP nanohybrids. The higher surface area enables more 

adsorption of dye molecules over the catalyst surface under dark conditions. In addition, the band 

gap of the BLFMO/GNP nanohybrids was reduced from 2.04 eV (pure BiFeO3) to 1.40 eV 

(BLFMO/GNPs) because of the presence of new donor energy levels with Mn loading. The calculated 

particle sizes from Scherrer’s formula were 19.3–23.5 nm (C-series) and 22.5–26 nm (H-series). The 

estimated particle size calculated via transmission electron microscopy (TEM) is approximately 31 

nm for the C-series nanohybrids. The graphene based nanohybrids significantly enhanced dye 

removal compared to pure BiFeO3 (44%) under visible light irradiation. The low cost, easy 

preparation and higher catalytic activity of the BLFMO/GNP nanohybrids reported here make 

nanohybrids suitable candidates for practical applications 
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Title: Heat Transfer Modeling of Flat Surface Example of Nanofluid and Single Impinging 

Jet 

Afsin Gungor* 

*Department of Mechanical Engineering, Akdeniz University, Antalya, Turkey. 

Abstract 

In this study, heat transfer from a heated flat surface was numerically investigated with 

using Cu-water nanofluid and single impinging jet. The effect of different Reynolds numbers 

(Re = 10000, 20000, 30000, 40000) and the effect of different particle diameters (Dp = 

10nm, 40nm, 80nm, 100nm) on heat transfer were investigated. Low Reynolds K-ε 

turbulence model was used to solve the numerical model. Cu-water nanofluid used as a 

base fluid. It was obtained that as the Reynolds number increases, heat transfer from the 

surface increases. When nanoparticles with different particle diameters were used, the 

highest value in average Nusselt number was obtained when 10 nm particles were used. 

1. Introduction 

Studies on nanotechnology have been increasing in recent years. As a result of these studies 

nanofluids, consisting of Nano sized metal particles, used frequently in engineering 

applications. Nanoparticles have better thermal conductivity than conventional heat 

transfer fluids (water, oil, glycol, etc.) thanks to the Nano sized metals they contain. The 

metal particles in the base fluid increase the coefficient of thermal conductivity of the fluid 

so that it has a better conductivity. Another heat transfer enhancing method is impinging 

jets. Impinging jets decrease thermal boundary layer so an effective heat transfer region 

occurs in that region. Although there are many studies in the literature about nanofluids and 
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impinging jets separately, there are few studies about combined effect of nanofluids and 

impinging jets. Firstly, the studies about heat transfer of impinging jets are given below: 

Lin Z.H. Et al. 1experimentally investigated heat transfer on confined fluid jets. The effects of 

Reynolds number and jet-target plate distance on heat transfer were studied in this study. It 

has been found that effect of the change in jet-target plate distance is not very important on 

the heat transfer, but the increase in Reynolds number increases heat transfer. Nada S.A. 

2experimentally investigated the jet flow from the slots in different geometries to the 

cylinder surface. Two different jet-cylinder configurations have been tried. In the first 

application jet flow was applied when the slot length was equal to the cylinder length. In the 

second application jet flow was applied to the cylinder from three separate slots when the 

slot length would be equal to the cylinder diameter. As a result, cooling of the cylinder with 

multiple slots provides more efficient cooling than cooling with a single slot. 

Choo K. and Kim S. 3 experimentally surveyed the effect of confined and unconfined 

impinging jet on heat transfer. Air and water used as a fluid. It has been found that confined 

jet flow performance is similar to unconfined jet flow at constant pump power.  Kilic et al. 4 

investigated the cooling of a flat plate with the impinging fluid air jet for different Reynolds 

numbers and dimensionless channel heights. It is obtained that average Nusselt number 

increases of 49.5% for Re = 4000-10000 and 17.9% for H/Dh = 4-10. 

Kilic et al. 5 investigated the cooling of a flat plate with a constant heat flux by means of fluid 

air jet and vortex promoters for different distance and angles. They showed that up to 18% 

improvement on heat transfer can be achieved if vortex promoters are used at the 

appropriate geometry, size and angle. Calisir et al.6-8 have studied that heat transfer can be 

increased by applying impinging jets to finned surfaces with different geometries. It was 

obtained that the jet-target plate distance and the fin geometry have a significant effect on 

heat transfer. 

Secondly, the studies about heat transfer of nanofluids are given below: 
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Umar et al. 9 investigated the heat transfer from constant heat flux surface in laminar flow 

condition using different ratios of Cu-Water nanofluid. As a result, it was obtained that as 

the particle volume ratio and the Reynolds number increase, the heat transfer coefficient 

increases. The highest increase on heat transfer coefficient (61%) occurs for a particle 

volume ratio of 4% and Reynolds number Re = 605. Teamah et al. 10 investigated heat 

transfer and flow structure formed by Al2O3 nanofluid to flat plate experimentally and 

numerically with different Reynolds number (Re=3000-32000) and different volume fraction 

of nanofluids (φ=0-10%). As the nanoparticles in the base fluid increases, the heat transfer 

from the surface increases and heat transfer coefficient can be enhanced by 62% according 

to the pure water. They observed that heat transfer increases by 8.9% and 12% by using 

CuO nanofluid compared to using aluminum and titanium nanofluid respectively. 

Kang et al. 11 operated a nanofluid formed with silver nanoparticles and pure water. It was 

obtained that when 10 nm and 35 nm sized particles used, thermal resistance diminished by 

50% and 80% compared to pure water respectively.  Qu et al. 12 investigated the thermal 

performance of a closed-loop vibrating heat pipe utilizing Al2O3-water as a nanofluid. As a 

result, they found that the thermal resistance of the system decreased by 32.5% in 

proportion to pure water. Naphon et al. 13 investigated the heat transfer between the 

nanofluids (titanium-ethanol) and the closed two-phase thermosiphon. It was obtained that 

an improvement of 10.6% on evaporation heat transfer coefficient in the case of using 

nanofluid compared to pure ethanol. Kilic and Taner 14 studied on the effect of particle 

diameter on heat transfer from structured surface by using transpiration cooling technique. 

It was obtained that when the particle diameter was increased five times, decrease of 10% 

occurs on system cooling efficiency. 

Finally, the studies about heat transfer of nanofluids and impinging jet are given below: 

Sun et al. 15 investigate the effects of a single impinging jet using CuO-water nanofluids as 

base fluid on heat transfer. It was obtained that when the nanofluid is used, important 

enhancement can be achieved in heat transfer with respect to the use of water.  No 

significant change in pressure drop and a higher heat transfer coefficient are obtained when 
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a circular nozzle is used. The highest heat transfer coefficient is obtained when the jet angle 

is 90°. 

Manca et al. 16 studied the effect of impinging jets on heat transfer from a flat plate with a 

constant heat flux when pure water and Al2O3-water nanofluids were used as a working 

fluid. Jet Reynolds number (Re=100-400) and dimensionless channel height (H/W=4-10) are 

the parameters used in operation. It has been stated that as the Reynolds number and the 

volume fraction of the particles in the fluid increase, the local heat transfer coefficient and 

the Nusselt number increase. The highest increase of 36% on the average heat transfer 

coefficient was obtained when H/W=10 and the nanoparticle volume ratios are φ = 5%. 

Kilic et al. 17, 18 investigated the heat transfer from a high heat flux surfaces for different 

parameters using nanofluids and multiple impinging jets. It was found that increase on Re 

number and decrease on particle diameter causes an increase on heat transfer. The use of 

Cu-water nanofluid causes an increase of 9.3% and 8.4% on heat transfer according to the 

use of Al2O3-water and TiO-water nanofluid. 

The main difference of this study from the existing studies in the literature is to investigate 

combined effects of nanofluid and impinging jets on heat transfer. Effect of two different 

parameters on heat transfer was studied numerically. Numerical model was also verified by 

experimental results. 

2. Materials and Methods 

2.1. Mathematical Definitions 

The heat transfer from the surface will take place by convection, conduction and radiation. 

radiationconductiontotalconvection QQQQ 
 (2.1) 

The total amount of heat to be given to the plate is; 

R

V
Qtotal

2


 

(2.2) 
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Where V is the voltage value of the power unit and R is the resistance of the heater. Here, 

the heat generated by the heater placed under the copper plate will be transmitted to the 

upper surface of the plate through the copper plate thickness by conduction, and as a result, 

the plate surface will be cooled by using nanofluid with impinging jet. Heat transfer by 

conduction along the plate; 

c

upperbottomcc

conduction
L

TTAk
Q

).(. 


 
(2.3) 

here, kc is the heat transfer coefficient of the copper plate, Ac is the copper plate surface 

area, and Lc is the copper plate thickness. 

Thermal loses due to radiation; 

ins

outininsins
conduction

L

TTAk
Q

).(. 
  (2.4) 

here, kins is the heat transfer coefficient of the insulation material, Ains is the insulation 

material surface area, and Lins is the insulation material thickness. 

Heat transfer from surface with convection; 

TAhQconvection  ..
 (2.5) 

Where h is the heat transfer coefficient, A is the convection surface area, ΔT (ΔT = Ts-Tbulk) is 

the difference between the measured surface temperature and the fluid mean 

temperature. Nusselt number (Nu) is a dimensionless parameter indicating the ratio of heat 

transfer with conduction to heat transfer with convection. 

nfjets

hconvection

kTT

DQ
Nu

).(

).(




 
(2.6) 

Where Ts is the measured surface temperature, Dhis the hydraulic diameter, and knf is the 

coefficient of thermal conductivity of the nanofluid. Reynolds number (Re) is used to 

determine for forced convection whether the flow is laminar or turbulent. Reynolds number 

based on turbulent flow; 
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Where ρnf is the nanofluid density, Vjetis the jet velocity, and μnfis the nanofluid dynamic 

viscosity.The density of nanofluids is; 

pbfnf  .).1( 
 

(2.8) 

Where ρbf is the base fluid (water) density, φ is the volumetric ratio of the nanofluid, and ρp 

is the density of the solid particles in the nanofluid. The volumetric ratio of nanoparticles is; 

)).(/1(

1

bfp 





 
(2.9) 

Where ω is the density difference between the fluid and the main fluid (water).The 

nanofluid specific heat is calculated from; 
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(2.10) 

Where Cp(p) is specific heat of particle Cp(f)is specific heat of base fluid. The effective thermal 

conductivity of nanofluid is calculated according to Corcione 19; 
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Where Re is the nanoparticle Reynolds number, Pr is the Prandtl number of the base liquid. 

kp is the nanoparticle thermal conductivity, φ is the volume fraction of the suspended 

nanoparticles, Tnf is the nanofluid temperature (oK), Tfr is the freezing point of the base 

liquid. 

Nanoparticle Reynolds number is defined as; 

𝑅𝑒 =
2𝜌𝑓𝑘𝑏𝑇

𝜋𝜇𝑓
2𝑑𝑝

 (2.12) 

Kb is the Boltzmann’s constant. The effective dynamic viscosity of nanofluids defined as; 

)  4,698 +  2,5 + (1 µ = µ 2

bfnf 
 

(2.13) 

 

2.2. Numerical Model 

Low Re k-ε turbulence model of PHOENICS CFD code was used for this numerical analysis. 

CFD simulation domain is shown in Figure 1. 
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Figure 1: CFD Domain 

Mesh structure of this domain is shown Figure 2. The cell structure is intensified in areas 

such as stagnation point, jet inlets, and turbulence fields in order to make a more precise 

solution. It was used 96x15x35 meshes for this application. Sweep number was studied 

between 400 and 3500 and cell number was also studied between 27 and 45. It is observed 

that numerical geometry was independent from sweep number and cell number when 

sweep number was 600 and cell number was 96x15x35. 

 

 

Figure2: Mesh Structure 

Continuity equation:  

 

(2.14) 

Momentum equation:  

(2.15) 

Energy equation:  

  (2.16) 

 

Boundary conditions in this study are shown in Table 1. 
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Surface U(m/s) V(m/s) W(m/s) T (oK) k ε 

Jet  U=0 V=0 W= Winlet T=Tinlet (𝑇İ𝑊𝑗𝑒𝑡)
2
 
(𝐶𝜇𝐶𝑑)

3/4 𝑘3/2

𝐿
 

Plate U=0 V=0 W=0 q"=q"inlet k=0 𝜕𝜀

𝜕𝑧
= 0 

Outlet 𝜕𝑈

𝜕𝑥
= 0 

𝜕𝑉

𝜕𝑥
= 0 

𝜕𝑊

𝜕𝑥
= 0 

T=Tout 𝜕𝑘

𝜕𝑥
= 0 

𝜕𝜀

𝜕𝑥
= 0 

Side wall U=0 V=0 W=0 𝜕𝑇

𝜕𝑦
= 0 

- - 

Top wall U=0 V=0 W=0 𝜕𝑈

𝜕𝑧
= 0 

- - 

Table 1: Boundary Condition 

Verification of this modal with experimental results of Li Q. et al. 20 was shown in Figure 3. It 

can be seen that difference between numerical results and experimental results is less than 

5% when the Reynolds number 12000. In the present application, the Reynolds number is 

above this value, so it is estimated that the error rate is less than 5%. 

Re

6000 7000 8000 9000 10000 11000 12000

N
u

60

80

100

120

140

Deneysel Sonuçlar 

Nümerik Sonuçlar 

 

Figure 3: Verification of Numerical Results 

3. Results and Discussion 

In this section, numerical results are obtained for two different parameters. 

a. Effects of different Reynolds numbers on heat transfer. (Re = 10000, 20000, 30000, 

40000) 

Experimental 

Numerical 
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b. Effects of different diameters of nanoparticles on heat transfer. (Dp = 10nm, 40nm, 

80nm, 100nm) 

3.1. Effects of different Reynolds numbers on heat transfer 

For this parameter, the effect of different Reynolds numbers on the heat transfer was 

investigated for a single impinging jet with using Cu-Water nanofluid (Re = 10000, 20000, 

30000, 40000). Properties of Cu-Water nanofluid and pure water at 20oC were given in Table 

2.    

Fluid 
Density 

ρ (kg/m3) 

Specific Heat 

Cp (J/kgK) 

Dynamic 

Viscosity 

μ(Pa.s) 

Kinematic 

Viscosity 

(m2/s) 

Thermal 

Conduction 

Coefficient 

λ (W/mK) 

Thermal 

Expansion 

Coefficient 

β (m2/s) 

Cu-water 1316,672 3148,451174 0,001099764 0,000000835 0,6562 0,000158291 

Water 998,2 4182,0 0,000993 0,00000099 0,597 0,000143012 

Table 2: Properties of Fluids 

Variation of the average Nusselt number according to different Reynolds number was given 

in Figure 4. 

x (m)
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Re=20000 

Re=10000 

 

Figure 4: Variation in Local Nusselt number 

It was obtained that as the Reynolds number (Re) increases, the average Nusselt number 

also increases. Nuave increases of 72% for Re= 10000-20000, 44% for Re=20000-30000, 32% 
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for Re=30000-40000. So, increasing trend decreases while Re number increases. Increase on 

Nuave decreases from stagnation point to the end of the channel for different Reynolds 

number. Temperature contours and velocity vectors were given in Figure 5 and Figure 6. 

 

Figure 5: Temperature Contours for (a) Re=10000 and (b) Re=40000 

Figure 6: Velocity vectors for (a) Re=10000 and (b) Re=40000 

3.2. Effects of different diameters of nanoparticles on heat transfer 

In this parameter, the copper particles in the base fluid are considered at different 

diameters (Dp = 10nm, 40nm, 80nm, 100nm). In Figure 7 variation of local Nusselt number 

for different diameters of particles was given. 
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Figure 7: Variation in Local Nusselt Number 

As the particle diameter of nanofluid decreases, local Nusselt number increases. The best 

heat transfer performance occurs for the particle diameter of 10 nm. When the particle 

diameter decreases from 100 nm to 10 nm, the average Nusselt number increases of 5.78%. 

When the particle diameter increases from 40nm to 80nm it causes a decrease of 1.35% on 

average Nusselt number. Further increase on particle diameter from 80nm to 100nm causes 

decrease of 0.37% on average Nusselt number. There is not any significant increase on heat 

transfer performance of Cu-Water nanofluid after 80nm particle diameter. 

4. Conclusion 

In this study, heat transfer from a heated flat surface was numerically investigated with 

using Cu-water nanofluid and single impinging jet. The effect of different Reynolds numbers 

(Re = 10000, 20000, 30000, 40000) and the effect of different particle diameters (Dp = 

10nm, 40nm, 80nm, 100nm) on heat transfer were investigated. As Reynolds number 

increases, the heat transfer from the surface increases from Re= 10000 to 40000. This 

increase decreases gradually from stagnation point to end of the target plate. It was seen 

that as the diameters of the nanoparticles decreases in nanofluid, the coefficient of thermal 

conductivity increases. When the diameter of nanoparticle decreases from 100 nm to 10 

nm, Nuave increases of 5.78%. The best heat transfer performance was achieved for Dp= 
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10nm. In the future, it is considered that studies can be done for different types of 

nanofluids at different geometries. 
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Abstract: Single crystalline tetragonal MnO2 nanorods have been synthesized by a simple 

hydrothermal method using MnSO4.H2O and Na2S2O8 as precursors. The crystalline phase, 

morphology, particle sizes and component of the as-prepared nanomaterial were 

characterized by employing X-ray diffraction (XRD), field-emission scanning electron 

microscopy (FESEM), transmission electron microscopy (TEM), high-resolution transmission 

electron microscopy (HRTEM), selected area electron diffraction (SAED) and energy-

dispersive X-ray spectroscopy (EDS). The photoluminescence (PL) emission spectrum of 

MnO2 nanorods at room temperature exhibited a strong ultraviolet (UV) emission band at 

380 nm, a prominent blue emission peak at 453 nm as well as a weak defect related green 

emission at 553 nm. Magnetization (M) as a function of applied magnetic field (H) curve 

showed that MnO2 nanowires exhibited a superparamagnetic behaviour at room 

temperature which shows the promise of synthesized MnO2 nanorods for applications in 

ferrofluides and the contrast agents for magnetic resonance imaging. The magnetization 

versus temperature curve of the as-obtained MnO2 nanorods shows that the Néel transition 

temperature is 94 K. 

Keywords: Manganese dioxide; Nanorods; PL properties; Superparamagnetic characteristics 

1 Introduction: 

Low-dimensional nanostructures exhibit distinct properties that are different from those of 

bulk materials due to their small size and large surface-to-volume ratios 1, because the size 

of nanoparticles plays a crucial role while tailoring the properties of semiconductor 

nanomaterials 2 to ensure their property performance in various device applications such as 

optics, magnetism, mechanics and electronics 3. Synthesis of one dimensional (1-D) 

nanoarchitectures such as nanowires, nanorods and nanotubes have attracted exceptional 

interest due to their potential applications as conducting interconnectors and nanoscale 

electronic, optoelectronic and sensing devices 4. For optoelectronics applications, it is highly 

desirable to fabricate luminescent materials that are compatible with the existing developed 

nanotechnology 5.  
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In terms of magnetism, geometrically frustrated systems often exhibit unusual magnetic 

properties that stem from their enormous ground-state spin degeneracies; therefore, it is 

important to review the characteristics of conventional anti-ferrimagnets to contrast with 

geometrically frustrated systems 6 because a challenging aim of current research in 

magnetism is to explore the spins, orbital lattices and couplings in the low dimension 

nanostructures 7. 

In recent years, Manganese oxides have drawn increasing attention for battery applications, 

supercapacitors, visible light-driven catalysis 8 and as soft magnetic materials due to its 

outstanding structural flexibility combined with novel chemical and physical properties 9. 

Wang et al. used a wet chemical method using manganese sulphate and sodium persulfate 

to prepare pure ϒ-MnO2
10 and β- MnO2 nanorods were prepared through a refluxing route 

by Liu et al. 11. Among various chemical synthetic routes, hydrothermal method has been 

facilely used to fabricate manganese oxides nanomaterials because of the choice of 

solvents, homogeneous reaction conditions and control of reaction time and temperature. 

Based on the redox reactions of MnO4
- and /or Mn+2, manganese oxides of different 

nanoarchitectures were prepared by hydrothermal treatment 12-14.  

Here we report the evolution of single-crystalline tetragonal MnO2 nanorods at a reaction 

temperature of 180 oC for 14 hours in which Na2S2O8 was used as an oxidizing agent for 

MnSO4.H2O by a facile hydrothermal route.  Photoluminescence (PL) spectra exhibited 

strong ultraviolet (UV) and blue emission bands at 380 and 453 nm and a weak defect-

related green emission band at 553 nm. These PL properties indicate that the as-prepared 

MnO2 nanorods have promise for application in optoelectronic UV and visible emission 

devices. Furthermore, field-dependent magnetic properties of the product have been 

evaluated at room temperature and 55 K and discussed in detail. 

2 Experimental details: 

2.1. Sample preparation:  
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All reagents were commercially available and used without further purification. In a typical 

procedure, 2 g of MnSO4.H2O was added to 40 ml of deionized water and magnetically 

stirred for 25 minutes. While stirring, 2 g of Na2S2O8 and 0.1 g of AgNO3 were added and 

stirred ultrasonically for another 15 minutes. The resultant solution was calcined in a 

stainless autoclave at 180 oC for 14 hours under constant pressure. The autoclave could cool 

down at room temperature. After completion of the reaction the prepared product was 

washed with distill water several times, filtered, centrifuged and dried at 60 oC for 4 hours in 

an oven. AgNO3 was used here as a catalyst and filtered out from the product. Finally, the 

dried product was ground and mixed thoroughly in mortar and pestle. 

2.2. Sample characterizations:  

The morphology and composition of the resultant product was primarily imaged by field 

emission scanning electron microscope (Hitachi S-3500-SEM) operated at 15 kV and energy 

dispersive x-ray spectrometer (Hitachi S-3500-EDX) using 32 eV beam resolution from 100 to 

500 cps. Crystallinity, phase and diameter of the as-prepared nanostructures were 

investigated by x-ray diffractometer (X’Pert MPD-XRD) using Cu Kα radiation (λ=0.154 nm), 

transmission electron microscope (JEM 2010-TEM), high resolution transmission electron 

microscope (JEM 2010-HRTEM), and selected area electron diffraction (SAED JEM 2010).  PL 

measurements of the synthesized material were conducted by using Photoluminescence (F-

4500 FL Spectrophotometer). Magnetic measurements were carried out using vibrating 

sample magnetometer (VSM) option of Quantum Design Versa Lab. 

3. Results and discussions: 

The XRD pattern of MnO2 nanorods is illustrated in figure 1(a). All the diffraction peaks of 

the product are well assigned to single-crystal tetragonal phase MnO2 with lattice constants 

of a = b=4.4 A° and c = 2.87 A°, which are well indexed in JCPDS#24-0735. 
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Figure 1: (a) XRD patterns of tetragonal MnO2 nanorods (b) EDX spectrum. 

All the diffraction peaks are very sharp indicating the well crystalline nature of the as-

prepared samples. A sharp [110] strong diffraction peak depicted in figure 1(a) 

demonstrates that the MnO2 nanowires are well crystallized in the [110] lattice planes. No 

impurity peak is observed which indicates the high purity of the as-prepared products. The 

EDS analysis depicted in figure 1(b) manifests that the final product contains only Mn and O 

suggesting that the nanorods are made up of pure MnO2.  

The morphology of as-synthesized nanostructured MnO2 was primarily examined by FESEM 

as shown in figure 2. The low and high magnification FESEM images shown in figure 2(a-b) 

reveals that the as-prepared tetragonal MnO2 consists of nanorods with diameters of 100 

nm on the average and lengths of  
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Figure 2: (a) Low and (b) high magnification FESEM images of MnO2 nanorods. (c) TEM image of a single 

nanorod. (d) HRTEM image of an individual MnO2 nanorod along with SAED pattern (lower inset). 

0.7-1.0 micrometers (μm).The transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM) was used to get further information regarding 

the structural aspects of tetragonal MnO2 nanorods. A typical TEM image of a randomly 

selected single nanorod is shown in figure 2(c), which agrees with the FESEM observations. 

The HRTEM image taken from a single nanorod given in figure 2(d) demonstrated the single 

set of parallel planes with inter-planer spacing of 0.31 nm which is in good agreement with 

the [110] plane in the XRD spectrum. The single crystalline structure of as-prepared 

tetragonal MnO2 nanorods is further confirmed by the SAED pattern shown in the lower 

inset of figure 2(d). 

3.1. Photoluminescence properties: 

Room temperature photoluminescence (PL) spectrum of tetragonal MnO2 nanorods 

prepared by hydrothermal method is displayed in figure 3. The PL emission spectrum has 

been measured at an excitation wavelength of 300 nm using Xenon lamp source. The 

wavelength range used for emission spectra is 250 to 800 nm. As illustrated in the figure, 

the PL spectrum exhibits prominent emission bands located in green-violet spectral region. 

Through the Gaussian curve fitting, it was clear that three signal peaks were located at 380 
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nm, 453 nm and 553 nm. The PL spectrum of as-synthesized MnO2 nanorods exhibits a very 

prominent and strong UV emission band at 380 nm, a strong blue emission band at 453 nm 

and a weak green emission band at 553 nm. The strong UV emission corresponds to the 

band edge emission signals of MnO2
15 of the well crystallized crystals. The blue emission at 

453 nm may be ascribed to the oxygen vacancy-related defects and an additional broad and 

weak blue emission at 553 nm can be attributed to the surface dangling bonds or surface 

defects 16. Thus, the PL emission characteristics demonstrate the promise of the synthesized 

MnO2 nanorods for practical applications in ultraviolet and visible light emission devices. 

 

Figure 3: Room temperature photoluminescence emission spectra of tetragonal MnO2 nanorods. 

3.2. Magnetic properties: 

To probe the magnetic properties of hydrothermally synthesized tetragonal MnO2 

nanorods, magnetic measurements were performed using vibrating sample magnetometer 

(VSM). The temperature (T) dependence of magnetization (M) curve is plotted in fig.4(a), 

from which it can be seen that the observed Néel magnetic transition temperature (TN) is 94 

K which is in correspondence with the reported values TN= 93 K17.Figure 4(b) shows the 

magnetization (M) as a function of applied magnetic field (H) curve at room temperature, 

which reveals that a superparamagnetic state exists at this temperature, as the coercivity 

(Hc) and remnant magnetization are zero. A domain transformation mechanism occurs from 
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multidomain to single domain when the size of magnetic particles decreases and if the 

single domain particles become small enough, the magnetic moment in the domain 

fluctuates in direction due to thermal agitation, which leads to super Para magnetism9. For 

most magnetic materials, the single domain particles lie in the range of 10-100 nm 18 which 

indicates that our synthesized MnO2 particles fall apparently in single domain due to which 

they exhibit super Para magnetism behaviour. The thermal activation energy overcomes 

cohesive energy of fluctuating magnetic domains which provides sufficient energy for the 

alignment of particle moments in an applied magnetic field resulting in suppression of the 

hysteric behaviour in as-synthesized MnO2 nanorods exhibiting super Para magnetism 

above TN. The magnetic properties are strongly influenced by the shape of nanostructures 

because of the dominating role of crystallographic and shape anisotropy in magnetism. The 

shape of magnetic materials is unequivocally one of the key factors governing their 

magnetic behaviour. Ying Li et al 19 reported that the magnetization of elongated particles 

with a larger length to width ratio is more sensitive to the applied field which leads to the 

decreasing tendency of coercive field for elongated arrays. Hence, the extrinsic property of a 

magnetic material such as coercivity not only depends on the spin carrier but also on the 

size or shape of the magnets. The coercivity of MnO2 nanorods approaches zero which is 

due to the decrease in magnetic anisotropy. The total magnetic anisotropy of the system is 

K = Kxtal + Ks, where Kxtal is the bulk magneto-crystalline anisotropy and Ks represents the 

shape anisotropy 20. The superparamagnetic behaviour observed in the as-prepared MnO2 

nanorods can be assigned to the decrease in shape anisotropy of a system, because the 

shape anisotropy in (elongated) rod-shaped morphology makes it easier to induce 

magnetization along the long direction of material. This is due to the fact that 

demagnetizing field is less in the long direction because the induced poles at the surface of 

material are further apart. At 55 K, which is below the Néel temperature, the M-H curve 

shown in fig. 4(b) reveals the antiferromagnetic behaviour of MnO2 nanorods. The magnetic 

properties of manganese dioxide are determined by interactions between the Mn ions, 

which in turn depend on the Mn valence distribution in the [Mn2] O4 network 11. Thus, the 
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as-prepared nanostructured MnO2 has a potential to be used in ferrofluidess and biomedical 

applications such as Magnetic Resonance Imaging (MRI). 

 

Figure 4: (a) Magnetization as a function of Temperature (M-T) (b) The magnetization versus applied magnetic 

field (M-H) curves for hydrothermally prepared tetragonal MnO2 nanorods at room temperature and 55 K. 

4. Conclusion: 

In summary, 1-D single crystalline tetragonal MnO2 nanorods with identical morphology 

were successfully fabricated by a simple hydrothermal procedure. The PL spectra of MnO2 

nanowires exhibits a strong UV excitonic emission band at 380 nm, blue emission band at 

453 nm and a weak defect-related green emission band at 553 nm. The PL studies shows 

that this material is potentially interesting for application in optoelectronic UV and visible 

emission devices and solar cells. The magnetic measurements indicate that the 

antiferromagnetic transition temperature (TN) is about 94 K. The superparamagnetic 

characteristics exhibited by the as-prepared product at room temperature shows that this 

material has a potential to be used as a contrast agent for magnetic resonance imaging and 

ferrofluids. 
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Abstract: Optimized doped TiO2 is necessary for efficient visible light harvesting and 

widening the applications spectrum of TiO2-based materials. Titanium dioxide doped with 

silver and/or vanadium has been synthesized by one-pot hydrothermal method without 

post-calcination. Codoping induced visible light absorption while maintaining the 

photoactive anatase phase along with good crystallinity. Synthesized products are in 

nanometer range and possess high specific surface area. Having nearly spherical 

morphology, the particles are distributed and the particle size estimated from TEM 

observation is in accordance with the XRD results. Spectroscopic investigations reveal that 

the doped atoms successfully entered the TiO2 lattice modifying the band structure. The 

narrowed band gap allows visible light photons for absorption, and the codoped samples 

displayed enhanced visible light absorption among the synthesized samples. 

Photodegradation performance evaluated under visible light irradiations showed that silver-

, vanadium-codoped TiO2 have the best visible light photocatalytic activity attributed to 
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stable configuration, high visible light absorption, coupling between silver and vanadium 

and their optimal doping concentration. 

Introduction: 

Conversion of solar energy to electric energy has been considered to be a suitable alternate 

for the conventional energy generated from fossils fuels. Environmental pollution and 

energy crises are the major problems which could be solved by proper utilization of solar 

energy 1–3  

Semiconductor with excellent properties like photochemical stability, nontoxicity, low cost 

and high reactivity would be quite efficient in performing the energy transformation. 

Observing a list of materials shows that titanium dioxide (TiO2) possesses those intrinsic 

properties that are suitable for a photoactive material 4–6. However, due to the rapid 

recombination of photoexcited electron–hole pairs and comparatively wide band gap, the 

photoelectrochemical efficiency of bare TiO2 is quite limited. For the proper utilization of 

solar spectrum, the band gap of TiO2 should be tuned in such a way so that it respond to the 

visible light consisting *45% of solar energy7–9. Moreover, strategies should be developed to 

transfer major fraction of the photogenerated carriers to the surface of TiO2 and take part in 

the photocatalytic process. 

For the enhancement of photoelectrochemical properties of TiO2, different techniques 

have been reported. Doping of different elements in the bulk TiO2 has been found a suitable 

way for modifying its electronic properties. In doping, the nature of dopant atom is very 

important and it greatly influences the structural, electronic, optical and photocatalytic 

properties 10–12. The doping of silver (Ag) atoms in TiO2 lattice is widely reported and found 

to be quite successful in improving the photodegradation response attributed to the 

separation between photo generatedcarrier’s due to the dopant atoms13–16. Synthesized 

through sol– gel 13, micro emulsion 17, mini emulsion 14, photoreduction of Ag? in TiO2 

suspension 18 and electrochemical deposition of Ag nanoparticles at TiO2 surface 19, in all 

cases silver doping improved the photocatalytic activity of TiO2. Comparing the different 

transition metals (V, Mo, Nb and W)-doped TiO2, vanadium (V) doping in TiO2 demonstrated 
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better structure–activity link between the host latticeand dopant atoms leading to reduction in 

the band gap of TiO2 
20. Vanadium-doped TiO2 synthesized via different synthesis routes 

provide improved visible light absorption and visible light photocatalytic activity 21–27. 

Moreover, V-doped TiO2 with V doping concentration of 0.5 at. % is considered to be the 

optimal doping concentration for the decomposition of sodium pentachlorophenate (PCP-

Na) under visible light irradiations 25. With optimal doping concentration, combining both 

silver and vanadium in the TiO2 lattice would be quite good for shifting its spectral response 

to visible light region as well as improving the separation between photogenerated 

electron–hole pairs. 

In this study, Ag_TiO2, V_TiO2 and different samples of silver- , vanadium-codoped TiO2 are 

reported for stabilizing the doped structure, inducing the visible light absorption and 

improving the photodegradation response. The synthesized samples are characterized using 

XRD, BET, TEM, XPS and UV– Vis absorption spectra. The photodegradation performance is 

evaluated by the degradation of methylene blue (MB) under visible light irradiation. 

Experiment: 

Pure as well as doped samples are synthesized following one-pot hydrothermal method. 

Stoichiometric number of doped precursors like AgNO3 and NaVO32H2O are mixed with 

TiOSO4, CO (NH2)2 and then dissolved in distilled water. The suspension is transferred to a 

100-mL internal volume autoclave and then heated at 150 C for 10 h. After naturally cooling 

the suspension to room temperature, the precipitate is obtained from the solution and then 

washed repeatedly with distilled water. Finally, the washed precipitate is dried in an electric 

oven at 100 C for 10 h giving us silver-, vanadium-co-doped TiO2. Using the same procedure, 

monodoped samples of silver-doped TiO2 and vanadium-doped TiO2 are synthesized. In case 

of silver-doped TiO2, the precursor AgNO3 is added in the initial suspension, while in case of 

vanadium-doped TiO2, the NaVO32H2O is added. Silver doping concentration of 3 at.% in 

bulk TiO2 demonstrated optimal photoelectrochemical properties 28. Therefore, the doping 

concentration of silver in silver-doped TiO2 is kept 3 at.%. Vanadium doping exhibits better 

photocatalytic activity both in low (0.2 at.%) 29 and high doping concentration (2 at.%) 12. 
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Therefore, in the codoped samples, the doping concentration of V is kept very low and high 

to investigate an optimal sample. Vanadium-doped TiO2 possess 0.2 at.%of V doping 

concentration. The 3 at.%silver-doped TiO2 and 0.2 at.% vanadium-doped TiO2 are 

represented by AgT and VT, respectively. For the codoped samples, two different 

concentrations of the dopant, silver and vanadium are kept in the initial suspension 

represented by AgVT-1 and AgVT-2, respectively. In AgVT-1, the doping level for silver and 

vanadium is 3 and 0.2 at.%, respectively, while AgVT-2 possess 1.5 at.% Ag and 2 at.% V 

doping concentration. As a standard sample, pure TiO2 represented by PT is synthesized 

following the same procedure. The as prepared photocatalysts are characterized using XRD, 

BET, TEM, XPS and UV–Vis absorption spectra. Photocatalytic activity is evaluated by the 

photodegradation of methylene blue (MB) under visible light irradiation (catalyst load = 0.3 

g/ 100 mL; illumination intensity = 5.80 mW/cm2). 

Results and Discussion: 

Structure of synthesized photocatalysts: 

Analysis of the crystalline structure of TiO2 is important for evaluating the photocatalytic 

activity of the synthesized products. The X-ray diffraction (XRD) pattern of the synthesized 

samples is shown in Fig. 1. Without post-calcination, the characteristic diffraction peaks of 

all samples matched with pure anatase phase which possesses better photocatalytic activity 

under ultra violet (UV) light illumination 30, 31. Figure 2 shows the particle size and BET 

specific surface area of the synthesized products. It is evident that the particle size is in 

nanometer range describing the reliability of the synthesis mechanism for the preparation 

of nanocatalyst. Furthermore, there is no big difference between the particle size and the 

BET specific surface area of the different samples, so it might not considerably change the 

photocatalytic activity. 

Morphology of the synthesized samples is investigated by transmission electron microscopy 

(TEM). The TEM micrographs of AgVT-1 and AgVT-2 are shown in Fig. 3. With nearly 

spherical morphology, the particles are uniformly distributed. The particle size estimated 

from the TEM observations is in accordance with the XRD data. 
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Figure 1: XRD pattern of prepared photocatalysts 

Light Absorption Properties: 

Optical absorption in the visible range and effective separation of photogenerated electron–

hole pairs are quite crucial for photocatalytic activity. The change in the electronic band 

structure of TiO2 due to doping is investigated by UV–Vis absorption spectroscopy. It can be 

seen from Fig. 4 that doping modified the electronic band structure of TiO2 and induced 

visible light absorption. The possible modification in the band structure would allow visible 

light photons for absorption thereby creating electron–hole pairs and utilize major part of 

the solar spectrum. Monodoping in TiO2 induced visible light absorption; however, the most 

notable absorption is found in the codoped samples. Literature reveals that doping 

vanadium at Ti sites introduces V 3d states just below the conduction band minimum 

leading to reduction in the electronic band structure of TiO2 
27. The reduced band gap would 

absorb visible light photon and eventually increase the photoactivity. Similarly, silver doping 

in bulk TiO2 is also useful in shifting the absorption edge toward visible regime due to 

modification in the band structure 32 as well as quite successful in separating the electron–

hole pairs 14–16. Codoping broadened the absorption range of TiO2 in the visible light region 

and thus silver and vanadium codopings play important role in the visible light 

photocatalytic activity. Further improvement in the photodegradation response of silver– 

vanadium-codoped TiO2 is possible by tuning the doping concentration. The AgVT-2 sample 
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demon strated the best visible light absorption due to the reduced band gap and thus the 

strong visible light absorption leads to enhanced photocatalytic activity under visible light 

illumination. Thus, the sample AgVT-2 activated by visible light would create more electron 

and holes pairs that would participate in photocatalytic redox reactions. 

 

Figure 2: Particle size and BET specific surface area of the assynthesized products. 

 

Figure 3: TEM images of a AgVT-1 and b AgVT-2. 
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Figure 4: Absorption performance of different samples in the UV-visible light regions 

X-ray Photoelectron Spectroscopy: 

The existence of doped atoms in the TiO2 lattice is confirmed by X-ray photoelectron 

spectroscopy (XPS). The XPS data of AgVT-2 sample show peaks regarding silver and 

vanadium, as shown in Fig. 5. The actual data in the form of zigzag black lines in the peaks 

were smoothened using special software to identify the real peaks. As seen from Fig. 5a, the 

Ag 3d peaks are found at 367.8 and 373.8 eV. Silverdoped TiO2 thin films prepared by Zhao 

et al. 16 were investigated under XPS, and the Ag 3d peaks were identified at 368.2 and 

374.2 eV, assigned to Ag 3d5/2 and Ag 3d3/2 states, respectively.  

 

Figure 5: X-ray photoelectron spectroscopy of AgVT-2: a Ag 3d and b V 2p. 
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Figure 6: Photocatalytic activity of synthesized samples by the degradation of methylene blue (MB) under 

visible light illuminations: a overall photocatalytic of different samples and b MB absorption spectrum by 

sample AgVT-2 

The chemical states of Ag in Ag-doped TiO2 investigated by Yang et al. 33 showed Ag 3d 

peaks at 367.8 and 373.8 eV attributed to the Ag 3d5/2 and Ag 3d3/2 of Ag0 state. The binding 

energy peaks of 367.9, 367.6, 367.3 and 368.2 reported are generally assigned to Ag? Ag2?, 

Ag3? and Ag metallic state 16, 34.  Based on the similarity between our findings and reported 

data, the Ag 3d peaks at 367.8 eV and at 373.8 eV are assigned to Ag 3d5/2 and Ag 3d3/2 

states, respectively. The V 2p state is identified at 515.4 eV, as shown in Fig. 5b. 

Substitutional state of V at Ti sites is reported in the literature due to the binding energy 

peak at around 516.5 eV 35. Vanadium in the oxidation states of V?4and V?5 has binding 

energy of 516.3 and 517.3 eV, respectively. Therefore, in our case, the binding energy peak 

at 515.4 eV is attributed to vanadium as a substitutional point defect at Ti sites 

Photo catalysis performance of Prepared Samples: 

The photocatalytic activity of the synthesized product is evaluated by the photodegradation 

of methylene blue (MB) under visible light illumination. The results of photodegradation 

performance are summarized in Fig. 6. The symbols C and C0 represent the original 

concentration and the concentration of MB at a particular time, respectively. Doping 

improved the photocatalytic activity of TiO2 under visible light irradiations, and all doped 
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samples demonstrated better activity compared to bare TiO2. The improvement in the 

photocatalytic activity describes that doped samples become sensitive to visible light 

comprising major part of the solar spectrum and it can photodegrade materials under 

visible light irradiations. Figure 6 depicts that AgVT-2 displayed the most notable 

photodegradation performance among the synthesized samples. Figure 6b shows the 

degradation of methylene blue by AgVT-2 under visible light illumination. With the 

increasing irradiations time, a gradual decrease in the MB is found and the characteristic 

absorption peak of the MB is gradually left-shifted toward lower wavelength direction, 

which might be due to the production of metabolites during the degradation process. The 

enhanced photocatalytic activity of AgVT-2 is attributed to the coupling between Ag and V 

in TiO2 lattice and the optimal doping concentration. 

Conclusion: 

Silver- and/or vanadium-doped TiO2 has been synthesized by hydrothermal method. The as-

synthesized samples were characterized by XRD, BET, TEM, UV and XPS. The visible 

absorption spectra are evaluated to investigate the absorption threshold of synthesized 

nanomaterials. The photocatalytic activity is measured by the degradation of methylene 

blue under visible light irradiations. Irrespective of dopant elements and doping 

concentration, all synthesized samples displayed pure anatase phase with good crystallinity. 

TEM observations showed nearly spherical morphology with uniform particle size 

distribution. Doping induced visible light absorption depicting the possible modification in 

the electronic band structure. Among all doped samples, the silver-, vanadium-codoped 

TiO2 with optimal doping concentration demonstrated the best visible light absorption. X-

ray photoelectron spectroscopy (XPS) investigation revealed that the silver and vanadium 

have been successfully entered the TiO2 lattice. Silver-, vanadium-codoped TiO2 

demonstrated the best visible light photocatalytic activity attributed to the stable 

configuration, high visible light absorption, coupling between silver and vanadium and their 

optimal doping concentration 
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Abstract:  

Magneto-optical Kerr effect measurements of epitaxial AFM/FM bilayers and FM/AFM/FM 

trilayers on Cu3Au(001), where “AFM” stands for a Ni25Mn75 antiferromagnetic layer, and 

“FM” for ferromagnetic layers that are either Ni or Ni/Co with out-of-plane or in-plane easy 

axis of magnetization, show that trilayers with collinear magnetization directions of both FM 

layers exhibit always a much lower exchange bias field Heb at a fixed temperature compared 

to bilayers of the same Ni25Mn75 thickness. At the same time, the blocking temperature for 

exchange bias Tb is strongly reduced. In trilayers with orthogonal easy axes of the two FM 

layers (in-plane and out-of-plane), in contrast, both Heb and Tb are nearly identical to that of 

the corresponding bilayers. Such a behaviour can be explained by pinned magnetic 

moments inside the bulk of the AFM layer that coexist independently for orthogonal spin 

directions, but have to be equally shared between both interfaces in the case of collinear 

spin directions. This result thus also confirms a 3Q-like noncollinear spin structure of 

Ni25Mn75. 

Introduction: 

The unidirectional anisotropy in the exchange bias (EB) effect1–3 is caused by the 

simultaneous presence of two essential ingredients: exchange coupling at the interface 
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between a ferromagnetic (FM) and an antiferromagnetic (AFM) material and the presence 

of pinned magnetic moments after the sample has been cooled in a magnetic field. Due to 

its technological relevance and interesting physics, a lot of effort has been dedicated to 

reveal the detailed nature of the underlying mechanism2–23. In an early model by the 

discoverers of the EB effect, the entire spin structure of the AFM layer has been assumed to 

be pinned, while all the interfacial AFM spins contributed to the exchange coupling with the 

FM layer 4. Later on, refined models have been put forward to improve the quantitative 

agreement with experimental observations 5–10. The AFM-FM coupling is mediated by 

uncompensated moments of the AFM layer at the interface, which either result from the 

intrinsic AFM spin structure or may be induced, for example, at step edges, by the presence 

of the FM layer 11–14. An AFM-FM magnetic coupling, which usually manifests itself by an 

increased coercivity 15, alone does not yet lead to exchange bias. In addition, also some spins 

of the system need to be pinned in a certain direction after the field cooling to define the 

direction of the exchange bias field Heb, the horizontal shift of the magnetization loop along 

the field axis. Finally, the pinned moments need to couple to the FM layer and/or the 

uncompensated rotatable moments responsible for the AFM-FM coupling. 

The nature of the pinned moments is still controversial, but several models agree in that 

disorder is necessary 7–9. The location of these pinned moments is under debate, too. 

Experimentally, pinned uncompensated moments have been identified in some EB systems, 

and assumed to be located at the interface 16, such that they would couple directly to the 

FM layer. Other experiments, however, support a distribution of the pinned moments over 

the entire bulk of the AFM layer 17,18. In that case, the question is in which direction these 

uncompensated moments point and how they interact with the FM layer through the AFM 

material. 

Studying FM/AFM/FM trilayers allows to obtain information about the AFM layer that 

cannot be accessed easily from experiments on FM/AFM bilayers. Detailed knowledge about 

the dependence of the AFM-FM magnetic interface coupling on the atomic scale interface 

roughness has been gained from trilayer experiments 12. Yang and Chien reported an 
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independent EB effect in the two FM layers of a perm alloy (Py)/FeMn/Co trilayer as long as 

the FeMn AFM layer thickness was larger than 9 nm 19. Morales et al., in contrast, observed 

in a Ni/FeF2/Py trilayer with 200-nm AFM layer thickness that Heb was smaller when the two 

FM layers had antiparallel EB compared to the case of parallel EB 18. Blamire et al. found that 

the presence of a Co layer in Co/FeMn/CuNi trilayers had an influence on the EB of the CuNi 

layer only for FeMn thicknesses below about 2 nm 10. 

Here, we present experimental results on epitaxial FM/Ni25Mn75/FM trilayers on Cu3Au 

(001). The FM layers either consist of Ni, which has an out-of-plane (OoP) easy axis of 

magnetization on Cu3Au (001) 24, or of Co/Ni. By adding a thin Co underlayer (overlayer) to 

the bottom (top) Ni FM layer, the easy axis of magnetization of the combined Ni/Co layer is 

manipulated to be in-plane (IP), while still having the same Ni/Ni25Mn75 interface. Single-

crystalline systems have the advantage over polycrystalline or sputtered systems that 

structural properties, at the AFM-FM interface, can be better controlled 12. We have shown 

previously that the surface roughness and crystalline structure of a Ni film grown on top of a 

thin Co layer on Cu3Au(001) is very similar to the one of Ni directly deposited on Cu3Au(001) 

[20]NixMn100−x AFM layers grown on top of Ni/Cu3Au(001) or Ni/Co/Cu3Au(001) couple to 

the FM layer both for iPad OoP easy axis of magnetization in a wide range of concentrations 

x, while a lower x leads to a higher blocking temperature for EB 21. 

 

Figure 1: (Color online) Schematic illustration of the idea of the experiment. By depositing a thin (≈2 ML) Co 

underlayer on one half of the substrate before evaporation of the Ni FM and Ni25Mn75 AFM layers, 

successively, the following configurations can be measured: OoP and IP bilayers (a), collinear OoP-OoP and 

noncollinear IPOoP trilayers after the deposition of the top Ni FM layer (b), and noncollinear OoP-IP and 

collinear IP-IP trilayers after deposition of a thin (≈3 ML) Co overlayer (c). 
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Figure 1illustrates the scheme of our experiment. Samples were grown and measured in 

three steps. At first, a thin layer of Co is deposited on only one half of the substrate with the 

help of a mechanical shutter. The subsequently deposited Ni layer then displays an OoP easy 

axis of magnetization on bare Cu3Au (001) 24, but IP magnetization on top of the Co layer 

due to the additional anisotropy of the Co layer. After deposition of a Ni25Mn75 layer [Fig. 

1(a)], the exchange bias field and the coercivity of the sample is measured as a function of 

temperature by longitudinal and polar MOKE in the two halves of the sample. The second 

step consists of depositing a top Ni FM layer, which again displays OoP anisotropy [Fig. 1(b)]. 

The sample now has a collinear OoP-OoP configuration in one half and noncollinear IP-OoP 

in the other. Finally, a thin Co layer deposited on top changes the magnetic easy axis of the 

top FM layer to IP [Fig. 1(c)]. Now the sample is noncollinear OoP-IP on one side, and 

collinear IP-IP on the other. We find that the EB field of the bottom FM layer decreases 

dramatically upon the presence of a top FM layer with identical easy axis of magnetization, 

while it is nearly insensitive to the presence of a top FM layer with a different easy axis of 

magnetization. This can be interpreted in terms of pinned magnetic moments distributed 

inside the bulk oftheAFMlayerthatcancoexistindependentlyfororthogonal spin directions but 

must be equally shared between both interfaces in the case of collinear spin directions. 

Our results agree with the findings of Morales et al. 18in that the pinned uncompensated 

AFM moments that give rise to EB are located not only at the interface, but throughout the 

entire bulk AFM magnetic structure. Here, we compare the EB in trilayers with parallel EB 

with that in a bilayer, using the very same AFM layer. We show that the pinned moments 

and the FM layers interact in a nontrivial way such that pinning centres, in general, do not 

contribute simultaneously to the EB of collinearly magnetized FM layers at both sides of the 

AFM layer, even though they interact with both layers. Finally, we demonstrate that 

different pinning centresexist that primarily lead to EB along either the IP or the OoP 

magnetization direction, supporting the assumption of a noncollinear spin structure in the 

AFM layer. 
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Experiment: 

The experiments were performed under ultrahigh vacuum (UHV) conditions with a base 

pressure of about 10−10 mbar. The single-crystalline Cu3Au(001) substrate was cleaned by 

sputtering with 1 keV Ar+ ions and annealing at 800 K for 10 minutes. All the three materials 

were deposited from high-purity(CoandNi:99.99%,Mn:99.95%)rodsbyelectron 

bombardment with the substrate held at room temperature. Film thicknesses were 

calibrated by medium energy electron diffraction and Auger electron spectroscopy, as 

described elsewhere 21. Approximately two atomic monolayers (ML) Co were deposited on 

one half of the Cu3Au(001) substrate using a mechanical shutter. Subsequently, a Ni layer of 

12 ML thickness was deposited over the entire sample, followed by a Ni25Mn75 layer of 27 

ML thickness. The thickness of the top Ni layer was 22 ML. Ni25Mn75 was grown by 

coevaporation of Ni and Mn from separate sources. The accuracy of the thickness 

determination is ±1 ML for Ni25Mn75 and sub-ML for Ni and Co, the error in the Ni (Mn) 

concentration is less than ±2%. 

Before each measurement series, the samples were fieldcooled from 490 K in a field of +20 

mT along the easy axis of the respective probed interface. Magnetization loops are 

subsequently recorded using MOKE, while increasing the temperature from lower to higher 

values. Linearly polarized laser light of 1-mW power and 635-nm wavelength was used for 

the in situ MOKE measurements. For these measurements, the sample was placed in a glass 

finger sitting in between the two poles of an electromagnet. A straight line was subtracted 

from the resulting magnetization curves to account for the Faraday effect of the glass finger. 

Results and Discussion: 

Three representative magnetization loops measured by polar MOKE at 300 K for the OoP 

bilayer (top curve), OoP-OoP (middle curve), and OoP-IP trilayer (bottom curve) are shown 

in Fig. 2. In the OoP-OoP case, the separate switching of the top and bottom FM layers is 

clearly observed, where the smaller step at higher field can be attributed to the bottom 

layer because of its smaller thickness and larger signal damping. The other two loops 

represent only the bottom layer. It is evident that Heb present in the bilayer is completely 
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vanishing (from −15 to 0 mT) when the second OoP FM layer is present on top of the OoP 

bilayer. This decrease in Heb is also observed in the IP-IP trilayer of the same sample as well 

as in IP-IP and OoP-OoP trilayers with a larger Ni25Mn75 thickness measured in the same way 

25. After the top FM layer is made IP by depositing Co, Heb of the OoP-IP trilayer now once 

again increases (from zero to −7 mT) as can be seen from the bottom loop of Fig. 2. 

The resulting HC(T) and Heb(T ) of the bottom layer during the three steps are shown in Figs. 

3(a) and 3(b) for IP and OoP magnetization, respectively. Interestingly, in both cases, the EB 

at a fixed temperature is lowest in the collinear case (blue triangles). For IP bottom layer 

[Fig. 3(a)], the EB field as well as the coercivity of the bilayer (green squares) are rather 

unchanged after the deposition of the OoP top layer (red 

circles),butchangemarkedlyjustbyturningthemagnetizationof the top layer into the IP 

direction (blue triangles). The Heb (T) and Tb are smallest for the IP-IP trilayer compared to 

the IP bilayer and the IP-OoP trilayers. The blocking temperature for EB, Tb, is ≈150 K smaller 

in the IP-IP trilayer compared to the IP bilayer or the IP-OoP trilayer. A peak in HC (T) at 

around the blocking temperature is observed in all three curves. 

 

 

Figure 2: (Color online) Normalized hysteresis loops measured by polar MOKE at 300 K. OoP bilayer 27 ML 

Ni25Mn75/12 ML Ni/Cu3Au(001) (top loop), OoP-OoP trilayer 22 ML Ni/27 ML Ni25Mn75/12 ML 

Ni/Cu3Au(001) (middle loop), and OoP-IP trilayer (bottom loop).  
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All measurements are performed after FC with +20 mT perpendicular to the interface from 490 K. 

The OoP-OoP trilayer (middle loop) completely vanishes the EB field of the OoP bilayer. Due to the 

large coercivity, one should be careful in observing the top and bottom loop shift to the negative of 

the field axis. The easy axis of magnetization of the FM layers and the possible spin configuration of 

the AFM layer near the interface are also schematically shown for each loop. 

A small positive EB just below Tb can be noted for the IP bottom FM layer in all the three 

cases 25. This is consistent with the results obtained for a Ni81Fe19/Ir20Mn80 bilayer (Ref. [23]), 

a nd can be attributed to an unusual minority species of pinned spins, which strongly pin the 

FM layer in opposite direction to that of the majority pinned spins. 

The situation is similar for the OoP bottom layer [Fig. 3(b)]. Here, the collinear trilayer (OoP-

OoP) is achieved in the second step (blue triangles). Again, its EB field and Tb are much lower 

than in the bilayer. By turning the top layer magnetization into the plane, the noncollinear 

OoP-IP configuration is achieved (red circles), and HEB at fixed temperature as well as Tb of 

the bottom layer clearly increase, albeit not fully reaching the values of the bilayer. In a 

certain temperature window around 320 K, the EB is switched on just by spin engineering 

the top FM layer magnetization from OoP to IP. A similar, but weaker effect is also found for 

41 MLNi25Mn75 thickness25. 
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Figure 3: (Color online) Temperature dependence of coercivity HC and exchange bias field Heb of 

the 27 ML Ni25Mn75/12 ML Ni/(2 ML Co/)Cu3Au(001)bilayer(squares)andforthebottomlayerofa(3ML 

Co/)22 ML Ni/27 ML Ni25Mn75/12 ML Ni/(2 ML Co/)Cu3Au(001) trilayer in the noncollinear (circles) 

and the collinear configuration (triangles) measured with (a) longitudinal and (b) polar MOKE after 

field cooling each sample in a 20-mT field along the easy axis of the bottom layer from 490 K. The 

magnetization directions of the FM layersattheupperand at the 

lowerinterfacesareschematicallyshown on top of the respective graph, where ellipses indicate the 

measured FM layer. Light blue represents Ni, green Ni25Mn75, and grey Co layers. The color of the 

frame of the schematics corresponds to the color of the HC(T) and Heb(T) curves. 

 

 

Figure4: (Color online) Sketch illustrating the proposed model of pinning centers in an AFM/FM bilayer (a) and 

in a collinear FM/AFM/FM trilayer (b). The thickness of the arrows indicates the strength of the coupling 

between the pinning centers and the FM layer. Open (filled) circles in (b) are pinning centers in the AFM layer 

that provide pinning for the bottom (top) FM layer after field cooling. 

We explain our findings by the following model: As in the domain-state model 8,17, we 

assume pinning centres within the volume of the AFM layer. These could result from the 

chemical disorder in the Ni25Mn75 alloy. They consist ofpinned uncompensated moments. The 

important point is that these pinned moments do not have to be aligned with the direction of the 

exchange bias field. From the small influence, a top FM layer with different easy axis of 

magnetization has on the bottom layer, it follows that the pinning centers responsible for IP and OoP 

EB are to a large extent independent. The FM layers couple at the interface to the spin structure of 

the AFM layer. Without pinning centers, this just leads to an enhanced coercivity. The pinning 

centers couple to the FM layer via exchange coupling through all the AFM spins between the 

pinning center and the interface. 

( a ) ( b ) 
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The detailed nature of this exchange path determines the strength of the coupling and the 

relative direction between the FM layer magnetization and pinned uncompensated 

moment. In an AFM with noncollinear spin structure, the pinned uncompensated moment 

does not need to be coupled to the FM layer magnetization in a collinear or parallel way. 

Upon magnetization reversal of the FM layer, this exchange path acts like an exchange 

spring, leading to EB. The pinned uncompensated moments may point along any IP direction 

for IP FM layer magnetization, and along the two OoP directions for OoP FM layer 

magnetization. Figure 4(a) schematically illustrates such a pinning of a bottom FM layer by 

pinning centers, coupled to the FM layer by exchange paths of different strength, indicated 

by the thickness of the arrows. If now a second FM layer of the same easy axis is present at 

the other interface of the AFM layer, the two layers compete for the pinning centers, even 

when they are magnetized in parallel. During field cooling, the pinned moments will then 

align according to the direction defined by the stronger of the two exchange paths, and 

hence provide EB only for one ofthe two FM layers. This is illustrated in Fig. 4(b). Here some 

of the pinning centers after field cooling now provide EB to the top FM layer. This reduces 

the effective thickness of the AFM layer available for each of the two FM layers, and leads to 

the observed reduction in Heb and Tb. 

There might be also some pinning centers that pin a spin under an oblique direction, and act 

at the same time on an IP and an OoP FM layer. This would explain why there is still a small 

difference between the EB of the bottom layer in the bilayer and in the noncollinear trilayer, 

as seen from the difference between the green and red curves (squares and circles, 

respectively) in Fig. 3. In a thinner AFM layer, there are less pinning centers, but with on 

average shorter and consequently stronger exchange paths. Stronger coupling between a 

pinning center and the FM layer results in a higher torque on the pinned moment upon FM 

layer magnetization reversal, which could make it easier to break the pinning thermally. In 

other words, if a pinning center is too close to the FM layer, no spin spiral or local horizontal 

domain wall might be accommodated, which would lead either to domains in the FM layer 22 

or to the unpinning of the uncompensated moments. Following that idea, at higher 
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temperatures, more distant pinning centers would thus dominate the EB, which 

consequently could exist only at larger film thicknesses. This would explain the increase of 

Heb and Tb with AFM layer thickness. 

Interlayer coupling between the two FM layers can be excluded as the cause for the reduced 

EB. The two layers still switch at distinctly different fields (see Fig. 2). In that case, if a sizable 

ferromagnetic coupling between the two FM layers were present, it would decrease the 

switching fields of the bottom layer in both directions identically and thus its coercivity, but 

would not alter the EB field. 

After the top-layer magnetization is switched from OoP to IP, the OoP bottom layer regains 

a higher EB field [Fig. 3(b)]. This means that the spin orientation on the upper interface 

significantly affects the Heb of the lower interface in this kind of trilayer system. In our 

model, all the IP pinning centers are now made available for pinning the bottom layer. The 

slight reduction compared to the case of the bilayer may be attributed to some pinning 

centers with canted pinning direction, which are still pinning the top FM layer also in the IP 

direction. The effect is independent of the bottom layer easy axis of magnetization. This and 

the much smaller influence of a top FM layer of orthogonal magnetization direction point 

towards a noncollinear AFM spin structure, such as the 3Q spin structure, which allows an 

independent setting of the EB along IP and OoP spin components. 

Conclusion: 

We conclude that pinning centers in the bulk of the AFM spin structure are responsible for 

the emergence of EB. Largelyindependent pinning centers exist for the pinning of IP and OoP 

magnetization directions. The uncompensated moments associated with these pinning 

centers are not necessarily aligned along the EB field. In trilayers with collinear magnetization 

of the two FM layers, the individual pinning centers are acting only on one of the FM layers, 

thus reducing the effective AFMlayer thickness for EB for each of the FM layer. This 

manifestitself in a shift of the HC(T) and Heb(T) curves to lower temperatures, and a 

concomitant decrease of the blocking temperature by up to ≈150 K. Besides the 

fundamental insight it provides, this effect could be also used to manipulate the EB field 
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acting on an FM layer by just switching the magnetization direction of another FM layer 

between IP and OoP. 
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Abstract: 

Micromagnetic simulations for Cobalt hexagonal shape nanorings show onion (O) and vortex 

state (V) along with new state named ‘‘tri-domain state”. The tri-domain state is observed in 

sufficiently large width of ring. The magnetic reversible mechanism and transition of states 

are explained with help of vector field display. The transitions from one state to other occur 

by propagation of domain wall. The vertical parts of hexagonal rings play important role in 

developing the new ‘‘tri-domain” state. The behaviours of switching fields from onion to tri-

domain (HO-Tr), tri-domain to vortex state (HTr–V) and vortex to onion state and ‘‘states 

size” are discussed in term of geometrical parameter of ring. 

Introduction: 

The ferromagnetic nanorings have attained prime importance by researcher due to their 

fantastic properties 1. The ring geometry exhibit simple and symmetric equilibrium magnetic 

states, known as the vortex and the ‘onion’ states and these both states exist with mirror 

equivalents 2. The vortex state is related to a state of circular magnetization of ring. The 

onion state has two halves of the ring magnetization and exists close to saturation. In the 

onion state, each half is separated by 180domain walls and adopt opposite circulations 3. 

The magnetic states and domain wall character depend upon the geometrical parameter of 

ring and both vortex and onion state are accessible during magnetization and stable at 

remanence for wide range of geometrical parameters. These novel physical phenomena are 

used in promising application like magnetic logic 4, high density data storage 5,6, and 

biomedical sensor 7. 
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The ring geometry also has many other states besides these onion and vortex, depending 

upon the geometrical and material parameters. The transition from one state to another 

stable state is called switching. Zhang W et al. reported the phase diagram of magnetic 

nanoring for wide range of parameters 8. From this report, the stable magnetic state and 

switching process in magnetic nanorings can be classified as Onion to onion (O-O); Onion to 

Vortex to onion (O-V-O), Onion to vortex to vortex-core to onion (O-V-VC-O): Vertical onion-

vortex-onion (OV-V-O), Twisted triple switching (O-T-V-O): and Twisted double switching (O-

T-O) 8 

Beside circular ring geometries, some other ring geometries such as square ring 9,10, 

triangular shape rings 11,12, pacman shape 13 and circular voids 14 have been also been 

investigated for stable magnetic states and switching behavior. The role of dipolar 

interaction is examined for transition between the states 15. The influence of magnetic 

impurities in vortex core in magnetic nano disk is studied 16. The chirality control and 

switching of vortices formed in hexagonal discs shaped ferromagnetic elements is 

investigated by Lua et al 17. However, there is no report on hexagonal ring, and presented 

first time here. 

Micromagnetic simulation 

The micromagnetic structure can be extracted by solving the Landau-Lifshitz-Gilbert (LLG) 

equation for problem. The switching behavior and magnetic reversal mechanism for 

nanomagnets can be investigated by micro magneticmodelling. The NIST’s object orient 

micromagnetic framework (OOMMF) was used to investigate the micromagnetic behavior 

and switching behavior of hexagonal nanoring. The graphical model of hexagonal rings used 

in the simulation is shown in Fig. 1. The L is length of outer side, l is length of inner side, 

w=L-l is width and h is height (thickness) of hexagonal shape nanoring. The hexagonal shape 

ring can be viewed as arrangement of vertical and diagonal parts. The vertical parts are 

labelled as ‘‘a” and ‘‘d” while diagonal part are labelled as ‘‘b, c” and ‘‘e, f”. In this study, the 

micromagnetic behavior is 
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Figure 1: Graphical model of hexagonal ring used in simulation. 

investigated for 70 < L < 200, 10 < w < 50 and h=10 nm. The magnetic field is applied in x 

direction and swept from 1000 mT to -1000 mT. The square mesh with a cell size of 2 nm 

was used to solve the micromagnetic equilibrium equations and spins are taken as free to 

rotate in three dimensions. The constant initial anisotropy in x direction, demagnetization 

type of constMag, and random initial magnetization are used in all calculation. The 

micromagnetic physical parameter for Cobalt used in simulation are as follows: saturation 

magnetization Ms=1422103 A/m, anisotropy constant K1=412103 A/m3, exchange constant 

A=2.8110-11 A/m, damping coefficient a=0.5 and uniaxial type anisotropy. 

Results and discussion: 

Magnetic hysteresis behaviour: 

Fig. 2 shows the simulated magnetic hysteresis loops for Co hexagonal ring structures with 

outer length (L) of 70 nm, thickness (h) of 10 nm and width (W=L-l) from 10 to 30 nm. All 

loops are symmetric and show onion (O) and vortex state (V) along with new state and 

linear behavior. At small widths (10 and 15 nm), the onion state starts to disturb and 

M/Ms start to decrease as field approaches towards zero. The deflation M/Ms start (Df) 

from +219 and +55 mT and stop at -309 and 340 mT for 10 and 15 nm respectively. 

Therefore, linear decrease of M/Ms withmagnetic field is obtained, as shown in Fig. 2(b 

and c). 
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Figure 2: Simulated magnetic hysteresis loops for Co hexagonal ring structures with h=10 nm, L=70 nm, (a) 

combined W=10 to 30 nm, (b) at W=10 nm, (c) at W=15 nm, (d) at W=20 nm, (e) at W=25 nm, and (f) at W=30 

nm. 
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Figure 3: Simulated magnetic hysteresis loops for hexagonal ring structures with h=10 nm, L=100 nm, (a) 

combined W=10 to 35 nm, (b) at W=10 nm, (c) at W=20 nm, (d) atW=25 nm, (e) at W=30 nm, and (f) at W=35 n 

The vortex state (V) is formed at widths ranging from 10 to 25 nm and vanishes at 30 nm. A 

new stable state named ‘‘tri-domain state (Tr)” in II and IV quadrant is formed at width of 20 

nm and 25 nm (Fig. 2(d and e)). 

Fig. 3 shows the simulated magnetic hysteresis loops with outer length (L) of 100 nm, 

thickness (h) of 10 nm and width (W=L-l) from 10 to 30 nm. All loops are symmetric and 

show onion (O) and vortex state (V) along with new state and linear behavior. The onion 
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state starts to disturb and M/Ms start to decrease as field approaches towards zero at small 

widths of 10 and 20 nm. The deflation of M/Ms start (Df) from +244 and -29 mT and stop at -

310 and -260 mT for 10 and 20 nm respectively. As consequence, M/Ms decreases linearly 

with magnetic field and it is shown in Fig. 3(b and c). The vortex state (V) is formed at widths 

ranging from 10 to 30 nm and vanishes at 35 nm. A new stable state named ‘‘tri-domain 

state (Tr)” in II and IV quadrants is formed at width of 25 nm and 30 nm (Fig. 2(d and e)). The 

tri-domain state (Tr) vanishes at width of 35 nm. The simulated magnetic hysteresis loops 

for outer length (L) of 150 nm, thickness (h) of 10 nm and width (W=L-l) from 15 to 45 nm 

are shown in Fig. 4. The onion state (O), vortex state (V), tri-domain state (Tr), and linear 

behavior are observed in symmetric loops. The linear response (Fig. 4(b, c)) is due to 

decrease in M/Ms as field decrease from high field (1T) towards zero at small widths (15 and 

20 nm). The deflation of M/Ms starts (Df) from +153 and +20 mT and stop at -280 and -260 

mT for 15 and 20 nm respectively. The vortex state (V) is formed at widths ranging from 10 

to 30 nm while vortex state is vanished for W>30 nm. The new tri-domain state (Tr) is 

formed at width of 25, 30, 35, 40 nm and disappears for W>40. 

Fig. 5 shows the simulated magnetic hysteresis loops for outer length (L) of 200 nm, 

thickness (h) of 10 nm and width (W=L-l) from 20 to 50 nm. The symmetric loops are 

consisted on linear behavior and stable onion (O), vortex (V), and tri-domain (Tr) state. The 

onion state starts to disturb and M/Ms start to decrease as field decrease towards zero at 

small widths of 20 nm. The deflation of M/Ms starts (Df) from +41 stops at -260 mT which 

results in almost 
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Figure 4: Simulated magnetic hysteresis loops for hexagonal ring structures with h=10 nm, L=150 nm, (a) 

combined W=15 to 45 nm, (b) at W=15 nm, (c) at W=20 nm, (d) at W=25 nm, (e) at W=30 nm, (f) at W=35 nm, 

(g) at W=40 nm, and (h) at W=45 nm 

linear response of M/Ms with magnetic field in this region shown in Fig. 3(b, c). The vortex 

state (V) is formed at widths ranging from 10 to 35 nm and vanishes for W>35 nm. The 

hexagonal ring of cobalt show tri-domain state (Tr) with widths ranging from 25 nm to 45 

nm while tri-domain state (Tr) vanishes for ring having width greater than or equal to 50. 

Reversible mechanisms 

At high positive applied magnetic field (1T), the magnetic spin in vertical parts (a and d) of 

hexagonal rings is parallel to applied field while in diagonal parts (b, c, e, and f) it follows 

the shape of diagonal part. It leads to magnetic configuration of two head-to- head 

domains. It is similar to ‘‘onion” state in circular rings, where head-to-head domains are 

not separated 2,18,19. As field approaches toward zero or opposite direction, the magnetic 
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domains in vertical part are changed from parallel-to-field domain to vertical domain, 

acquiring the shape of part, either upward or downward and then magnetized to opposite 

direction. This process is initiated even from positive field (near to zero) and continues 

gradually until magnetic domain in vertical parts (a,d) are magnetized to opposite 

direction. However, magnetization 

 

Figure 5: Simulated magnetic hysteresis loops for hexagonal ring structures with h=10 nm, L=200 nm, (a) 

combined W=20 to 50 nm, (b) at W=20 nm, (c) at W=25 nm, (d) at W=30 nm, (e) at W=35 nm, (f) at W=40 nm, 

(g) at W=45 nm, and (h) at W=50 nm 

in diagonal parts retains the pervious configuration of onion state during this process. It 

results in linear decrease of M/Ms as observed for ring with small width (10–20 nm). 
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Figure 6: Magnetic configuration during transitions mentioned by Arabic numerals along with position in 

hysteresis loop for a hexagonal ring of geometry L=100, W=25 nm. At right side of figure, enlarge view of rings 

are presented 

When rings have sufficiently large width, the parallel-to-field domains in vertical parts 

retains their initial configuration as field approaches toward zero and even at small opposite 

fields values. At specific field depending upon geometrical parameters, the parallel-to-field 

domains in vertical parts are rotated to opposite direction through vertical domain (at one 

field value), leading to abrupt decrease of M/Ms. However, in diagonal parts, the magnetic 

configuration remains same i-e head-to-dead domain, as depicted in Fig. 6. This magnetic 

configuration is stable for several hundred of field values with almost constant but positive 

value of M/Ms and its stability depends on geometrical parameters. This new state is named 

as ‘‘tri-domain” state due to fact that it has two head-tohead magnetic domains in diagonal 

parts and one oppositely aligned domain in vertical parts. 

With further increase in field to opposite direction with respect to initial state, the transition 

from tri-domain state to vortex state occurs. In this process, the domain walls from any end 

of vertical part either bottom or top start moving to opposite side through diagonal parts 

either b and c or e, and f (depending upon starting point bottom or top). One domain wall 

movement started from one end or other started from other end and approaches each 

other and theses opposite movement of domain wall annihilates each other, e-g, one 
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domain wall movement from bottom of ‘‘a” through ‘‘b” toward ‘‘c” and ‘‘d”, and other 

domain wall movement started from bottom of ‘‘d” through ‘‘c” towards ‘‘b”, and 

annihilation occur at some point in diagonal part (b and c), as shown in Fig. 6. However, the 

magnetic domains in other diagonal parts (e, f) remain in pervious configuration, i-e aligned 

in positive field direction. Due to this process, the M/Ms decrease abruptly to a negative 

value and become constant for a specific range of field, leading to stable magnetic state. 

This magnetic configuration is stable in which two vertical parts and two diagonal parts are 

magnetized to one direction but remaining two diagonal part magnetized to other direction, 

and analogues to vortex state of circular rings 18,19. 

The vortex state is stable over several hundred mT field. When field is increased above a 

certain value, the magnetic domain walls start moving from top or bottom end of vertical 

parts through the hexagonal parts. It must be noted that end of vertical part and hexagonal 

part are not same as involved in domain wall movement in generation of vortex state. In this 

way, all part of hexagonal are magnetized to opposite direction with respect to initial 

configuration but parallel to current applied field. This process is shown in Fig. 6. It leads to 

magnetic configuration two head-to-head domain but separated with parallel-to-field 

domain in vertical part. It is similar to initial magnetic configuration but all magnetic domain 

is reversed. It is can be regarded as ‘‘reverse onion” state, from analogy of circular rings 

2,18,19. The processes described above, are presenting magnetic reversal mechanism for a 

typical triple switching. The triple switching involves the switching from onion to tri-domain 

to vortex to reverse onion state. The magnetic configuration at these states as well 

intermediate process is presented in Fig. 6 along with position in hysteresis loop for a 

hexagonal ring of geometry L=100, W=25 nm, and H=10 nm. The enlarged views of ring’s 

part are presented at right side of Fig. 6 which clearly indicate the direction of magnetic 

vectors. Fig. 6 depict the magnetic configuration for a complete process of M-H loop. The 

positions of states or magnetic configuration during transitions in M-H loop are mentioned 

by Arabic numerals. Fig. 7 shows the magnetic configuration of stable state such as onion, 
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tri-domain, vortex, reverse onion, reverse tri-domain, and opposite vertex. The position of 

state in M-H loop is mentioned by roman numerals. 

It is found that vortex state is vanished with increasing the width of rings above certain 

limits; even tri-domain state is existed for that geometry. In that case the domain walls 

move from both vertical parts but with opposite ends to other vertical part, e-g, if one 

domain wall moves from top of ‘‘a” toward ‘‘d” through ‘‘e and f”, then, second domain 

wall moves from bottom of ‘‘d” toward ‘‘a” through ‘‘b and c”. In this way, magnetic 

domains in all part of hexagonal rings are reversed with respect to initial configuration, 

leading directly to reverses onion state without forming the vortex state. This 

disappearing or annihilation of vortex is shown in Fig. 8, indicating the movement of 

domain wall. These geometries show only double switching, i-e onion to tri-domain to 

reverse onion state. 

On further increase width of ring, the tri-domain state is also vanished. In this process, the 

magnetic domain of one of vertical parts is magnetized to opposite direction. The 

magnetic domain walls are started to move toward other vertical part from both top and 

bottom ends through both hexagonal pairs (b, c and e, f). When these two domains reach 

near the other vertical part, its magnetic domains also rotated and eventually domains of 

all parts of hexagonal rings becomes reversed with respect to initial state 

 

Figure 7: Magnetic configuration of stable states for L=200 and W=30 nm. 
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Figure 9: Process of single switching by annihilation of tri-domain and vortex state 

 

Figure 11: Switching field variation as function ring width (W) (a) from tridomain state to vortex state 

transition (HTr–V), and (b) form vortex state to onion state transition(HV-O). 

Figure 8: Annihilation of vortex state 

Figure 10: Switching field variation of 

onion to tri-domain switching with ring 

width 
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but parallel to current applied field. It leads to single switching from onion state to reverse 

onion state without formation of tridomain state and vortex state. This transition is shown 

in Fig. 9, indicating the annihilation of both vortex and tri-domain state, consequently onion 

to reverse onion transition. 

Switching field (SF) behaviour: 

The switching field can be defined as field at which a magnetic configuration of ring changes 

from one state to other state, result in abrupt and large change in M/Ms. The variation of 

switching field form onion state to tri-domain state transition (HO-Tr) as function of width (W) 

is shown in Fig. 10. The HO-Tr increases with the width for a hexagonal ring with particular 

length (L). However, HO-Tr decreases with outer length (L) of ring with respect to specific 

width (W). 

Fig. 11(a) shows the variation of switching field from tri-domain state to vortex state 

transition (HTr--V) as function ring width (W). The HTr--V decreases with increase in width of 

nano rings. Similar behavior was observed for circular nanorings for the transition from the 

onion to vortex state 19,20. The rings with narrow width have high shape anisotropy which 

changes the shape and width of domain wall, that generally results in decrease in switching 

field with increase in width of ring 21. However, HO/Tr--V is same for all outer lengths with 

respect to a specific width and does not depend on the outer length of hexagonal ring 

The variation of switching field form vortex state to onion state transition (HV-O) as function 

of width (W) is shown in Fig. 11(b). The HV-O decreases with increases width of ring for all 

outer length. Whereas, HV-O occurs at same the points for all length with respect to a specific 

width of ring, e-g, at width of 20 nm the HV-O occurs at 315 mT for outer length of 70, 150, 

100, 200 nm. 
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State size: 

The state size describes the stability of a state against the applied field and can be defined 

as the field range at which a state remains stable. The state size of tri-domain state as 

function of ring width for different outer lengths is shown in Fig. 12. The state size decreases 

by increasing the width of ring for all outer length. For a particular width, state size also 

decreases with increase in outer length of rings. Fig. 13 shows the variation in state size of 

vortex state as function of rings width for different outer length. The state size of vortex 

state decreases with raise in width for all outer length considered. However, form a 

particular width point of view, the size of vortex state is almost constant for all outer length 

of ring and does not depend strongly on length of rings. 

Conclusions: 

The simulated magnetic hysteresis loops for Co hexagonal ring structures show onion (O) 

and vortex state (V) along with new state named ‘‘tri-domain state” and linear behavior. The 

linear behavior is observed at small width and tri-domain state is observed in large width. 

The switching field for onion state to tri-domain state transition (HO-Tr) increases with the 

width for length (L) but decrease with outer length ring with respect to specific width (W). 

The switching field for tri-domain state to vortex state transition (HTr--V) decreases with 

increase in width of hexagonal ring for almost all length but constant for all outer lengths 

with respect to a specific width. The HV-O decreases with increases in width of ring for all 

outer length. The state size of tri-domain state decreases with increase in width of ring for 
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all outer length and with outer length. The state size of vortex state decreases with raise in 

width but state is almost constant for all outer length. The transition from one state to other 

occurs by movement of domain. The vertical parts of hexagonal rings play important role in 

developing the new ‘‘tri-domain” state. 
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Abstract: 

The purpose of this study is to enhance the optical contrast of polymer dispersed liquid 

crystal (PDLC) films display by applying class α-longitudinal nematic liquid crystals (NLCs) 

linear chain polymer mixtures. The NLCs has been selected due to its Characteristics for the 

PDLC films such as strong binding, optical clarity, strong adhesion, toughness, and flexibility. 

This can be easily prepared by polymerization induced phase separation (PIPS) technique 

with epoxy curable monomers and hardener. In this research, best possible preparation 

condition was 40% LC, curing time 7 hrs at 95°c temperature. The electro-clinic (EC) effect is 

the slope of the electro-optical (E-O) axis of a NLCs in the plane perpendicular ( |) to a 

functional electric field. The electro-clinic effect in NLCs with an even director is not an 

essential condition in the presence of a warped director. Our findings have revealed a 

change in droplet shape on the driving voltage of a PDLC shutter with bi polar droplets and 

investigated their effects on the morphology, electro-optical (E-O) properties, and 

conductivity of the PDLC thin films.Hence, this thin film can be further successfully applied in 

display industries for the enhancement of E-O contrast with the specifically change of ON-

scattering at minimum time.  

Keywords: PDLC film, electro clinic effect, epoxy monomer, morphology. 

Introduction: 

Polymer dispersed liquid crystal (PDLC) are composite materials that consist of haphazardly 

dispersed liquid crystal (LC) droplets entrenched in a polymer matrix 1,2. In the off state, 

PDLC films have a milk-white form when the LC droplets with a +ve dielectric anisotropy are 

haphazardly leaning in the films. Upon application of an electric or magnetic field, the LC 

domain size arranges in a line direction parallel (||) to the electric or magnetic field, and the 

PDLC film will switch to a clear state if the LC ordinary refractive index no just about matches 

the polymer matrix refractive index no 3. Based on this E-O property, their possible 
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application as the active substrate in displays has been first projected 4, other applications 

such as smart windows, holographic systems, micro-lens or lasers have aroused researchers’ 

interest in this challenging domain, which is increasing constantly 5–8.Usually, there are three 

properties required for PDLC film (smart glass) based tool applications: a low threshold 

voltage for the transition between on/off states, a high on/off contrast in transmittance and 

a fast response time for the transition between on/off states. These E-O properties depend 

mainly on the structures of the heat curing epoxy monomers 8–13; the physical properties of 

the LC such as dielectric anisotropy, elastic constant, birefringence 14 and viscosity; the 

interface and compatibility of LC and epoxy monomers; experimental conditions 15; the  

electric field  conditions  16;and the size, shape and anchoring energy of the LC domain size 

in the PDLC films (smart glass)17,18. 

In current years, many studies on the influence of the dielectric anisotropy (Δε) of the LC on 

the E-O of PDLC films have been done19,20. Since the Δε of the LC is free of the polymer, 

results point out that driving voltage is a falling function of the Δε of the LC, as in the case of 

pure 

LC in cells 21,22. furthermore, it seems natural that a higher viscosity of the LC should 

increase both response times 19,21, other than the right viscosity of the LC inside the 

composite is hard to assess and it depends on a lot on the nature of the polymer, because of 

dissolved oligomers. In summary, LC as one main PDLC films constituent plays a significant 

role in the growth of the PDLC films E-O properties. In addition, the polar CN- group joined 

by means of on the side substitutes like F atoms in various combinations generates high 

dipole moments (µ) which provide the increase to Δε standards that are extra functional for 

dropping the threshold voltage of the PDLC films 22,23. 

At nearby, despite the fact that many studies have focused on the reactive polymer catalyst 

to fabricate PDLC films, and a small number of researches have focal point on belongings of 

the LC mixture physical parameters, such as Δn,  Δε on the E-O properties of PDLC systems. 

Though, no research has been reported on effects of the LC molecular structures on the E-O 

properties of PDLC films. In this article, the NLCs has been selected due to its Characteristics 
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for the PDLC films such as strong binding, optical clarity, strong adhesion, toughness, and 

flexibility effects on the terminal chain length of PDLC films. It is important to mention that 

adding the %ages of catalyst and best possible preparation condition was 40% LC, curing 

time 7 hrs at 95°c temperature. The electroclinic (EC) effect is the slope of the E-O axis of a 

NLCs in the plane perpendicular to a functional electric field. We think this study helps us 

not only to comprehend the relationship between the LC molecules and the E-O properties 

of PDLC films but also to find a new way to optimise the electro-clinic (EC) effect properties 

of PDLC films. 

Experimental Setup: 

Materials: 

In this research, the PDLC films have fabricated by PIPS heat curing process. The nematic 

liquid crystal used in this study was α-longitudinal nematic liquid crystals (NLCs) 

(Nematicisotropic temperature) TNI=365.2K, (Ordinary refractive index)no=1.519, (Extra 

ordinary refractive index) ne=1.720), Shijiazhuang Yongsheng Huatsing Liquid Crystal Co. 

Ltd.). The curable epoxy resins used wereTri methyl propane triglycidyl ether tri-functional 

(TMPTGE, Nanjing Chemlin Chemical Industry). Its refractive index is 1.477. Ethylene glycol 

diglycidyl ether (EDGE) resin (Sigma-Aldrich Company).It is a di-functional viscous fluid liquid 

having yellowish colour epoxy monomer containing short flexible chain length. Its refractive 

index is 1.463.The catalyst used Tris(hydroxymethyl)amine (THMA) (Sigma-Aldrich 

Company), and 2, 2’-(ethylene di oxy)bis (ethylamine) (EDBEA, Sigma-Aldrich Company). 

EDBEA is a polyamine hardener for epoxy resins. The chemical structures of these materials 

shown in Figure 1.All the above materials were used as received without additional 

purification. The compositions of curable epoxy monomers/hardener/LC mixtures are listed 

in Table 1 for 7.0 hours at 95°C time and temperature respectively. Functionality is referred 

to standard functional of numerous curable epoxy monomers. It is calculated by Fav=∑Фi fi, 

where Fav is the average functionality of composite resin, Фi and fi stand for the relative 

proportion and functionality respectively. In both systems, the PDLC films were obtained by 

the PIPS via heat curing procedure. 
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Figure 1: Chemical structures and physical properties of the materials used without further purifications. 

Sample preparation: 

The samples were prepared to consist of heat curable epoxy monomers, hardener and the 

different amount of 40% of α-longitudinal nematic liquid crystals (NLCs). Initially, the 

compounds were mixed in various percentages and stirred for 4 hours until they had been 

homogenized. After that, based on capillary action, the mixtures were sandwiched between 

two pieces of indium tin oxide (ITO) coated glass substrates, with a thickness of 20.0 ± 1.0 

μm controlled by a polyethylene terephthalate (PET) spacer and optimal preparation 

condition were 40% Class α, longitudinal liquid crystal (LC) with a curing time 7.0 hours at 

95°C temperature. All of the procedures were carried out at room temperature.  The sample 

compositions are listed inTable1. 
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Sample 

Epoxy Resins（70 wt %） 

(7hours at 950C) 

THMA/EGDE/TMPTGE/EDBEA/ mol% 
NLC1717 / wt % 

A1 01/02 / 01 / 02 40 

A2 02/02 / 01/ 02 40 

A3 03/02 / 01 / 02 40 

A4 04/02 / 01 / 02 40 

Table 1: The compositions and molar ratio of the samples A1-A4 studied. 

Analysis technique: 

To measure the E-O properties, a liquid crystal device (LCD) parameters tester(LCT- 5016C, 

Changchun Liancheng Instrument Co. Ltd., China), whose incident light source was a halogen 

laser beam (560 nm), was equipped. The signal of light intensity was received and 

transformed to a current signal by a photodiode; in the meantime, a digital storage 

oscilloscope was monitoring the photodiode and collecting data to a computer. In the 

measurement, the samples were applied a square wave alternating current field of 100 Hz 

on the fixture around 300 mm away from the detector. For the detection of the forward 

scattering, the collection angle of light intensity was adjusted from−2°to2°.All the data were 

referenced by the standard that the transmittanceofairwasregardedas100%. 

Experimental Results and Discussion: 

E-O and electro-clinic (E-C) Characteristics of PDLC films at 7.0 hrs at 95°C 

The functional current transmittance curves of samples A1–A4 are shown in Figure 2.In the 

heating process, the epoxy monomers and hardener (EDBEA) reacted to form a domain size 

and the sematic LC coalesced; resulting the phase division process occurred. While the 

curing time was inadequate, the LC domain sizes were shaped comparatively large. while 

this occurred, the smart glass was stiff to make since the anchoring energy at the borderline 
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between the polymer surrounding substance and LC droplets was big when the LC droplets 

were small, and small LC droplets restrain light dispersion in the observable area. 

 

Figure 2: Applied voltage dependence of transmittance for samples A1-A4. 

Progressively, with the passage of time more epoxy monomers and EDBEA reacted to shape 

the domain size and the NLCs separated from the droplets, forming more and larger domain 

size; then the film became easy to steer. A1 prepare with 1% THMA, takes 7.0 hrs to acquire 

a film with a high-quality reaction to the current. In meantime, using THMA and 7.0 hours 

curing time, the curves of samples A2, A3 and A4 were similar. It indicates that the samples 

cured for 7.0 hours have similar E-O characteristics as sample A1-A4, as a result; it signifying 

to THMA, the heating method essential merely 7.0 hrs. Analysing samples curve 3% A3 with 

A4; meanwhile, the E-O characteristics of samples A3 was no not as good as than those of 

samples A1, A2 and A4, other than the heating moment was effectively abridged as of 7.0 

hrs at 950C. 

The electroclinic effect in NLCs with an even director is not an essential condition in the 

presence of a warped director. Our findings have revealed a change in droplet shape on the 

driving voltage of a PDLC shutter with bipolar droplets and investigated their effects on the 

morphology, electro-optical (E-O) properties, and conductivity of the PDLC thin films.Hence, 

this thin film can be further successfully applied in display industries for the enhancement of 

E-O contrast with the specifically change of ON-scattering at minimum rate. 
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Conclusions: 

In this study, the optimized condition for fabricating smart glass thin PDLC films containing 

class α-longitudinal nematic liquid crystals (NLCs) linear chain polymer mixtures.We have 

been investigated two PDLC film system. At 7.0 hrs at 95°C using curable epoxy resins with 

heat curing processes mol%, composition ratio, various molecular structures and at 

different mol feed ratio catalyst Tris(hydroxymethyl)amine (THMA), which affects the E-O 

characteristics of the PDLC systems. Moreover, an effect on of the smart glass thin films 

systems was powerfully prejudiced through hydroxyl group (-OH), while prejudiced 

morphology smart films system. The outcome of the combination and thermotropic hotness 

on the domain size of smart glass films were studied. Moreover, using different mol% THMA 

variable driving voltages were optimized. Our findings have revealed a change in droplet 

shape on the driving voltage of a PDLC shutter with bipolar droplets and investigated their 

effects on the morphology, E-O properties, and conductivity of the PDLC thin films. Hence, 

this thin film can be further successfully applied in display industries for the enhancement of 

E-O and contrast with the specifically change of ON-scattering at minimum time. 
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Abstract: 

Concentrated solar power (CSP) technology is considered to be a clean energy source and 

has a bright future in meeting the energy needs of the world. The reflectors, that are used 

to concentrate the sunlight for harvesting the solar energy, are of utmost importance. For 

that purpose aluminum (Al) thin films for front surface mirrors were prepared for the solar 

thermal power plant applications by using thermal evaporation technique. Thermal 

evaporation of the Cr and Al layers were done under very high vacuum (~10-7 torr) 

conditions. Prepared samples were characterized by the scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) and reflectance was measured by the ultraviolet-

visible spectroscopy (UV-VIS spectroscopy). Film surface and reflectivity of the light has 

great importance which directly affects the power overall performance of the power plant. 

The prepared films showed high reflectance and characterization showed a smooth film 

surface with low surface roughness which determines that the thermal evaporation of 

aluminum under high vacuum to prepare the solar reflectors is very important and Al thin 

films can be used to prepare the solar reflectors to be used as solar thermal power plant 

application. 

Keywords: Reflectors; Solar Thermal Power; Thin films; Optics; Mirrors; evaopration 

Introduction: 

Production of clean energy is one of the major challenges in the world. To meet the 

concerns regarding the energy security, environment and global climate change, renewable 

energy technologies are in focus worldwide. Solar energy applications are being used from 
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residential to commercial and industrial to agricultural fields1. Sunlight can be used to 

produce electricity by two techniques Photovoltaic (PV) and Concentrating Solar Power 

(CSP)2. According to International Energy Agency report solar PV technology is factor 3 more 

costlier than the CSP technology which makes the later more attractive for the solar energy 

generation3.  

There are four CSP systems that are being used to produce clean energy these are Linear 

Fresnal, Solar tower, parabolic trough and solar dishes4. Parabolic troughs and linear fresnal 

are line focusing systems, which concentrate sunlight on the tubes that carries the working 

fluid. Solar tower and solar dishes focus solar radiations on to a point, these are known as 

point focusing systems5. All these CSP types have one thing in common and that is the “solar 

reflectors” or “concentrators” which are used to concentrate the sunlight on their 

respective targets. These reflectors are coated with the reflective metals. There can also be 

different substrates like stainless steel, glass and different polymers6. The reflectors are of 

basically two types, first surface mirrors and second surface mirrors. Mirrors which are 

coated on the front side by a reflective film are called 1st surface mirrors and 2nd surface 

mirrors are those in which transparent glass is coated on the back side with a reflective layer 

7. Reflectance of the 1st surface mirrors is more than the 2nd surface mirrors due to the fact 

that the light is reflected from the front and it has not to pass through the material where it 

can be absorbed and also the other advantage of the 1st surface mirrors is that different 

types of substrates other than the glass can be used like stainless steel, Aluminum and other 

different polymers. 

 



105 

 

 

 

 

The selection of the adhesive layer between substrate and the reflective coating can affect 

the performance of the reflectors in the outdoor conditions adversely8. The efficiency of 

these CSP systems is also influenced by the reflectance of the surface and the texture of 

these coated thin films. There are several coating methods like wet chemical method, 

chemical vapor deposition and physical vapor deposition. The coated film’s physical 

excellence depends upon the number of factors like cleanliness of the substrate, 

temperature of substrate, vacuum quality, film deposition rate, thickness and the 

relationship between the multilayer thin films being coated9. Different types of substrates 

like aluminum alloy, galvanized iron and acrylonitrile butadiene styrene (ABS) that were 

coated with Al to make the 1st surface mirrors for the application in the solar thermal power 

plants have been reported with average reflectivity 88.2%, 84.5% and 90.5% respectively10. 

As the reflectance and thin film quality of the mirrors directly affects the performance 

efficiency of the solar thermal power plants. We report better average reflectivity, than the 

galvanized iron and aluminum alloy and ABS, and the better film quality when coated on 

glass as a substrate. 

Experimental work 

Materials: 

Float glass as the substrate of dimensions (25mm×25mm×4mm), pellets of Al (99.99% 

purity) and Cr (99.99% purity) were used for the experimentation. 

Figure 1: 1st surface reflector with reflecting 

surface on the front of the glass 

Figure 2: 2nd surface reflector with reflecting 

surface at the rear side of a transparent glass 
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Deposition of thin films: 

Al was used as the reflective layer. Cr was used as adhesive layer between the glass and Al 

film. Thickness of Al was 100nm and of Cr it was 20nm. Both thin layers were deposited with 

thermal evaporation process by using high vacuum thermal and sputter combine system 

(NVTS400-22-07, NANOVAK, Turkey).  

Before deposition the glass substrate was cleaned by ultra-sonicated for 15 minutes in 

acetone and after washing with deionized water it was soaked in piranha solution, which 

was prepared by adding H2SO4 and H2O2 in molar ratios of 3:1, for 15 minutes. At the end, 

the substrates were again washed with deionized water and then dried by air dryer. 

The chamber was evacuated to 10-7 torr and deposition was carried out at 2×10-6 torr 

pressure and the deposition rate was kept 3.6nm/min for both Cr and Al deposition. 

 

Figure 3: Reflector structure 

Characterization of the thin films: 

For the surface topography and the elemental analysis Scanning Electron Microscopy (VEGA 

3 LMU-115-0112 TESCAN) was used and Atomic Force Microscopy (NanoSurf C3000 

FlexAFM) was used to measure the surface roughness of the thin films. The reflectance of 

the thin film was measured by using the UV-VIS-IR spectroscopy. 

Results and Discussion: 

Surface roughness of thin films: 

Atomic force microscopy was used for the study of the surface morphology of the prepared 

samples. Average surface roughness of prepared Al thin films was measured to be 37nm 

which ensures that the thin films’ morphology is very smooth. The surface roughness of the 

thin films is important because it affects the specular reflectance of the sunlight. As the 
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surface roughness increases, the light scattering off the surface increases which causes the 

decrease in theefficiency of the STPP. But the surface roughness of 37nm that is been 

achieved in our work is very low and thus it is good for the application in the STPP. Smaller 

the roughness of the surface in comparison with the wavelength of the incident light, better 

the specular reflection occurring from that surface11. Considering this fact the 37nm 

roughness is approaching to perfectly planar surface that is also approaching to produce 

perfectly specular reflection from the surface as well.  

 

Figure 4: AFM image of the sample at 5µm 

 

SEM analysis of the sample: 

SEM micrographs were examined at 10µm and 5µm to observe the homogeneity of the 

prepared sample. The image 5 shows that the thin film is homogenouos and compact. it 

hasbehaviour of the thin 

So, for the confirmation of the elements by which the thin films were prepared and to have 

a check on the impurities’ presence EDS analysis of the samples were performed. The graph 

in figure 7 shows the elements present in the sample. Al has a sharp peak as it was 100nm 

thin showing its presence more in percentage than Cr that has low percentage in the 

spectrum 1 (mentioned in the figure 8) of the sample as it’s only 20nm. The other elements 

like C, Ca, O,Na, Si are detected as well as they are the part of the glass itself. But other than 

that, there are not the any impurities detected that are due to the procedure the films were 

prepared through. 
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Figure 5: SEM micrograph at 10µm 

 

Optical characteristics of the Sample 

Optical characterization involves the reflectance measurement of the prepared sample by 

using the UV-VIS-IR spectroscopy. The reflectance of the prepared samples was measured in 

the range of 400nm to 2400nm for Al based 1st surface reflectors. The reflectance starts to 

decrease in the visible region as some the light was absorbed in that region. But Al thin film 

has shown a very high average reflection of about 92% in the Infrared region of the light 

spectrum and about 89% overall average reflectance in the mentioned range. 

 

 

Figure 6: SEM micrograph at 5µm 

Figure 7: EDS Spectrum Figure 8: SEM micrograph for EDS at 4 µm 

Figure 9: Reflectance of 1st surface reflector 
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Conclusion: 

Al thin films were successfully prepared by the thermal evaporation.  

We studied the surface morphology of the thin film. The surface roughness of only 37nm 

was measured by AFM and homogenous behavior of the surface was confirmed by the SEM 

images as well. 

Prepared films showed a very high average reflectance of about 92% in the Infrared region 

of the light spectrum and about 89% overall average reflectance. 
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Abstract: 

Hydrothermal method was chosen as a convenient method to fabricate zinc selenide (ZnSe) 

nanoparticle materials. The prepared nanospheres were characterized using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM), where its different properties 

were observed using UV–visible spectroscopy and LCR meter. It was found that the pure 

ZnSe nanoparticles have a Zinc blende structure with crystallite size 10.91 nm and in a 

spherical form with average diameter of 35 nm (before sonication) and 18 nm (after 

sonication) with wide band gap of 4.28 eV. It was observed that there is inverse relation of 

frequency with dielectric constant and dielectric loss while AC conductivity grows up by 

increasing frequency. Such nanostructures were determined to be effectively used in 

optoelectronic devices as UV detector and in those devices where high-dielectric constant 

materials are required. 

Keywords: ZnSe; hydrothermal method; growth mechanism; X-ray diffraction; UV– visible 

spectroscopy; scanning electron microscopy; dielectric properties. 

Introduction 

In recent times, luminescent semiconducting nanocrystals have attracted much attention 

because of their new and unique structural, electronic and optical properties,1–3 especially, 
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II–VI semiconductors having various applications in optoelectronic devices such as blue 

light-emitting diodes, laser diodes and luminescent applications.4–6 Nanophosphors based 

on different metal chalcogenides like ZnS, CdS and CdSe/ZnS core shells show unusual 

phenomena like size-dependent visible light emission,7 electroluminescence4 and efficient 

low voltage cathadoluminescence8 having wide application in DNA markers,9 biosensors,10 

light emitting diodes11 and lasers.12 While colloidal zinc selenide (ZnSe) nanoparticle having 

room-temperature wide-direct bulk band gap (2.7 eV) is a good motive for latest versions 

optoelectronic communication systems, optical recording devices, light sensors, blue diode 

lasers13 and is a promising material for full-colour displays, room temperature exciton 

devices, photodetectors, light-emitting diodes14,15 and just because of its low absorptivity at 

infrared wavelength range, it is used in optically controlled switching, windows, lenses, 

output couplers and beam expanders.16 By using wet-chemical synthetic route for synthesis 

of ZnSe nanoparticles, it is critical to obtain Se−2 in solutions because Se−2 is unstable due to 

oxidizing atmosphere. Various methods are used for fabrication of ZnSe nanoparticles like 

complex pyrogenation,17electrochemical methods,18 sono chemical methods,19 sol–gel,20 and 

solvothermal method.21 Out of all these methods, hydrothermal method is an easy and less 

expensive method to fabricate monodisperse nanoparticles. Controlling the size distribution 

of nanoparticles,22,23especially, a monodisperse size is much more important to explain the 

size-dependent optoelectronic properties due to electron quantum confinement effect.24 In 

this research, ZnSe nanoparticles were synthesized using hydrothermal process and its 

optical, dielectric and electrical properties of the samples were studied. The formation 

mechanism of ZnSe-based nanospheres was proposed. Based on these properties, ZnSe can 

be chosen as the best material for ultraviolet (UV) detectors and used in Blue LED’s. 

Experimental Method: 

Preparation of precursor: 

For the preparation of zinc chloride hydrazine, 1.36 g of ZnCl2 and 10 mL of hydrazine 

hydrate were sequentially added into 40 mL of deionized water. The mixed solution was 

stirred for 4 h until the white precipitate is obtained. The obtained product is washed with 

absolute ethanol and deionized water several times then it is dried under vacuum at 60◦C for 

4 h. 
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Preparation of ZnSe nanoparticles: 

1.308 g of obtained ZnCl2(N2H4)2 and 1.108 g of SeO2 were mixed in 30 mL of deionized 

water and 5 mL of hydrazine hydrate was also added. The solution was transferred into a 50 

mL Teflon cup and placed in the autoclave. Autoclave was sealed and kept at 140◦C for 24 h. 

Orange product yielded was filtered off, washed with absolute ethanol several times and 

dried in vacuum at 60◦C for 4 h. 

For structural analysis and morphological study, the X-ray diffraction (XRD) method of 

model STOE Germany Theta-Theta and JEOL-JSM -6490A were used, respectively. UV–visible 

(UV–Vis) spectroscopy of model UV-2800 was used for optical properties while dielectric 

and electrical properties were investigated by using LCR meter of model WK 6500 B. 

Results and Discussion: 

Structural and morphological analysis: 

A typical XRD spectrum of the as-prepared sample is provided in Fig. 1(a). All of the 

diffraction peaks fit well with face-cantered cubic (fcc) Zinc blende structure ZnSe with 

lattice constant a = 5.635 ˚A (JCPDS 37-1463). The broadness of peaks suggests that 

dimensions of particles are in nanometers. Small peaks of Se were found due to slow 

reaction at low hydrothermal temperature some unreacted Se still remains in ZnSe 

compound which can be washed away by proper washing with ethanol or centrifugation. No 

peaks of any other phases or impurities were detected. The three strongest reflections of 

111, 220 and 311 were used for the determination of crystallite size which was found to be 

10.91 nm by using the Scherrer equation: 

 ,    (1) 

where λ, β and θ are for the wavelength of the X-ray source, the full width at half maximum 

(FWHM), and the Bragg angle, respectively.25 The microstructure of ZnSe nanospheres was 

further characterized by scanning electron microscopy (SEM) whose results are shown in 

Fig. 2(a) before sonication and Fig. 2(b) after sonication. After sonication, the SEM results 

show uniform average diameter ofabout 18 nm while before sonication, the average 

diameter was found to be around 35 nm. 
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Figure 1: XRD spectrum for ZnSe nanosphere 

 

 

 

 

 

 

 

 

 

Figure 2:    (a) The micrographs of ZnSe nanosphere before sonication and (b) after sonication 

Growth Mechanism: 

• Hydrolysis 

ZnCl2(N2H4)2 + SeO2 + N2H4 · H2O → Zn2+ + 2Cl−1 + 3N2H4 · H2O + SeO2 . • Dehydration 

Zn2+ + 2Cl−1 + 3N2H4 · H2O + SeO2 → Zn2+ + HCl + 3N2H4 + SeO  . 

• As hydrazine acts as a reducing agent, selenium trioxide will be reduced, 

Zn2+ + HCl + 3N2H4 + SeO3
2− → Zn2+ + HCl + N2 + Se2− 

+H2O → ZnSe + N2 + HCL + H2O. 
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So, the final balanced equation is 

2ZnCl2 + 2SeO2 + 3N2H4 + 2H2O → 2ZnSe + 3N2 + 4HCl + 6H2O. 

The main task is to control the diameter of nanoparticles because it has a great influence on 

the luminescence properties. The formation mechanism of ZnSe using hydrothermal 

synthesis can be concluded as follows. 

As Gibbs free energy is energetic power for nucleation and growth mechanism, the 

variation in Gibbs free energy per unit volume of solid phase is dependent on the 

concentration of solute. The over-saturated solution having high Gibbs free energy is 

responsible for triggering the nucleation process and this energy is reduced by segregation 

of solute molecules from solution. This reduction in energy results in the formation of solid 

phase while maintaining the equilibrium concentration. In my experiment, the 

concentration of solute is as follows: 

Concentration of ZnCl2(N2H4)2 = 43.6 g/L, 

Concentration of SeO2 = 36.93 g/L, 

Concentration of N2H4 ·H2O = 16.6 g/L. 

Due to the decrease in total energy of system, the ZnSe monomers will grow into the ZnSe 

nanocrystals. These ZnSe nanocrystals will agglomerate together to form solid nanospheres. 

The formation and growth of ZnSe solid nanospheres is a slow process because reaction 3 is 

a slow reaction. The initially formed primary nanoparticles may aggregate together and then 

act as cores for subsequent aggregation of new ones to form ZnSe solid microspheres. The 

precursor ZnCl2(N2H4)2 as the Zn source sharply decreased the concentration of Zn2+ in 

aqueous solution, resulting in the slow formation of the ZnSe nanospheres. The SeO  are 

reduced first by hydrazine hydrate to Se atoms, which further react with the Zn2+ slowly 

released from the precursor ZnCl2(N2H4)2 to form ZnSe monomers; these Nano 

crystallitestend to aggregate, and lots of gas bubbles of N2 produced synchronously in the 

reaction provide the aggregation centre. Driven by the minimization of interfacial energy, 

small ZnSe Nano crystallites may aggregate around the gas–liquid interface between N2 and 

water, and thus the ZnSe nanospheres may form. 
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Dielectric properties 

In this work, we present dielectric measurements carried out on ZnSe nanospheres as 

function of frequency. As it is known, dielectric constant is a quantity which 

ZnSeNanosphereAgglomeration Se2- 

 

Fig. 3.  (a)    (b) 

 

(c) 

Fig. 4.Showing the graph of ZnSe nanospheres (a) dielectric constant versus frequency, (b) dielectric 

loss versus frequency and (c) tangent loss versus frequency. 

measures the ability of material to store electrical energy in an electric field denoted by ε0 

where 

  .    (2) 

Zn 2 + ZnSe Monomer 
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Here, in this equation, C is the measured capacitance, CO is the empty capacitor capacitance, 

A is the rectiuer contact area of the structure in cm−2, di is the interfacial insulator layer 

thickness and εo is the permittivity of free space charge i.e. 8.85e-4 F/cm. ε00 is the dielectric 

loss which is actually the imaginary part of the complex permittivity which can be calculated 

by using the following relation26: 

 .    (3) 

 

Fig. 5.AC conductivity of ZnSe nanospheres versus frequency. 

Here G is the conductance of the device and ω is the angular frequency. The tangent loss 

(tanδ) can be related as26: 

  .    (4) 

In these following graphs, dielectric constant, dielectric loss and tangent loss vary as a 

function of frequency which shows that dielectric constant, dielectric loss and tangent loss 

have inverse relation with frequency. Curves clearly demonstrates that these values 

decrease by increasing the range of frequency. The decrease in dielectric constant of ZnSe 

nanospheres can be attributed to the decrease in polarization with the increase in 

frequency. While the decrease in tangent loss with frequency can be explained on the basis 

of Debye formula which shows that tangent loss has inverse relation with the frequency at 

lower frequency range. At high frequencies, the curves for dielectric constant and dielectric 
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loss become closer because the AC signal cannot be followed by interface states at enough 

high frequency range. 

Figure 5 shows the graph for AC conductivity which is minimum at lower frequency range 

until it reaches a cutoff range at which AC conductivity becomes zero even at higher 

frequency, confirming the semiconductor behavior of material. AC conductivity is given by26: 

 .    (5) 

Optical properties 

The UV–Vis spectra (Fig. 6(a)) of ZnSe nanospheres which were dispersed in deionized water 

as solvent showed a strong absorption peak which is centered at about 

 

 (a)  (b) 

Figure 6: (Color online) (a) The UV–Vis spectra of ZnSe nanospheres and (b) band gap calculated for ZnSe. 

301 nm that is in UV region showing that it absorbs high energetic radiations indicating a 

wide band gap which was calculated and turns out to be 4.285 eV (Fig. 6(b)). The absorption 

edge shows a shift towards higher energies as compared with the bulk ZnSe (2.7 eV) as 

smaller particles have larger band gaps and absorb at shorter wavelengths. 

Conclusion 

The ZnSe spherical nanoparticles have been synthesized using the hydrothermal method. 

The characterization confirms the spherical shape of FCC Zinc blende structure of ZnSe. The 

dielectric properties of ZnSe showed that the values of dielectric constant, dielectric loss 

and tangent loss are 29.0286, 0.2907 and 0.0102, respectively. The AC conductivity of ZnSe 

was found to be 1.735E-06 (ohm·m)−1. Optical properties reveal the fact that ZnSe 

nanospheres show absorbance in UV region having a wide band gap of 4.28 eV. 
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Abstract: 

Recently, bismuth ferrites have attracted great interest in the field of photocatalysis due to 

their magnetic nature and narrow band gap. Herein, nanohybrids of lanthanum (La) and 

manganese (Mn) co-doped BiFeO3 (BLFMO)/graphene nanoplatelets (GNPs) have been 

synthesized. The hybrids were prepared by two different but simple and low-cost synthesis 

routes: (i) co-precipitation (namely the C-series), and (ii) hydrothermal (namely the H-series) 

methods. This article details a comparison of the C-series and H-series BLFMO/GNP 

nanohybrids based on their photocatalytic activity and band gap. The H-series nanohybrids 

showed a more crystalline structure, reduced band gap and less dye removal compared to 

the C-series nanohybrids. The enhanced dye removal (92%) of the C-series nanohybrids is 

attributed to their high surface area (55 m2 g1) due to GNP incorporation inside the 

BLFMO/GNP nanohybrids. The higher surface area enables more adsorption of dye 

molecules over the catalyst surface under dark conditions. In addition, the band gap of the 

BLFMO/GNP nanohybrids was reduced from 2.04 eV (pure BiFeO3) to 1.40 eV 

(BLFMO/GNPs) because of the presence of new donor energy levels with Mn loading. The 

calculated particle sizes from Scherrer’s formula were 19.3–23.5 nm (C-series) and 22.5–26 

nm (H-series). The estimated particle size calculated via transmission electron microscopy 

(TEM) is approximately 31 nm for the C-series nanohybrids. The graphene based 

nanohybrids significantly enhanced dye removal compared to pure BiFeO3 (44%) under 

visible light irradiation. The low cost, easy preparation and higher catalytic activity of the 

BLFMO/GNP nanohybrids reported here make nanohybrids suitable candidates for practical 

applications 

Introduction: 

With the tremendous increase in population and industrialization, photocatalytic 

degradation of harmful substances has been a very important technique for producing 

purified water. Textile effluents discharged into water bodies contain certain toxic 

pollutants dangerous to human health (such as tartrazine,1methylene blue,2 Congo red,3 
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indigo carmine,4 etc.). Photo catalysts are used for the purification of coloured waste water 

by degrading the organic debris.5 Over the past few decades, the development of efficient 

nanophotocatalysts for water purification has been the focus of research to produce 

purified water.6 

in the presence of water and UV or visible light. The hydroxyl radicals and superoxides help 

in removing organic pollutants from water.7 A low recombination of charge carriers, 

tuneable band gap for promoting 

Photocatalysts are materials which produce strong oxidizing agents (superoxides and 

hydroxyl radicals) with electronic holes in the presence of water and UV or visible light. The 

hydroxyl radicals and superoxides help in removing organic pollutants from water.7 A low 

recombination of charge carriers, tuneable band gap for promoting the charge efficiently 

and a high surface area to absorb a broad spectrum of radiation are the essential 

requirements for an enhanced photocatalytic activity.8,9 Various metal oxide 

semiconductors10 are commonly used as photo catalyst materials. Among early photo 

catalysts, TiO2 was proven to be a potential metal oxide photocatalytic material for the 

degradation of organic molecules such as methylene blue, sulfosalicylic acid, etc.11,12 due to 

the high recombination rate of charge carriers and being the only ultraviolet light-driven 

catalyst, however, it is restricted for practical applications due to its wide band gap (3.2 eV). 

Economically, an efficient and cost effective photocatalytic system is usually required. As 

sunlight is a naturally available source of energy it can be used as a cheap energy source for 

meeting the cost requirements of industry. So, in practice, based on its widespread 

availability and being a natural energy source, solar light can be a potential energy source 

containing visible light for photocatalytic degradation. Thus, exploring economical photo 

catalysts that can work under visible light is the main objective of this study. Semiconductor 

based photocatalytic systems are getting more attention recently for the fast and efficient 

degradation of organic molecules. A lot of work has been done with various systems 

including LaFeO3, 13 YFeO3, 14 GdFeO3, 15 LuFeO3 (ref. 16) and PreFeO3 (ref. 17) for which 

good photocatalytic results have been reported. Bismuth ferrite BiFeO3 (BFO) is a well-

known perovskite multiferroic material exhibiting both ferroelectricity and 

antiferromagnetism at room temperature.18,19 BFO also responds actively to visible light, 
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attributed to its narrow band gap (2.2 eV)20 which further makes it an ideal candidate for 

the catalytic degradation of the organic pollutants.20 In addition, the magnetic nature of BFO 

makes its recovery from waste-water easy, and thus increases its recyclability potential. 

Areas such as the photocatalytic activity of BFO have been extensively researched in the 

context of various applications ranging from photolysis of methyl orange to methyl orange 

degradation.21–27 Due to the high recombination rate of photo-generated charge carriers (e-

–h+ pairs), the catalytic performance of bismuth ferrite is significantly enhanced. Therefore, 

increasing the photocatalytic effectiveness of BFO is another objective of this study. Several 

modifications to BFO are possible in this context. The BFO material can be synthesized in the 

form of nanoparticles with controlled size or shape,28 thin films,20 nanowires,28 and micro-

crystals.29 Meanwhile, the band gap of BFO can also be engineered via metal ion doping,30–33 

thus various hybrid structures can be fabricated with other suitable nanomaterials.34,35 The 

two-dimensional (2D) allotrope of carbon called graphene consists of a single sheet of 

carbon atoms arranged hexagonally with sp2 hybridization. Graphene has been proven to be 

a promising nanomaterial for various applications, attributed to its outstanding properties 

such as high electron mobility,36 very large surface area (theoretical surface area of 2600 m2 

g-1 ),37 excellent conductivity (5000 W mK-1 ),38 stability and mechanical strength (Young’s 

modulus ¼ 0.5 TPa).39 Graphene, in its composite form with other materials, has exhibited 

comparatively good photocatalytic activity against the pure form of these particles due to its 

high degradation ability for organic pollutants during waste water treatment.40–43 A high 

surface area is exhibited by single layer graphene. However, single layer graphene is very 

expensive and is difficult to prepare commercially. Moreover, the tendency of graphene 

nanosheets to re-agglomerate in dried single layer graphene reduces its commercial 

applications.44 Graphene nanoplatelets (GNPs), a low cost commercial product, are 

comprised of multilayers of graphene45 (10 to 30 layers or more) in the form of flakes, 

particles or plates. The GNPs have a thickness in the nanometer range, and are less 

vulnerable to defects. Although GNPs exhibit a relatively lower surface area than that of the 

single layer graphene, they offer a high interfacial area for manufacturing hybrid structures 

with other nanoparticles. When preparing a hybrid or composite, uniform dispersion is a big 

challenge and GNPs form a good stable dispersion in comparison to the single layer 

graphene which is more susceptible to curling up during dispersion shearing.45 Thus, the 
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GNPs are good nano-fillers for hybrid or composite formation with polymers or other 

materials.46 Recently, hybrid structures of GNPs with magnesium oxide (MgO) showed a 

higher photocatalytic performance under visible light for purifying waste water.47 Similarly 

the photocatalytic activity of ZnO/BFO was also reported48 and showed good results. The 

large surface area of the graphene sheets inside the GNPs significantly lowers the 

recombination rate of charge carriers with excellent carrier mobility.49 The presence of 

reactive edge-atoms and the low band gap energy also enable fast photo-degradation.50 The 

combination of all these properties makes GNP hybrids efficient photocatalysts as well as 

economically suitable for large scale applications. Here, lanthanum (La) and manganese 

(Mn) co-doped BFO nanoparticles, prepared by a modified sol–gel method, were further 

used to synthesize nanohybrid structures with GNPs. La and Mn are used for doping as they 

both have good photocatalytic properties compared to pure BFO and have already been 

reported.31,51,52 Furthermore, Mn doping also helps in reducing the band gap of BFO.53 A 

completely new hybrid system based on GNPs is introduced here and two variations are 

named based on their synthesis routes, namely by coprecipitation (namely the C-series) and 

hydrothermal synthesis (namely the H-series) routes. These nanohybrids were characterized 

to compare the structure and morphology of both the C and H series nanohybrids. A series 

of experiments was carried out in order to understand the photocatalytic activity of both 

series. The H-series nanohybrids showed more crystallinity as compared to the C-series 

nanohybrids which have more disorder due to the enhanced fusion of the graphene sheets 

inside the nanoparticles. Photoluminescence (PL) spectroscopy and X-ray 

photoluminescence spectroscopy (XPS) were also performed to analyse the recombination 

rate of charge carriers and the elemental composition of the nanohybrids, which helped in 

supporting the results of the photocatalysis. The C-series nanohybrids exhibited higher dye 

adsorption over the catalytic surface compared to the H-series but the H-series caused more 

photodegradation of the dye under visible light irradiation compared to the C-series 

nanohybrids.  

2 Experimental details: 

2.1 Materials: Graphene nanoplatelets (GNPs) (A-12, Graphene Supermarket), ethylene 

glycol (>=99%), bismuth nitrate (99% pure), iron nitrate (98.5% pure), acetic acid (>=99.5%), 
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lanthanum nitrate (98.5% pure), manganese nitrate (50% sol.) and Congo red were used as 

received. 

 2.2 BLFMO nanoparticle synthesis: Bismuth ferrite nanoparticles were doped with 5% 

lanthanum (La) and a variable amount of manganese (Mn) from 5–25% using a previously 

reported double solvent sol–gel method.31 The as-prepared series are named BLFO (La 

doped BFO), BLFMO-5 (Mn = 5%), BLFMO-10 (Mn = 10%), BLFMO-15 (Mn=15%), BLFMO-20 

(Mn = 20% Mn), and BLFMO-25 (Mn = 25%).  

2.3 Synthesis of GNP nanohybrids: 

2.3.1 Co-precipitation method (C-series): One gram of GNPs was dispersed in 1 L of 

deionized (DI) water. The molar dispersions (approx. 0.02 M) of BLFO or BLFMO 

nanoparticles were prepared in a 1: 1 solution of acetic acid and ethylene glycol under 

continuous sonication at 60oC for 2.5 hours. The GNP and BLFMO dispersions were 

combined at room temperature and were further sonicated for 15 minutes followed by 

magnetic stirring for one hour. The temperature was maintained at 85oC during mixing and 

the hybrid structures settled in the form of precipitates. The precipitates were washed 

multiple times with deionized water and altered through filter paper (Whatman 0.2 mm). 

The filtrate was dried overnight at 55oC in a drying oven.  

2.3.2 Hydrothermal method (H-series): The deionized water based dispersion (1 mg mL-1) of 

GNPs was prepared following the same protocol mentioned above. A 0.02 molar solution of 

BLFO or BLFMO nanoparticles was also prepared in deionized water using a sonication bath. 

Both dispersions were mixed together at room temperature and were further diluted with 

12 M potassium hydroxide (KOH) solution. The mixture was then transferred to an autoclave 

and was heated for 12 hours at 200oC in a heating oven. The sediment was then washed 

with deionized water multiple times and filtered through filter paper (Whatman 0.2 mm). 

The final product was then dried at 40oC for 12 hours in a drying oven.  

2.4 Characterization: 

Wide Angle X-ray diffraction (XRD) was performed on a Rigaku- 2500 with Cu-K radiation at 

a scanning rate of 1 per second. The XRD spectra were recorded in the 2q range of 20 to 60. 

The micrographs of platinum-sputter coated nanoparticles were obtained using a JEOL-
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7001F field emission scanning electron microscope (FESEM) at accelerating voltages of 1.5 

to 3 keV.  

2.5 Photocatalytic degradation study: 

The hydrothermally synthesized nanohybrids were used for the photocatalytic degradation 

application. A UV-vis spectrophotometer (Hitachi UV-3310) was used for the measurement 

of photocatalytic degradation and for recording the diffuse reflectance spectra (DRS) of the 

nanohybrids. Approximately 100 mg of the photocatalyst was dispersed in 100 mL of congo 

red (CR) dye solution (the initial concentration of the dye solution was 100 mg L-1) and 

stirred for 120 minutes in the dark. To avoid the thermal degradation of CR in solution, an 

ice bath was used and constant stirring was maintained.33A xenon lamp (300 W) was used as 

the visible light source, whereas a light emitting diode of 5 W was used as the ultraviolet 

(UV) radiation source. During the photocatalytic reaction, small samples of ~ 3 mL of the 

solution were periodically removed every 30 minutes, and centrifuged at 7000 rpm. The 

supernatant was separated by simply pouring it out from the top of centrifugal tube, and 

tested for the residual concentration of CR using a UV-vis spectroscope (Hitachi UV-3310) at 

maximum wavelength = 496 nm.31 The degradation efficiency can be determined by the 

following formula,  

Degradation (%)=(Co – Ct) /Co x100 

where Co is the initial dye concentration in solution and Ct is the concentration of dye at a 

specific time.54 

 The optical absorption coefficient followed the Kubelka– Munk function55 near the band 

edge which corresponds to (ahv) =A (hv - Eg) n/2. Here, A is a constant number, Eg is the 

band gap energy, h is Planck’s constant, and n is the light frequency. The optical band gaps 

for BFO, BLFO/GNP and BLFMO/GNP were obtained by plotting (ahv)2 versus the photon 

energy. The band gap energy (Eg) was obtained by extrapolating a straight line over the 

photon energy against (ahv)2 plot to the point where it becomes zero.  

3 Results and discussion: 

3.1 Structural analysis of the nanoparticles and nanohybrids: 
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The XRD diffraction patterns provide fundamental evidence regarding the quality of the 

available graphene. Fig. 1 shows a comparison between the XRD patterns of graphite and 

the GNPs. A strong diffraction peak (002) was observed at 26.40 for graphene corresponding 

to a d-spacing of 0.34 A0. A strong and narrow peak for graphite indicates the presence of a 

highly stacked structure. The particle size of graphite was calculated to be ~ 145 nm from 

the Scherrer analysis.56 On the other hand, compared to graphite, the GNPs exhibited no 

significant diffraction pattern. The inset in Fig. 1 shows an enlarged section of the GNP XRD 

pattern, showing a small diffraction peak at 26.40, corresponding to a particle size of ~ 35 

nm. A small graphitic peak exhibited by the GNPs further indicates the presence of some 

residual stacking in the GNPs. The intensity of the GNP peak is much lower than that of the 

graphite, attributed to the exfoliated nature and platelet structure of the graphene.  

 

Figure 1: XRD patterns of graphite and the GNPs. 

Assuming a perfect interlayer spacing of 3.37 Ao between graphene layers of ~1 nm 

thickness, a particle size of 35 nm means that approximately 24 graphene sheets are stacked 

in one GNP particle. Generally, graphene particles containing less than 10 graphene sheets 

are considered high quality graphene57 for high surface area applications such as polymer 

nanocomposites.58 In these applications, GNPs might not be as effective as high-quality 

graphene produced by thermal exfoliation and reduction of graphite oxide containing 4–5 

graphene layers.59,60 The effect of doping on the structure of the nanohybrids was studied 

using XRD. In this section, the XRD patterns for the Mndoped nanohybrids (Fig. 2a), the 

nanohybrids prepared via the co-precipitation method (also called C-series here) (Fig. 2b), 

and the nanohybrids prepared via the hydrothermal method (also called H-series hereafter) 
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(Fig. 2c) are discussed. The XRD patterns of the BLFO and BLFMO nanoparticles with various 

GNP loadings are shown in Fig. 2a. The labelled peaks ofbismuth ferrite corresponding to its 

primitive hkl planes, e.g., (012), (104), (110), (006), (202), (024), (116), (112), (018), and (214), match 

with JCPDS card no. 20-0169. The addition of La in BFO distorted its perovskite rhombohedral 

structure, and caused a decrement in the intensity of the peaks.61An impurity phase of Bi2Fe4O9 also 

appeared with La doping, and it was suppressed and vanished later due to Mn addition. With an 

increasing amount of Mn from 5% to 25%, Bi/Fe deficiencies were compensated, causing the 

removal of impurities. An overlapping of peaks was observed with an increasing concentration of Mn 

(BLFO to BLFMO), attributed to the complete  

 

Figure 2 XRD patterns of (a) the BLFO (La = 10%) and BLFMO (Mn = 5– 25%) nanoparticles, (b) the co-

precipitated BLFMO/GNP nanohybrids (C-series) and (c) the hydrothermally prepared BLFMO/GNP 

nanohybrids (H-series). 

phase transformation in the crystal structure from rhombohedral to orthorhombic.31 With 

the addition of Mn, the peak was shifted towards a larger angle up to Mn = 15%. 

Meanwhile, the lattice constant decreased due to the inverse relation between the d-

spacing and diffraction angle. The decrement in interplanar spacing is attributed to the 

replacement of Mn atoms with Fe atoms with an increase in dopant concentration since iron 

has a larger atomic radius than Mn.62 On increasing the Mn concentration above 15%, there 
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will be a negative shift in the peaks.31 Trapping of the Mn atoms and defect states are the 

main reasons for the broadening of the XRD peaks for the BLFMO-20 and BLFMO-25 

nanoparticles. Furthermore, the crystallite size is also reduced because of the strain 

produced inside the crystal lattice by the trapping of Mn atoms.63 

Fig. 2b contains the XRD patterns of the C-series nanohybrids. Similar diffraction patterns 

were observed for the doped BLFO and BLFMO nanohybrids. An intrinsic (002) graphitic 

peak was also observed for the GNPs in the hybrids which gives an indication towards the 

fabrication of the GNP based hybrid structure. A very small impurity phase of Bi2Fe4O9 was 

observed in the BLFMO-25/GNP hybrid structure. Overall, the intensity of the XRD peaks 

was lowered due to the lower periodicity because of incorporation of the disordered 

graphene sheets into the BLFO and BLFMO crystal structures. In addition, peak broadening 

was also observed in the GNP-based nanohybrids, attributed to the low crystallite size.64The 

particle size of the nanohybrids calculated from Scherrer’s formula ranged from 19.3 nm to 

23.5 nm. Moreover, the disjoining of peaks (104) and (110) in the BLFO/GNP, BLFMO-5/GNP 

and BLFMO-10/GNP hybrids shows a small distortion in the rhombohedral crystal 

structure.31 Similarly, the structure of the nanohybrids prepared via the hydrothermal 

method (the H-series) was studied by XRD, as shown in Fig. 2c. The (002) graphitic peak for 

the GNPs was observed to increase with increasing concentration of GNPs in the 

nanohybrids. The presence of narrow, high intensity XRD peaks further indicates that the 

nanohybrids have a more regular (periodic) and crystalline structure than that of the C-

series nanohybrids prepared by the co-precipitation method (see Fig. 2b) in which the 

crystallization process is delayed due to the enhanced fusion of graphene sheets at 

nucleation sites.65 Usually, the higher the crystallinity, the fewer the defects and the less 

disordering there is in the hybrid structure. Two small impurity phases of Fe2O3 and Bi2Fe4O9 

were observed in the BLFMO-5/GNP and BLFMO-25/GNP hybrid structures. As the H-series 

hybrids are more crystalline, the impurities are also in a more ordered form than those of 

the C-series hybrids which are disordered like the crystal structure. The calculated particle 

size for the H-series nanohybrids ranged from 22.5 nm to 26 nm. The slight positive shift in 

the (002) peak for the nanohybrids is attributed to the strain produced with the loading of 

BLFO and BLFMO nanoparticles inside the graphene layers.66 
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3.2 Morphological analysis: 

The morphologies of the GNPs and the nanohybrids were studied using a scanning electron 

microscope. Fig. 3 shows a transmission electron microscope image of graphene 

clearly visible. The SEM micrographs of the C-series nanohybrids are shown in Fig. 4. The 

white granular part (clearly visible at the interface) represents the BLFO or BLFMO particles, 

and the layered part shows the presence of GNP nanosheets in the multiphase nanohybrid 

structures. The presence of multiple phases further affirms the successful preparation of 

nanohybrids of BLFO/GNP and BLFMO/GNP. In the nanohybrids, the metallic nanoparticles 

are well dispersed on the surface as well as on the edges of the graphene nanosheets. The 

surface and edge distribution of the nanoparticles is hypothesized to give an icy transparent 

effect to the hybrid structure. The dispersion of the BLFO nanoparticles was more 

homogeneous on the graphene sheets (Fig. 4a). However, agglomeration of the BLFMO 

nanoparticles occurred during attachment onto the graphene sheet. The agglomerated 

clusters of BLFMO nanoparticles have irregular shapes (Fig. 4b–d), and the agglomerate size 

increased with Mn loading. We also studied the morphology of the nanohybrids prepared 

via the hydrothermal method (H-series) using FESEM (Fig. 5). In the BLFO/GNP hybrids, the 

BLFO nanoparticles are evenly distributed on the surface of the graphene nanosheets so 

that no portion of the graphene is visible in the SEM micrographs (Fig. 5a). On the other 

hand, the BLFMO nanoparticles also showed better dispersion and distribution on the 

graphene surface (Fig. 5b–e). Increasing the concentration of Mn stillproduced agglomerated 

clusters, which were smaller than those observed from the co-precipitation method. 

 

Figure 3: TEM image of the graphene nanoplatelets (GNPs) 
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Figure 4: Morphology of the C-series nanohybrids: (a) the BLFO/GNP nanohybrids, and (b–d) the BLFMO/GNP 

nanohybrids with increasing GNP concentration. The inset in (d) shows large clusters of nanoparticles. 

TEM images for the BLFMO/GNP nanohybrid structures of the C-series are shown in Fig. 6. The 

spherical nanoparticles of BLFMO, connected at the interfaces and distributed over the GNP layers in 

the form of clusters, are clearly visible in the TEM images, which verifies the presence of both phases 

 

 

Figure 5: Morphology of the H-series nanohybrids: (a) BLFO/GNP, and (b–e) the BLFMO/GNP nanohybrids with 

increasing GNP concentration. The insets in (d) and (e) show well distributed nanoparticles over the GNP layers 

with small clusters at higher magnification for comparison only 
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Figure 6: TEM images of the BLFMO/GNP nanohybrids of the C-series at 200 nm at (a) x20 and (b) x40 

resolution. 

(nanoparticles and sheets) inside the nanohybrids. The particles inside the C-series 

BLFMO/GNP nanohybrids are in the form of clusters and are also visible in the SEM images. 

Due to overlapping of the nanoparticles, it is very hard to see the separate spherical 

nanoparticles over the GNP layers. The estimated particle size from the TEM images of the 

C-series BLFMO/GNP nanohybrid (using the software ImageJ) is ~ 31 nm. The XRD and 

morphological study of the nanohybrids produced via the hydrothermal method show that 

the H-series is more crystalline and has more controlled growth compared to the C-series in 

which the crystal structure is disordered due to the enhanced growth of the nanoparticles 

over the graphene sheets. In the following sections, the H-series and C-series nanohybrids 

have been subjected to photocatalytic activity experiments. 3.3 Band gap analysis and 

photocatalytic activity of the nanoparticles/GNP nanohybrids Diffuse reactance 

spectroscopy was utilized to study the optical band gap in the nanoparticle systems. The UV-

vis 
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Figure 7: UV-vis absorption spectra of pure BFO, BLFO/GNP and the BLFMO/GNP nanohybrids; inset: 

calculation of their respective bands 

absorption spectra of the BLFO/GNP and BLFMO/GNP nanohybrids are compared to that of 

pure BFO and are shown in Fig. 7. At first, there is less optical absorption for the BLFMO/ 

GNP nanohybrids compared to pure BFO in the ultraviolet region. An overlap occurs at 

around 550 nm and the optical absorptions for the BLFMO/GNP hybrid structures increase 

in comparison to that of pure BFO in the visible region. The increase in optical absorption in 

the visible range enables the BLFMO/GNP nanohybrids to perform better as visible 

lightdriven photocatalysts. The optical band gaps for BFO and the BLFMO/GNP nanohybrids 

were also calculated (shown in the inset of Fig. 7). The obtained band gap for BFO is 2.04 eV 

which is quite like previously reported results.21,22,30 The band gap, which is slightly 

decreased with the doping of Mn inside the BFO nanoparticles, is estimated by drawing a 

straight line over the (ahv) 2 vs. energy plot. Finding where the straight line meets the x-axis 

gives a value of ~ 1.04 eV for BLFMO-25/GNP. In this case, because of slight changes in 

optical absorption, it was a bit difficult to compute the onset of the drop in optical 

absorption for the other nanohybrids. Thus, the band gap is a bit difficult to approximate 

using the straight line method. The decrease in band gap is attributed to the enhanced 

photocatalytic activity of BFO.67the photocatalytic efficiencies of the nanohybrids were 

studied by measuring the degradation of congo red (CR) in aqueous solution under visible 
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light irradiation. Fig. 8 shows the photodegradation efficiencies of the H and C-series 

nanohybrids versus irradiation time. The lower the remaining concentration of CR in 

solution, the higher the photocatalytic activity of the catalytic system. The pure BFO 

nanoparticles (1 mg mL-1) showed approximately 40% degradation of CR in 120 minutes. On 

the other hand, surprisingly, the addition of GNPs inside BLFMO nanoparticles enhanced dye 

adsorption over the surface of the BLFMO/GNP nanohybrids in the dark. In the H-series 

nanohybrids, BLFMO-15/GNP, BLFMO-20/GNP and BLFMO-25/GNP adsorb 36%, 65% and 

54% of dye molecules over their surfaces while under visible light, respectively, and they 

degrade 19%, 11% and 9% of the dye molecules, respectively, as shown in Fig. 8a. Hence, 

the surface adsorption and photocatalytic degradation together give the total removal of 

the organic dye from the aqueous solution. The total removal of the organic dye for BLFMO-

15/GNP, BLFMO-20/GNP and BLFMO- 25/GNP is 55%, 76% and 63%, respectively. The 

catalytic activity of the C-series nanohybrids is shown in Fig. 8b. The surface adsorption of 

dye molecules is significantly enhanced in the C-series nanohybrids compared to that of the 

H-series nanohybrids. The adsorption of the dye over the surface of BLFO/GNP, BLFMO-

5/GNP, BLFMO-15/GNP and BLFMO-25/GNP is 92%, 70%, 67% and 62%, respectively. The 

photodegradation of the organic dye by BLFO/GNP, BLFMO-5/ GNP, BLFMO-15/GNP and 

BLFMO-25/GNP is 4%, 12%, 9% and 8%, respectively. The total removal of dye by BLFO/GNP, 

BLFMO-5/GNP, BLFMO-15/GNP and BLFMO-25/GNP is 96%, 82%, 76% and 70%, 

respectively. The complete catalytic activity mainly depends upon the surface adsorption 

over the catalyst surface which is comparatively higher for the C-series nanohybrids than for 

the H-series. The complete dye removal took 120 minutes for the H-series nanohybrids 

while it only took 60 minutes for the C-series BLFMO/GNP nanohybrids. The highest dye 

removal is for the BLFO/GNP nanohybrid structure of the C-series which occurs in 30 

minutes due to the highest adsorption of dye over the catalyst surface. This adsorption of 

dye is due to enhanced graphene fusion inside the BLFO nanoparticles. As the GNP 

dispersion was sonicated for longer in the C-series than in the H-series, the exfoliation of 

graphene layers is greater in the C-series which results in higher graphene yield in the C-

series. Hence, the enhanced graphene incorporation in the C-series nanohybrids causes 

more organic molecule adsorption over the catalyst surface. In the following section, 
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photoluminescence (PL) and X-ray photoelectron spectroscopy are performed which 

support the results of photocatalytic activity.  

 

Figure 8: Photocatalytic efficiencies of BFO and the BLFMO/GNP nanohybrids from (a) the H-series and (b) the 

C-series in the removal of congo red dy 

3.4 Photoluminescence spectra of the C-series nanohybrids 

The photoluminescence spectra show the recombination rate and charge separation inside 

the photocatalysts. The higher the intensity in the PL spectrum, the higher the 

recombination rate of charge carriers,47 hence the photocatalytic degradation efficiency is 

lowered. Graphene, being a good trapping site for electrons, helps the efficient charge 

separation after loading of the graphene nanoplatelets. The PL peak intensity is usually 

reduced which results in efficient charge transfer over the catalyst surface.48 The PL spectra 

of the C-series nanohybrids are shown in Fig. 9. Among the C-series nanohybrids, the PL 

peak intensities are lower for BLFMO-5/GNP and BLFMO-15/ GNP as compared to those of 

BLFMO-25/GNP and BLFO/GNP. The lower PL intensity shows a low recombination rate of 

charge carriers because the graphene acts as a trapping site for electrons which promote 

efficient separation among photocarriers. Hence, the low recombination rate provides a 
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greater dye degradation efficiency of the photocatalyst which is consistent with the 

photocatalytic results.  

3.5 X-ray photoelectron spectra of the C-series nanohybrids 

The XPS spectrum of the C-series nanohybrids is shown in Fig. 10a. The XPS spectrum shows 

the detailed elemental composition of the BLFMO/GNP hybrid structure in which all the 

chemical bonds corresponding to Bi, La, Fe, Mn, C and O give prominent peaks at their 

binding energies of 159 eV, 840 eV, 710 eV, 683 eV, 285 eV and 530 eV, respectively.68–70 

The main peaks corresponding to bismuth, carbon and oxygen are also shown separately in 

Fig. 10b–d. The oxygen peak for the GNPs is usually of low intensity (it almost vanished due 

to graphene reduction71) but due to introduction of bismuth ferrite in the hybrid structure, 

two oxygen peaks exist (shown in Fig. 10c) and the intensity is also high compared to that of 

pristine GNP. The intense carbon peak (shown in Fig. 10d) represents the sp2 hybridized 

carbon network of graphene70 present in the pristine GNPs. There is no other peak related 

to C 1s due to the removal of all other additional functional groups (C–O, C–H and COOR) 

from the GNPs during the reduction process. A peak for OKLL appeared at around 970 eV 

which represents the oxygen vacancies created during charge compensation during BFO and 

graphene reduction 

 

Figure 9: Photoluminescence spectra of the C-series (BLFMO/GNP) nanohybrids 
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Figure 10: X-ray photoelectron spectra of the C-series (BLFMO/GNP) nanohybrids 

 

3.6 Brunauer–Emmett–Teller (BET) measurement of a C-series nanohybrid 

The BET measurement is also performed to check the surface area of the C-series BLFO/GNP 

nanohybrid. The nitrogen adsorption–desorption curve for surface area measurement is 

shown in Fig. 11. The specific surface area of BLFO/GNP is 55 m2 g-1. The higher surface area 

is due to GNP loading inside the BLFO nanoparticles which enables it to enhance dye 

adsorption over the material surface. The adsorption curve is a type IV curve showing the 

existence of mesopores and type H3 hysteresis.72The calculated pore volume and the 

average pore diameter are 0.184 cm3 g-1 and 13.32 nm, respectively. The enhanced surface 

area shows the existence of a multichannel structure inside the nanohybrid which enables 

fast mass transportation and more light harvesting due to increased absorption, scattering, 

multiple light reflections and gas diffusion inside the material’s pores.73,74 The presence of 

mesopores and macro-channels also helps to trap more dye molecules over the hybrid 

surface. Hence the effect of multiple light reflections and adsorption over the surface 

together enhance the photocatalytic activity of the nanohybrid which results in fast dye 

degradation. 
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Figure 11: Nitrogen adsorption–desorption curve for surface area measurement of the C-series (BLFO/GNP) 

nanohybrid 

3.7 Proposed mechanism 

Based on the above discussion, a schematic illustration of the photodegradation 

phenomenon is depicted in Fig. 12. The electron and hole generation in the conduction 

band (CB) and valence band (VB) is shown to be strongly related to the positions of the CB 

and VB. Mulliken electronegativity theory is used to calculate the CB and VB potentials.75,76 

The following expressions are used for the calculations of the respective potentials:  

EVB = X – Ee + 0.5Eg(1) 

                                                ECB = EVB - Eg(2)  

where EVB and ECB are the potentials of the valence and conduction bands, respectively, X is 

the absolute electronegativity of the semiconductor and Ee is the free electron energy on 

the hydrogen scale which is ~ 4.5 eV. X is obtained by taking the arithmetic mean of the first 

ionization energy and electron affinity of the constituent atoms,75,77 which is 5.9 eV. The 

calculated potentials of the VB and CB are 2.42 eV and 0.38 eV, respectively. The band gap is 

reduced due to Mn loading in BFO. Since manganese (Mn2+) ions replace iron (Fe3+) ions at B 

sites, donor impurity levels are formed above the conduction band53 in BLFMO, and hence, 

by decreasing the CB total, the band gap is also reduced. The electron–hole pair generation 

under visible light irradiation inside the CB and VB helps in the breakdown of organic 

molecules with the generation of water molecules (H2O) and carbon dioxide (CO2) as by-
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products. The degradation mechanism can be divided into three main steps: (1) high energy 

photon absorption over the surface of the photocatalyst; (2) the generation of photo  

generated charge carriers, their separation and transfer or recombination; and (3) the 

photochemical reactions over the surface of the photocatalyst.33 The higher photocatalytic 

activity of BLFMO-20/GNP might be due to the wider absorption of photons, low rate of 

electron–hole recombination and enhanced redox reactions over the surface. The photo-

excited BLFMO/GNP nanohybrid helps in the generation of electron–hole pair charge 

carriers (eqn (3)). Graphene sheets (being strong e-acceptors42) inside the GNPs act as 

trapping sites for electrons and produce a sufficient separation78 between 

 

Figure 12: Schematic of the general mechanism involved in the photocatalytic activity of the BLFMO/GNP 

nanohybrids 

charge carriers and their efficient surface transfer (eqn (4)). These electrons convert oxygen 

(O2) into peroxide (O2
-) radicals (eqn (5)). Water molecules in the aqueous solution are 

converted into OH+ by the promotion of electrons in the catalyst (eqn (6)). Both the O2 and 

OH+ species play an active role in degrading the CR into CO2 and H2O (eqn (7) and (8)). This 

whole phenomenon is expressed by the following equations: 

  BLFMO/GNP + hn   e- + h+      (3) 

e- + GNP   e - (GNP trapping sites)     (4) 

e - (GNP trapping sites) + O2    O2
-     (5) 

h+ + H2O    OH+       (6) 

OH- + CR    CO2 + H2O (degradation by-products)   (7)  

O2
- + CR    CO2 + H2O (degradation by-products)   (8)  
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4 Conclusions: 

 The BLFO and BLFMO nanoparticles were successfully synthesized via a modified sol–gel 

method. The BLFO/GNP and BLFMO/ GNP nanohybrids were fabricated via co-precipitation 

and hydrothermal methods (namely the C and H-series, respectively). The XRD patterns and 

SEM images show that the H-series nanohybrids are more crystalline and ordered compared 

to the C-series nanohybrids. The Mn loading in the BFO nanoparticles reduces the band gap 

of the nanohybrids due to the introduction of impurity energy levels. XPS verified the 

elemental composition of the nanohybrids. The overall dye removal (surface adsorption + 

photo-degradation) is higher for the C-series nanohybrids (92%) compared to that for the H-

series nanohybrids (76%), which is attributed to the higher surface area (55 m2 g-1) of the C-

series nanohybrids. The total catalytic activity depends upon the surface adsorption of the 

dye over the catalyst surface in the dark. The enhanced dye removal of the as-prepared 

porous structure with a low cost and easy synthesis route makes the BLFMO/GNP 

nanohybrids more suitable for future industrial applications. 
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