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Editorial Note

[ am extremely delighted to publish a special issue of the journal of Metallurgy and
Materials Science on "Advanced Materials" to commemorate the completion of 70 years
of CSIR-National Metallurgical Laboratory (NML).

The Journal of Metallurgy and Materials Science (JMMS), is one of the oldest journals
among Indian Metallurgical Journals, first published in 1959, Dr. Balraj Nijhawan, the
first Indian Director of the laboratory, conceived the idea of publishing a scholarly
journal in the fields of metallurgy and materials science. This Journal was earlier known
as the NML Technical Journal and in 2000, it was renamed as the Journal of Metallurgy &
Materials Science. |[MMS aims to provide a forum for communication among
metallurgists and materials scientists. All the important indexing and abstracting
services of the world devoted to materials science take cognizance of this journal.

Iam thankful to Dr. Arvind Sinha, Chief Scientist, CSIR-NML, for his co-ordination as the
Guest Editor, in bringing out this special issue on "Advanced Materials", in which the
state-of-the-art R&D knowledge by eminent researchers working in this field are
documented. | acknowledge with gratitude all the authors featured in this issue, for
contributing their research experiences and knowledge.

I sincerely acknowledge the contribution of the editorial advisory board members and
the editorial team for their editorial services for improving the technical content and

overall presentation of this journal.

Indranil Chattoraj
Editor-in-Chief
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Foreword

1 am delighted to pen this foreword for the special issue on Advanced Materials of the Journal of Metallurgy
and Materials Science (JMMS), brought out in the 70th anniversary year of CSIR- National Metallurgical
Laboratory. My heartfelt thanks to all the authors of the papers published in this special issue, who accepted
our invitation and submitted their manuscripts within a short duration during the unprecedented testing
times of the pandemic Covid-19.

Materials are at the heart of technology based growth of contemporary society, ensuring a good quality of
socio-economic life while covering the spectrum from impliments to implants. Scientific developments
in the field of matenals leading to the advent of Functionally Advanced Materials, vis-a-vis conventional
materials. has not only been possible by diffusing the artificial boundaries among different scientific
disciplines. it has also made “materials” an important tool for addressing and solving problems associated
with “grand challenges™, be it energy, safe drinking water, health, resource depletion or safe environment.

The present issue of the journal reports the role of advanced and functional materials in the fields of health,
environment and energy, highlighting advancement made both in conventional (metals, alloys and bio-
ceramics) and non-conventional advanced materials (nanomaterials, hydrogels, graphene and other 2d
materials), processed conventionally as well as by non-conventional methods.

I once again express my gratitude to all the contributors for their cooperation.

Ao
(Arvind Sinha)
Chief Scientist
CSIR-National Metallurgical Laboratory
Jamshedpur 831007, India
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The role of nanomedicine in the treatment of osteosarcoma and in the prevention of
infections

ADA TAYMOORI' and THOMAS WEBSTER*

INortheastern University, Boston, MA 029115 USA

*Ph D, Professor, Art Zatiropoulo Chair in Engineering, Chemical Engincering, Northeastern University, Boston, MA
020115 USA

Abstrace: Osteosarcoma is the most common bone cancer in children and the third most common cancer in
adolescence. The current survival rate for osteosarcoma is 60-70% which has not improved over the past two
decades. The treatment ot osteosarcoma is complicated by cytotoxicity and side effects of various therapeutic
drugs and osteosarcoma can also be accompanied with infection which can happen post-surgical resection or
can be associated with implants causing graft rejection. The goal of utilizing nano-medicine in the treatment
of osteosarcoma is to take advantage of nanocarriers for specific targeted drug delivery to cancer cells and to
lower the negative impact of drugs on normal cells. Further, nanoparticles can prevent infections in patients. In
this paper. We review specific nanomaterials, various micelleplexes, and their role in targeted drug delivery to
asteosarcoma cells. We will also review the anti-cancer effect of nanoparticles that should replace chemotherapy
in the future. This paper also reviews the role of nanoparticles in passive and active targeting of osteosarcoma
cells and the role of nanocomposites in cancer treatment and infection prevention in the osteosarcoma.

Keywords: Nanomedicine, Nanoparticles, Osteosarcoma, Nanocarriers, Micelleplexes, Active Targeting, Passive
Targering

OSTEOSARCOMA: A DEBILITATING CANCER PREVALENT IN CHILDREN

Osteosarcoma (OS) is the most malignant bone cancer in which immature bone cells (in osteoids) are produced
by tumor cells. Although OS is a rare bone tumor with a global incidence of only 3.4 cases per million people per
vear, 1t is the most common bone cancer in children and the third most common cancer in adolescence. From the
1000 new cases of osteosarcoma diagnosed each year in the United States®, 450 occur in children. OS is the most
common in the second decade of one’s life. Further, the current survival rate for OS is about 65%. 151 70% of
cases show chromosomal abnormalities and a few cases have cell cycle regulation defects. Mutations in tumor-
suppressor genes and DNA helicases show abnormalities in OS. tumor samples.'¥ What makes OS even more
detrimental is that it is often a secondary cancer type where cancer from other parts of the body often metastasize
10 bone, making treatment and recovery even more complicated.

CURRENT 0S DIAGNOSIS

For every bone lesion, the imaging protocol to determine if OS exists starts with X-ray analysis and is followed
up by MRI imaging and CT scans. The X-ray protocol includes at least 2 angles and each X-ray must show two
adjacent joints on two sides of the lesion. OS on an X-ray image appears as an ill-defined lesion usually in the long
bones, arising from the metaphysis of bone, including osteoblastic and osteolytic areas, with a periosteal reaction
and soft tissue mass!??)

MR] Imaging is used to evaluate the soft tissue mass, the extension of the tumor and possibly bone marrow
"Vasions along with neurovascular structures. CT scans can reveal cortical invasion, fracture sites and the extent
of involvemeny and metastasis 1. The final diagnosis of OS is through a biopsy.

a

Cory
¢
*Ponding Author - email- ada.mty. md@gmail.com
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Fig L g :::un:(;x:;w;;::::::ejzkzl 0/;;1;53 by Mohanty et al demonstrating the promise of nanomaterials to improve osteosarcoma diagnosis,
Nanoparticles have provided new aspects for the usability for MRI imaging in research and visualization of
ic macropbage response to immunotherapy in osteosarcoma. CD47 monoclonal antibodies (mAbs) induce a0
immunological response by activating tumor-associated macrophages (TAMs) through which TAMs will be able
10 rcmovc'osteosarAcoma cells through phagocytosis. These immunological responses to CD47 antibodies have
to be monitored with specific diagnostic tests to prove the efficiency of CD47 mAbs. For example, Mohanty et
al. used kcrumoxytol, a nanoparticle, as a contrast agent that could be phagoc tosed.b TAMs znd be detected
by MRI (’f'gUft 1). Ferumoxytol-enhanced MR] successfully detected TAN% I g S g CD47 mAbs in mous¢
models of OS and was suggested to be used in clinical trials to monitor CD47e:1Tt[:qsiict:tmcnl““' 7l

A.  The study started vis for Fipure | g L ‘
y s for Figure | subcutaneous injection of human osteosarcoma tumor cells 0 mouse

models. After the detect ' s with hi -
detection of tumors with bioluminescent imaging, control antibodies and anti-CD47

[ §0)
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THE ROLE OF NANOMEDICINE IN THE TREATMENT OF OSTEOSARCOMA....

mAbs were given to the control

and case groups, respectively. Ferumoxytol-enhanced MRI was
performed on days 5, 6 and 10.

B. T2-Weighted MRI images of osteosarcoma in mice treated with the control or CD47 mAbs. The tumor
is bright (hyperintense) in pre-contrast MR] images whereas after administra

tion of ferumoxytol, the
tumors seem hypo-intense enhancement (dark, red arrows),

Tumor MRI enhancement is measured by T2 relaxation time. The T2 relaxation time is significantly

shorter in CD47-treated tumors on ferumoxytol-enhanced images, showing that the ferumoxytol
enhanced MRI is more efficient in detecting the tumor response to CD47 antibodies.

D. Tumor sizes on day 10, as represented by ferumoxytol-enhanced MRI scans, were significantly lower

in the group treated with CD47 mAbs compared to the control group 26,

Photo credited to Mohanty et al., 2019 28],
CURRENT OS TREATMENT

The American Cancer Society recommends OS treatment based on its extent of growth in the body. There are

several factors involved in choosing the best treatment method for OS including extent of growth, grade, location,
the person’s age, overall health and accompanying conditions.

The extent of OS is referred to as its ‘spread’ which is determined through staging the cancer. Staging is done

physically through exams, imaging, lab tests and biopsies. The goal is to determine how much cancer is in the
body. how far it has spread and what organs are involved.

The simplest level of staging is by categorizing OS into localized and metastatic as described below:

Localized OS. OS is considered localized if it is limited to the bone from which it started based on radiology
images and biopsies, with the possibility of extension to the tissues immediately adjacent to the bone such as
muscles, tendons and fat tissues. Most of the cases of OS sarcoma start as a localized cancer. However, since in
every patient, there is a possibility of long distance metastases that are not visible in imaging studies and are not
immediately detectable through lab tests, conventional chemotherapy is a main part of the treatment.

Surgical Treatment for Localized OS. Surgical treatment for localized OS depends on whether the cancer is
resectable or non-resectable. If the entire visible tumor can be removed by surgery, it is a resectable tumor. Non-
resectable tumors are the ones that cannot be completely removed by surgery.

Metastatic O, When OS spreads to other parts of the body, the treatment and prognosis will be more challenging.

The most common sites for OS metastasis are other bones, lungs and the brain. Unfortunately, 1/5 of all OS have
long distance metastasis at the time of diagnosis.

STAGING AND GRADING OF 0S8

N Slage can be determined by a physical exam, imaging and biopsies. It is a systematic system to classify the
cancer based on how far it has spread. Based on the Musculoskeletal Tumor Society (MSTS) staging system, also
1OWn ag the Enneking system, 3 factors are used to determine the stage of osteosarcoma:

I The Grade (G) of the tumor; Tumor grade is determined under the microscope. Tumor cells can be

Classified as low-grade and high-grade. Low-grade tumor cells are closer in appearance to normal cells
and usually have a lower chance to metastasize quickly. High-grade tumor cells are more abnormal and
represent a tumor that can spread fast.

I MET S
T MATER sC. v, 62, No. 3-4, 2020
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2 The extent of the primary tumor (T): Classified as intracompartmental or extracompartmental_
Intracompartmental tumors remain in the organ or structure where they formed, while extra Compartmenty)
tumors are the ones that extend to nearby structures.

3 Metastases (M): Meaning whether the tumor has spread or is nearby or farther away from organs. Tumors
with no metastases to any nearby or farther away organs or lymph nodes, are considered Mo, whereag

tumors that have spread locally or over a long distance, are classified as M1.

The staging of a tumors uses Roman numerics. Stages [ and 11 are divided into A (intracompartmental tumor) anq
B (extracompartmental tumors) (American Cancer Society, 2020) (Table 1).

Table 1.
Stage Grade Tumor Metastasis |
e Tmaw el TI Mo
1B Gl T2 MO
A G2 Tl Mo ‘
1IB G2 T2 MO
I I Nd—
11 Gl orG2 T1orT2 Ml ‘

Osteosarcoma Staging.

Credited to the American Cancer Society.

Chemotherapy Regimens for OS

Despite the existence of some low-grade variants, most OSs are highly malignant. There are multi-modal
treatment regimens for high grade OS, and specifically, preoperative chemotherapy has improved the prognosis
and achieved a long-term survival in 2/3 of the patients ™. Prior to the introduction of chemotherapy in the 1970s,
the treatment for OS was limited to surgical resection which led to a <20% cure

rate in patients. The leading cause
of mortality in patients who underwent surgical resection without chemotherapy was lung metastasis. After the
introduction of chemotherapy,

the use of a combination of surgery and chemotherapy has led the 5-year survival
rate to reach 70%.

This rate of survival has not improved over the past two decades and the majority of survivals
are among pediatric patients. The prognosis for adults remains poor 2],

The chemotherapy regimen for high-grade OS usually has a duration of 6-12 months. Doxorubicin is a main
chemotherapeutic component of this treatment regimen along with Cisplatin and high-
major concerns with the current chemotherapy regimen (despite its achievem
increasing the survival rate from 20%

dose Methotrexate. The
ents in improving the prognosis and
before 1970s to 70% mostly in pediatric patients today®”) is the toxicity
associated with each of the mentioned drugs. Doxorubicin’s use must be limited and closely monitored because of

its cardiotoxicity while Cisplatin has shown some renal toxicity and high doses of Methotrexate has the potential
of life-threatening toxicity but it is usually tolerated by younger patients. ! Other complications of chemotherapy
include the suppression of bone marrow cell growth, inflammation of mucosal surfaces, impaired renal function,
cardiotoxicity and hypomagnesemia which can lead to arrhythmia, hearing loss, gonadal dysfunction and
ultimately, infertility."”’ In approximately 1/3 of patients who have a complete positive response to treatment, 8
relapse can occur. For example, in a study that followed up on 37 patients with localized OS of the extremities
and relapsed, unfortunately, 31 patients died (29 within 6 years of the recurrence and 2 more than 6 years from
the recurrence). 6 of the 37 patients with an OS relapse lived between 6-24 years from the first recurrence and
5 of them lived disease free for this period of time and 1 with the disease, 1) Therefore, for OS, metastasis and

4 ). MET. MATER SC., Vol. 62, No. 3-4, 2020



THE ROLE OF NANOMEDICINE IN THE TREATMENT OF OSTEOSARCOMA

recurrence of a bone tumor at the site of resection are two major challenges in the treatment of OS and in the
patient’s prognosis.

On the other hand, the plateau of a 60%-70% r
chemotherapy drug resistance ', The relativel
he survival rate since the 1980s, point to

ate‘ of a S-year survival in OS for the past 2 decades is related to
y high chance of distant metastases and a lack of improvement in

a strong need for new technologies for drug delivery and this need is
undeniable.

Another serious concern in the treatment of OS is postoperative infection and how it can affect the survival in
OS patients. In general, post-treatment complications in OS include infection, local recurrence, wound infection,
pathological fractures, and prosthetic loosening. The incidence of infection in OS patients is 5.3-13% making it
a major complication. These infections can have a range of severity from mild to very severe and deep infections
arc the cause of readmission, revision surgeries and amputations. According to the association of postoperative
infection and improved survival in osteosarcoma patients, although postoperative infections in osteosarcoma
patients can be associated in prolonged survival, the quality of life and outcomes remain controversial .

THE DEFINITION OF NANOTECHNOLOGY IN MEDICINE AND ITS ROLE IN IMPROVING THE
SURVIVAL RATE AND QUALITY OF LIFE
Nanotechnology involves the application of particles in the nanoscale regime (1-100 nanometers) to create new

solutions for all different scientific fields including medicine, chemistry, physics, agriculture and different areas of
N y (28]
engineering =,

Nanomedicine or the implication of nanotechnology in medicine is a progressive field with high potential in
research and medical technology and treatment as nano-materials and nano-devices have been well studied in vitro
and in vivo. Nanoparticles can be used for targeted drug delivery, especially where drug delivery is challenging
such as across the blood brain barrier or across the placenta. Nanoparticles can be used as drug carriers not only
to transter drugs across more specific biological barriers but to protect healthy cells from the side effects of drugs

by improving bio-distribution of drugs. Nanotechnology can also be used in the regenerative medicine and in
manufacturing implants resistant to infections 2.

Nanotechnology may be that answer to what has complicated the treatment and the survival rate of OS.
Nanotechnology has provided the possibility of loading high doses of drugs and other molecules into nanocarriers
that are capable of targeting specific receptors on cells and even entering the cells to release its drug payload.

These methods, by specific targeting and by lowering the required dose of the drugs can increase drug efficiency
and reduce side effects .

Most importantly, the successful delivery of chemotherapy drugs and RNAI are challenges that can be addressed
by utilizing micelleplexes. Micelleplexes are complexes of cationic amphiphilic blocks copolymers with a
micelle-formed configuration. Genetic materials such as nucleic acids (NAs) including plasmidic DNA (pDNA),
smal] interfering RNA ( siRNA) and micro RNA (miRNA) can be loaded into micelleplexes as the nanocarrier to
deliver NAS 0 osteosarcoma cells ¥, Micelleplexes are attracting attention as successful nano-platforms for the
effective and targeted delivery of NAs and chemotherapy drugs "l

Several nanoparticles have been used to optimize the treatment of OS (Table 2), including but not limited to:

I- Alendronate-modiﬁed polydomaine-coated paclitaxel nanoparticles:

Paclitaxel (p X) is an approved medicine for several types of cancer, however, there is not enough evidence to
Prove jig efficacy for the treatment of OS. Nevertheless, PTX was used by Leo and his team as a model drug

IMET war
MET MATER SC., Vol 62, No. 3-4, 2020 5
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for the targeted treatment of OS cells in vitro. The efficacy of P'TX is limited by its l(?w bioavailability and p
toxicity and low water solubility. However, in the above men.tloned study, nanocacflflef:hwerle ;reateq for PTX
These nanocartiers were made by synthesizing new nanopartch.es that were coated with poly opam.me (PDA)
and then alendronate (ALN) was grafted to them as a ligand with an afﬁm.ty for OS cells.. The.COn_Jugation of
PDA-NPs with ALN ligands created nanocarriers for PTX. These nanoparticles s.howed higher In vitro affinity
and cvtotoxicity for K7M2 OS cells. They also showed lower side effects and a higher therapeutic efﬁcacy than
PTX :"tlone (82.51% vs 66.63%). The authors concluded that PTX-PDA-ALN-NPs could be a potential drug for
the treatment of OS ™,

2 - Gold nanoparticles:

Gold nanoparticles (AuNPs) have shown size-dependent cytotoxicity on OS cells. Tpe cytotoxicity and uptake of
gold nanoparticles can vary based on their size. Ina study focused on gold nanoparticles of 40-60 nm, increasing
Ihe concentration of the 46 nm AuNPs enhanced apoptosis in MG63 cells. This enhancement in apoptosis was
achieved by the disruption of mitochondrial membrane potential. Higher cancer cell death rate was observed for

the 46 and 60 nm AuNPs compared to 38 nm at 200, 400 and 800 ng/ml concentrations. Cellular apoptosis was
assessed by surface enhanced Raman scattering (SERS) ™.

3 - Tangeretin-assisted platinum nanoparticles:

Doxorubicin (DOX) is a common chemotherapeutic drug for the treatment of OS. Its severe side effects though,
still limits its use. The anticancer activity of a combination of platinum nanoparticles (PtNPS) and DOX on
human OS epithelial cells (U,0S) was investigated. The combination of PtNPS characterized by tangeritin and
DOX significantly lowered U,OS viability and proliferation in a dose-dependent manner. This combination also

increased lactate dehydrogenase leakage, reactive oxygen species (ROS) generation, and caused mitochondrial
dvsfunction detectable by a reduced mitochondrial membrane potential (MMP)!12,

4 - Hydroxyapatite nanoparticles:

Hydroxyapatite nanoparticles (nano-HAPs) synthesized by Wang and colleagues, reduced the viability of OS-
732 cells 1n mouse tumor models and decreased the migration and invasion of normal cells in vivo. The down
regulation of OS-732 cells by nano-HAPs was achieved by slowing the FAK/PI3K/Akt signaling pathway (a

signaling pathway activated by the platelet-derived growth factor). This study showed the efficacy of nanoHAPs
1n suppressing OS-732 cells in vitro and in vivo 142,

Table 2
NPs Role Effect Reference
PTX-PDA-ALN- Nanocarrier for PXT Lower side effects and higher efficacy than (36]
NPs PTX alone (82.51% vs 66.63%).
AuNPs Anti-cancer nanoparticles | Size-dependent cytotoxicity on OS cells. (37]
PINPS Nanocarrier for DOX Reduced U,0S viability & mitochondrial (38]
dysfunction in MG63 cells.
nano-HAPs Anti-cancer nanoparticles | Reduced 0S-732 cells viability, migration [39]
‘ and invasion.
e T 3 e s
| ANPs Drug delivery system for DOX | Cytotoxicity close to DOX alone with fewer [40]
| il 1 side effects.

). MET. MATER SC., Vol. 62, No. 3-4,2020
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5 - Aragonite nanoparticles:

Another drug delivery system utilizing nanotechnology has used cockle sh
(ANPS) and loaded them with doxorubicin (DOX), DOX-ANP
compared to pH of 7.4. Flow cytometric an

ell-derived aragonite nanoparticles
s showed a faster DOX release at a pH of 4.8

_ . alysis showed cell cycle arrest in OS cells induced by DOX-ANPs. The
cvtotonicity of DOX-ANPs was close to the cytotoxicity efficacy of DOX alone. The researchers concluded that

DON-ANPs could act as a pH-sensitive drug delivery system for the treatment of OS. This study was conducted
in viteo L

passive Targeting OS Nano Therapies
Targeted drug delivery is the process of drugs being selectively delivered to targeted cells. Passive targeting uses
cellular mechanisms to uptake the drug, such as endocytosis instead of actively transferring the drug into the cells.

Passive targeting uses lipid-based nanoparticles, such as liposomes, polymeric micelles, and gold nanorods to
name a few (Table 3). which will be described next.

Liposomes: Liposomes are particularly useful for the delivery of Doxorubicin. Liposomal Doxorubicin is
formed when Doxorubicin is encapsulated in a liposome. In this vesicular structure, Doxorubicin is inside a lipid

hydrophobic shell that is coated with PEG for stability. These liposomes can be ingested easily by OS cells and
overall, improve drug delivery, and elimination of OS cells (!,

Table 3
Nanocarrier Composition Findings ‘
Zn0 Nanoparticles Zinc oxide nanoparticles Induce autophagy and apoptosis in OS cells !, i
PLGA Nanoparticles Polylactic ~ co-glycolic acid  + | Controlled release profile and enhanced cell |
PEGylated Polylactic co-glycolic acid | cycle inhibition activities *!, ’
Dextran-based Nanoparticles | Lipid modified dextran Delivery of siRNA to OS cells *.
Lipid-coated Polymeric Lipid-coated polymers - By delivery of microRNA, they inhibit the |
Nanoparticles growth and proliferation of OS cells ).

Hydroxyapatite Nanoparticles | Hydroxyapatite ~coating, ~polyvinyl | Supporting proliferat%or} to normal ‘bone cells |
alcohol conjugated methotrexate and inducing apoptosis in OS cells +!,

Passive Targeting Strategies in OS treatment

Polymeric Micelles: Polymeric micelles are colloidal suspensions that can be used both in cancer diagnosis and
reatment. Micelles are used as nano sized cylindrical, spherical, or ellipsoid structures composed of hydrophobic
and hydrophilic components. Recently, hybrid nanomicelles have been formed by }ntegration with metal
"anoparticles such a gold, iron-oxide, and silver. Gold nanoparticles in the size range qt 40-60 nm have.shown
_Huliccablc cytotoxicity on OS cells at 200,400, and 800 ng/ml concentratior_ls . According to fef‘em stuc.hes, the
Mleraction between immune cells (macrophages) and iron oxide nanopartlc'les can lead .to antn-tu;nqr immune
"Sponses. This effect is in addition to the efficacy of iron oxide nanopamcl?s in treating anemia in patfems
Suffer ing from different types of cancer, including 0OS 1, 5 nm and 35 nm c1t1_'ute:coated silver nzywpzutwles
(AgNPs) can induce death in OS cells (U.OS and Saos-2 Cells) regardless of their pb3 s.tatus. Thcretor.c. AgNPs
¢ alractive novel candidates for chemotherapeutic treatments of OS"L Pol){menc micelles can Qelnx'?l-.\\'atel'
N50luble o and enhance their potency (therapeutic efficiency)

| poorly water soluble drugs, lengthen their stabili (1
vt

I1( , e . . . snetratio
ugh Site-specificity and increased anti-cancer drug penetratior

I My ,
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Gold Nanorods: Polyacrylic acid-coated gold nanorods llaYe be.en ;jj«f lflciz(;etz ;zjﬁ?n;fizﬁfz’(}t;geat 0s,
In a study by Pan et. al., it was demonstrated that polyacrylic acid ( _ t)h rapy for MG63 human ot S) Whep
stimulated with a 808 nm laser, increased the efficiency of hyperthermna e tllblyrmal terap b eOS.arcoma
cells. It was shown that GNRs-PAA can increase the efﬁc.nen‘cy of photo Th? rimep); Y damaging ¢q))
membranes causing DNA integration that leads to apoptosis in OS cells. This experiment was conducteq

vitro by planting MG63 cells into 96-well plates with H-DMEM medium and the effect was proven to pe dose.
dependent ',

Active Targeting

Multiple nanoparticles have been used for active targeting to OS cells. The mechamsm of active targeting s
bonding molecules (such as ligands and antibodies) to the surface of nano-carriers, some of Fhe same oneg
mentio;xed above for passive targeting. Therefore, they enhance cellular uptake of drugs by target‘mg compatible
cell receptors and cell membrane channels. These mechanisms take advantage of the over-expres§lon of receptors
on the surface of cancer cells. These receptors include folate receptors that are over-expressed in OS Xenograft

samples, avB3 and avps3 integrins, type-A receptor 2 (EphA2), a surface molecule over ex

pressed in OS cells,
CD133, epidermal growth factor receptor (EGFR) and CD44 1,

Ligand-targeted drug delivery nano systems currently rel

y mostly on folic acid receptors and transferring
receptors ¥, Although folate o receptors are over-

expressed on the surface of OS cells, there are also folate uptake
mechanisms inside OS cells that can increase cellular resistance to chemotherapy. In order to overcome multj-

drug resistance in cancer cells, the co-delivery of drugs and nucleic acids (NA) is considered a method to increase

the intracellular concentration of chemotherapy drugs and/or activating apoptotic pathways. Micelleplexes are
nanostructures used to achieve this goal showing much promise and will be described next.

Micelleplexes

deliver miRNA-145 in .
_ ed into the arregt i i
induced apoptosis in OS cells (22 of proliferati

Polymers

conjuga i €C T 1 il’ltO nanoparticles.
he dose Of th on u at assemb (V] “lC
O _] g [CS (.Oﬂldlning hlgh mOlal MTX COlltt‘,llt ( 27 5 J gl g8 M X and t]le p“ ()I t]le ]Iled"lm. | he M l )( -P( iA

- toxicity for Saos-2 cells compare
: ere physically stab] : .
against hydrolysis for 3() days. Howeve ) © 4 pH of 5.9 anq chemically stable at a pH of 74
0 release MTX 137,

J.MET, MATER SC., Vol. 62, No. 3-4, 2020



THE ROLE OF NANOMEDICINE IN THE TREATMENT OF OSTEOSARCOMA

suppressive Treatment

Suppressive therapy in c‘ancer IS & course or multiple courses of treatment to prevent the growth of any remaining
cancer cells!". I\{lagnctl‘c gene carriers made of polyethylenimine, dextran and iron oxide nanoparticles (PDIs)
have been used for the in vitro and in vivo transfection of miR-302b . miR-302b belongs to a group of short
pon-coding RNAs or ll\}Cl‘ORNAS (MiRNAS). MiRNAs have a rssss der-expressed in OS cell lines while it is
expressed more predominantly, in healthy osteoblasts cell lines, miR-302b can in fact, limit the proliferation of
08 cells and induce apoptosis in these cells "2, PDIs have shown mild tox ,

| : . icity in mice. By the use of a magnetic
field. PD1pmiR302b entering the OS cells of mice showed effective anti-cancer effects with low toxicity [!!).

Curcumin-loaded Self-assembled Arginine-rich-RGD Nanospheres
Curcumin shows anticancer

o affects through different mechanisms. However, its low water solubility is a challenge
for using curcumin in vivo.

KannyOd 11 100 nm

Fig. 2: Aggregates of amphiphilic nanoparticles without sonication. Photo credited to Chang et al., 2015".

Therefore, an amphiphilic peptide CI8GR7RGDS was recently used as a carrier for curcumin in water-based
solutions. The combination of amphiphilic nanoparticles and curcumin APNP/curcumin showed significant
toxicity against MG-63 OS cells compared to control cells (normal osteoblasts) (Fig. 2) ],

Selenium Nanocomposites

The recurrence of OS at the site of tumor resection is a major challenge for a patient’s survival and quality of
life. An in vitro study, using selenium nanoparticles (SeNP), lowered the recurrence of OS cells and enhanced the
function of healthy osteoblasts. SeNPs for this study were formed on poly-L lactic acid (PLLA). Selenium coated
PLLA showed increased osteoblast activity (increased ALP) compared to osteoblasts on control tissue culture
Plates without the use of any chemotherapy or other medicine. These results suggest that selenium coated PLLA
should be further examined as a potential graft material to replace cancerous bone tissue ),

Magnetic ZnF 0 -hydroxyapatite nanocomposite particles . . .

nfections are 4 well-known complication of OS, post-surgical resection and they are also associated with bone

"Mplants and are 3 major reason for amputation and graft rejection. Multifunctional ZnF O -hydroxyapatite

nanucompositc particles were formed through the co-precipitation method. At the concentration of 0.078mg/L,

Inf o . rorial nroliferati T n gram positive bacteria.
. OHAD had the highest inhibitory effect on bacterial proliferation and growth on gram positive bac

IMET Mma 9
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These nanoparticles could penetrate bacterial cells through endocytosis. Iron-oxide nanoparticles 'can penetrate
bacterial cells due to the fact that their size is smaller than the membrane pores. These nanol?artlc.les can then
inhibit the DNA and protein synthesis inside the bacterial cells. Additionally, when zoledronic acid (ZA) was
loaded into ZnF O, HAp as nanocarriers, for primary ZA concentrations of 0.01, 0.02, and 0.04 mg/L, the drug-
loaded nauoconiposite particles showed an early burst release through the first 20h followed by a s¥ow drug
release until 170h. Based on these experiments, ZnF,O,HAp are multifunctional nanocomposite particles that
can inhibit bacterial growth at the site of osteosarcoma and can also be used as localized anticancer drug delivery
systems S

Conclusion and Future Directions

To increase life expectancy and the quality of life in patients with OS, more specific and targeted therapeutic
methods are required. In this article, we reviewed current passive and active targeting OS therapies through
nanoparticles. Although there are several benefits to using nanoparticles for drug delivery and increasing the
potency and bioavailability of chemotherapeutic medicines for OS, there are concerns about the potential side
effects that mandate further and deeper in vitro and in vivo studies. Of note, Micelleplexes have showed significant
capabilities in drug and NA delivery into OS cells, however, there are serious concerns about their cytotoxicity P

Hydroxyapatite nanoparticles on the other hand, can be a major breakthrough in the treatment of OS through
the dual role they play in enhancing healthy bone cells while killing OS cells. They increase the proliferation in
normal bone cells while inducing apoptosis in OS cells. These nanoparticles should be the focus of improved OS

treatment in future nano medicine studies; although, several more studies are required to assure the absence of
cytotoxicity.

From among the active targeting therapies, selenium nanoparticles have shown an effect very similar to HANPs.
They also increase the proliferation in healthy osteoblasts and have an inhibitory effect on OS cells.

The use of nanocomposties can revolutionize cancer treatment in osteosarcoma since these particles can have
a dual effect of anticancer treatment and infection inhibition. Considering that infection is a major factor that
impacts the quality of life and also causes complications in the treatment of OS, nano medicine with the use

of nanoparticles, nanocarriers and nanocomposites has the potential to revolutionize the treatment of OS in the
future.

References
(1)

Aulton M.E, Taylor K. Aulton's Pharmaceutics: The Design and Manufacture of Medicines Ch 45: Pharmaceutical nanotechnology
and nanomedicines 4th ed., 2013 Elsevier, Churchill Livingstone. )

2] Boiseau P, Loubaton B. Nanomedicine, nanotechnology in medicine. 12: 620-636, 2011.

Carrle D, Bielack SS. Current strategies of chemotherapy in osteosarcoma. Int Orthop. Dec, 30(6):445-51, 2006

(4] 'I.akrgbumy A, Das A, Raha S, Barui A, Size-dependent apoptotic activity of gold nanoparticles on osteosarcoma cells correlated
with SERS signal. Journa) of Photochemistry and Photobiology B: Biology. Jan. 203: 111778, 2020
[5]  Chang R, Sun L, Webster TJ. Selective inhibition of MG-63 osteosarcoma cell proliferation induced by curcumin-loaded self-
assembled arginine-rich-RGID nanospheres. Int J Nanomedicine. May 5:10:3351-65, 2015.
(6} ChenYU, XuSF, XuM, Yu XC. Postoperative infection and survival in osteosarcoma patients: Reconsideration of immunothera
for vsteosarcoma. Mol Clin Oncol. May, 3(3) : 495-500 2015. b
(7] Crompton BD, Goldsby RI:, Weinberg VK, Feren R, O'Donnell RJ, Ablin AR. Survival after recurrence of osteosarcoma: a
20-year experience at a single institution, Pediatr Blood Cancer. Sep, 47(3): 255-9 2006. ‘
(8] Diseases and Conditions. Osteosarcoma. The Americ ¥ g i
S1e0sg . an Academy of Orthopedic Surgeons. Retri ) infq
| O 3 < ] ieve . "
aaos.org/en/discases--conditions/osteosarcoma/. © = from: hiipszfortininfe:
10

J.MET. MATER SC., Vol. 62, No. 3-4, 2020



l

(10]
(m

(12

(4]
(13]
[16]
Il
(18]

(19]

[20]
21]
22]
23]

[24)
25)

26)

27)

[28)
[29)

30)

THE ROLE OF NANOMEDICINE IN THE TREATMENT OF 0STEOSARCOMA

Fu W, Noor MHM, Yusof LM, Ibrahim TAT, Keong Y8, Jaji AZ Zakaria MZ i

. 4 ’ . In vits i iti
delivery system based cockle shell-derived aragonite nanoparticles against oﬁmogn_o””men”__““_w: M Mm =own_ vI_m_Mam:Zw drug
Jan. Vol 12, 2017. https://www.tandfonline.com/doi/full/10.1080/ 17458080.2017 _Nw.\om.m o rperimentsl Ranoscience

Gavrila A. Thyroid Hormone Treatment, Suppressive therapy with levoth

Thyroidology For The Public. 7: 6-7, 2020 yroxine does not impair cognitive function. Clinical
—- N . i) .

Gang M, Liu H, Sun ZA. xm.m & <w=. F, Cai L. Polyethylenimine-dextran-coated magnetic nanoparticles loaded with miR-302b
suppress osteosarcoma in vitro and in vivo. Nanomedicine. Mar. 15(7): 2020.

Gurunathan S, Jeyaraj M, Kang MH, Kim JH. Tangeretin-Assisted Platinum Nanoparticles Enhance the Apoptotic Properties

of Doxorubicin: Combination Therapy for Osteosarcoma Treatment. Nanomaterials. 9(8): 1089 2019.doi.org/10.3390/
nano9081089. X

Hanafy, N.A.N.; El-Kemary, M.; Leporatti, S. Micelles Structure Development as a Strategy to Improve Smart Cancer Therapy.
Cancers 10: 238, 2018.

Hayden JB, Hoang BH Osteosarcoma: basic science and clinical implications. Orthop Clin North Am. Jan; 37(1):1-7,2006.

HeG,MaY, Zhu'Y, <o=m L, Liu X, Wang P, Liang C, Yang C, Zhao Z, Hai B, Pan X, Liu Z, Liu X, Mao C. Cross Talk Between
Autophagy and Apoptosis Contributes to ZnO Nanoparticle Induced Human Osteosarcoma Cell Death. Wiley Online Library.
2018 Jun. https://onlinelibrary.wiley.com/doi/abs/10.1002/adhm.201800332.

Huang W, Chen L, Kang L, Jin M, Sun P, Xin X, Gao Z, Bae YH. Nanomedicine-based combination anticancer therapy between
nucleic acids and small-molecular drugs. Adv Drug Deliv Rev. Jun 1;115: 82-97, 2017.

Ifergan I, Meller I, Issakov J, Assaraf YG. Reduced folate carrier protein expression in osteosarcoma: implications for the
prediction of tumor chemosensitivity. Cancer. Nov 1; 98(9):1958-66, 2003.

Kolhatkar, R. A, Khambati L.H. 2011. Active tumor targeting of nanomaterials using folic acid, transferrin and integrin receptors.
Curr. Drug Discov. Technol., 8(3): 197-206, 2011.

KovicsD, IgazN, Keskeny C, Bélteky P, Toth T, Gaspar R, Madarasz D, RizgaZ, KényaZ, Boros IM, Kiricsi M. Silvernanoparticles
defeat p53-positive and p53-negative osteosarcoma cells by triggering mitochondrial stress and apoptosis. Sci Rep. Jun 13;
6:27902, 2016

Lei Z, Mengying Z, Yifei G, Xiangtao W, Meihua H. Alendronate-modified polydopamine-coated paclitaxel nanoparticles for
osteosarcoma-targeted therapy. Journal of Drug Delivery Science and Technology. Oct. 53: 101133, 2019.

Liy, Q. Xu, B., Zhou, W."Correlation between chemotherapy resistance in osteosarcoma patients and PAKS and Ezrin gene
expression”. Oncology Letters 15.1: 879-884, 2018.

Magalhes M, Almeida M, Tavares-da-Silva E, Roleira FMF, Varel
Figueiras A. miR-145-loaded micelleplexes as a novel therapeutic s
cells. Eur J Pharm Sci. Oct 15; 123:28-42, 2018. )
Majo J, Cubedo R, Pardo N Treatment of osteosarcoma. A review. Rev Esp Cir Ortop Tr )
EM, Getty PJJ Am Acad Orthop Surg. Aug; 17(8):515-27, 2009.
omprehensive review. SICOT J. 4:12, 2018. doi: 10.1051/

a C, Jorge J, Gongalves AC, Carvalho RA, Veiga F, Santos AC,
trategy to inhibit proliferation and migration of osteosarcoma

aumatol, 54: 329-336, 2010.

Messerschmitt PJ, Garcia RM, Abdul-Karim FW, Greenfield

z_.wum_:. A, Goldin A, Awad M, Kulidjian AA. Osteosarcoma: a ¢
$1€01j/2017028, Epub 2018 Apr 9. PMID: 29629690; PMCID: PMC5890448.

le enhanced MRI can monitor macrophage response to CD47 mAb

.Zc_sz? S., Yerneni, K., Theruvath, J.L. et al. Nanopartic
mmunotherapy in osteosarcoma. Nature Cell Death Dis 10: 36,201
ov O,
macrophage response to

isani o J. Mitra S, Cordero AS, Cheshier
7,\_:_:5_« S, Yemeni K, Theruvath JL, Graef CM, Nejadnik H, r.«:r B Qu.“q mAb immunotherapy in
S, Daldrup-Link HE. Nanoparticle enhanced MRI can monitor

Oleosarcoma, Cell Death Dis. Jan 15:10(2):36, 2019.
Nano.gov. What ig nanotechnology 2020. https://www.n
OKane (:
f_;_.sr. GM, Cadoo KA, Walsh EM, Emerson R, Dervan P, O n
._ »Camey N, Perioperative chemotherapy in the treatment of oste
o IR M i SH, Nikkei BM. Investigating the influence of
e ki Bojd 8, Balali-Mood M, MOUSIYE 2 0 & Mar, 97: 101-108, 2018.

+ Dabbaghi M, Gholami L, Taheri-Bojd S, Dot . Life Sciences. Mar. 97: 3, 2
Polyplex sie on toxicity properties of _E_zr.:_z_n:.__:_:n mediated ge

:._c_\iraqai,_a:c:,
O'Toole G, Dudeney S, Kavanagh E, Eustace
ar single institution review. Clin Sarcoma

ano.gov/nanotec

O'Keane C, Hurson B,
osarcoma: & 26-ye

ne delivery.

ATER SC., Vol. 62, No. 3-4, 2020



ADA TAYMOORI and THOMAS WEBSTER

(317 Pan S, Ning 1L Fu NOYu HL Yaog 2. Yang Y, Sun W. The Eftect of Photothermal Therapy on Osteosarcoma With Polyacrylic -

Acid _Coatad Gold Nanorods. Dosc-Responsc. 2018. Aug. https://doi.org/10.1 177/1559325818789841.

Percira-Silva M, Alvarez-Lorenzo C, Cocheiro A, Santos A.C, Veiga F, Figueiras A. Nanomedicine in osteosarcoma therapy;
Miscelleplenes tor delivery ofnucleic acids and drugs toward osteosarcoma-targeted therapies. European Journal of Pharmaceutics
and Biopharmaceutics. 148: 88-100, 2020.

Qing. F.. Wang. 7. Hong, Y. et al. Selective effects of hydroxyapatite nanoparticles on osteosarcoma cells and osteoblasts. J
A\

fater Scit Mater Med. 23: 2245-2251, 2012,

Sevfoori A, Ebrahimi 8, Omidian S, Naguib SM. Multifunctional magnetic ZnFe,0 a.:vd_‘oxv&_uw:»a nanocomposite particles for
local anti-cancer drug delivery and bacterial infection inhibition: An in vitro study. Journal of the Taiwan Institute of Chemical
Enginecrs. Mar. 96: S03-508, 2019,

Soetaert F. Norangath P. Senates D, Fiering S, Ivkov R. Cancer therapy with iron oxide nanoparticles: Agents of thermal and
immune therapies. Advanced Drug Delivery Reviews. 2020 Jun. ao._.onw:o._c_m\w.mm&.momo.oo.owm.

Stolzoff M. Webster T. Reducing bone cancer cell functions using selenium nanocomposites. Journal of Biomedical Materials
Research. 2013 Oct. hups: doi.org/10.1002/jbm.a.35583.

Suksiriworapong J. Taresco V, Ivanov DP, Styliari ID, Sakchaisri K, Junyaprasert VB, Garnett MC. Synthesis and properties of a
biodegradable polymer-drug conjugate: Methotrexate-poly(glycerol adipate). Colloids Surf B Biointerfaces. Jul 1; 167:115-125,

2018.

The American Cancer Society Medical and Editorial Content Team. Osteosarcoma stages. 2020. Retrieved from https://www.
Cancer.org/ cancer osteosarcoma/detection-diagnosis-staging/staging.html.

Wang. B.. Yu. X.. Xu, S. etal. Paclitaxel and etoposide co-loaded polymeric nanoparticles for the effective combination therapy
against human osteosarcoma. J Nanobiotechnol 13: 22, 2015. .

Wang R. Liu W, Wang Q, Li G, Wan B, Sun Y, Niu X, Chen D, Tian W. Anti-osteosarcoma effect of hydroxyapatite nanoparticles
both in viro and in vivo by downregulating the FAK/PI3K/Akt signaling pathway. Biomaterials Science. 16, 2020.

Wang SY. Hu HZ. Qing XC, Zhang ZC, Shao ZW. Recent advances of drug delivery nanocarriers in osteosarcoma treatment. J
Cancer. Jan. 11(1):69-82, 2020.

Xie.Y.. Sun. W., Deng. Z. et al. MiR-302b Suppresses Osteosarcoma Cell Migration and Invasion by Targeting Runx2. Sci Rep
7:13388.2017.

Zhang 1. Lyer AK, Yang X, Kobayashi E, Guo Y, Mankin H, Hornicek FJ, Amiji MM, Duan Z. Polymeric nanoparticle-based
delivery of microRNA-199a-3p inhibits proliferation and growth of osteosarcoma cells. Int ] Nanomedicine. Apr 15;10:2913-24,

J.MET. MATER SC., Vol. 62, No. 3-4,2020



Journal of Metallurgy and Materials Science, Vol. 62, No. 3-4, July-December 2020, pp. 13-19
.w:.::i in India, © NML, ISSN 0972-4257

An opinion on hydroxyapatite based bio-composites as bone-scaffolds

KANTESH BALANI®
Protessor. Department of Materials Science and Engineering, Indian Institute of Technology Kanpur, Kanpur-208016, Uttar
Pradesh, India

Abstract: Hydroxyapatite (HA, Ca,(PO,) (OH),) is regarded as one among most bioactive materials for bone
and hard-tissue replacement due to its chemical and structural similarity as that of apatite with Ca/P ratio of
1.67. But, the use of HA is limited due to its poor fracture toughness to the order of 0.5-1.5 MPa.m'2. Therefore,
usually, some additives, such as ALO,, YSZ, ZnO, Fe,0,, TiO,, Ti, Ag, carbon nanotubes (CNTs), Ti, etc have
been incorporated. It is observed that the metallic reinforcement is a better toughening agent than the ceramic
reinforcement, but the release of metal ions may also hamper the key metabolic pathways of human cell. Further,
p-tricalcium phosphate (B-TCP) and bioglass addition can be used for attaining controlled resorption of material
under in vivo conditions so the natural bone can replace the artificial scaffold during healing process. Many
additives, such as Ag, ZnO, CuO, TiO,, etc have been incorporated to provide antibacterial efficacy to the
scaffolds. The aspect of antioxidant activity obtained from aliovalent ceramics (such as Ce0,) may also assist in
expedited healing. The design of porosity at multi-length scales can also be envisaged as means of incorporating
cell-material interaction at bulk scale (~150-250 pum size, for vascularisation), at micrometer length scale (~10s
of um for cellular alignment) and at molecular length scale (~ few nm for surface protein interaction with implant
substrate). Hence, the onus is on interdisciplinary biomedical engineers to aspire and design multifunctional
bone-scaffolds with required mechanical integrity, antibacterial efficacy, bioactive response, biosorption for
accommodating natural healing, and inducting expedited restoration.

Keywords: Hydroxyapatite; Bone-scaffold; Toughness; Porosity; Protein Adhesion.

INTRODUCTION

Healthcare advancements manage the ageing population and assists in retaining the social activity via offering
total-hip joint arthroplasty (THA). For year 2015, with more than 12 lakhs THA annual surgeries (", 4.7 lakh THA
surgeries are performed in India (. And surgeries are on rise, and THA in the United States is ~ 1.2 lakhs in year
2015, and, it is expected that around 10 lakhs may need such replacements in the year 2020. The success of hip
implant is mainly governed by completing 15-20 years of successful service without any failures and with proper
Osseointegration (i.e. bone growth in the adjoining area of the femoral stem of hip implant). As the bioactivity
is expressed in terms of osteogenesis (bone-formation), osteoconduction (bone-growth), to result bone healing
(or osteoinduction) and osseointegration (integrating artificial implant with natural bone). Thus, from material
selection to result bone formation requires a bioactive material like hyhydroxyapatite (HA, Ca ((PO,),(OH),y
B-Tricalcium phosphate (TCP) or bioglass (BG). Bioglass is typically calcium-sodium-phosphosilicates, and
their use is limited by their very low fracture toughness and rapid dissolution in aqueous medium (and loss of
Slructura] integrity before natural bone formation). It is important to mention that the crystallinity and material
Tesorption are very important aspects to decide on the applications. For example, high crystallinity of HA may
Prompt jtg application in load-bearing application and where the bone-remodelling may be minimal in elderly
Persons, whereas BG and B-TCP may be very attractive for porous-scaffolds and where material-resorption will
be ﬂ.%_we& by new bone cells, especially in younger patients. Nonetheless, these concepts have evolved for
w...gwsaﬁ 10 appropriately choose the composition and design the 83%&8%58 8320« w:mna.m as porous/
_Ssﬂ.s_g Mc.&?_%. Towards achieving osteoconduction, the introduction A.: :Eo:.u-_uo:.um_a. assists in letting
anm ._c=, of E:c:m tissues and accommodating <mmn=:=._v.~._:o=.. ,?n ommao.s.amns_cs Em..:_v\ a%n:.,um on .Sn
of 4 s.u.c,_ :_.c Implanted surface, and the assimilated surface w_o?,:.sq and .r.o_:E:J:m c.GBw_Q allows formation

ified interface between an implant and natural bone. The biodegrading species like bioglass, amorphous

.
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Fig. I1: Schematic of ‘hydroxyapatite crystal showing Ca atoms (pink), oxygen atoms (green), phosphorous
(vellow) and hydrogen (orange).
For the same. hvdroxyapatite Fig. 1 is deposited (usually via plasma spraying) for achieving surface bioactivity
on the surface of femoral stem and assisting bone-integration after THA. Otherwise, a bone-cement (called
polymethyl meth acrylate, PMMA) is utilized as glue to attach the femoral stem with the surrounding bone. But,
due 1o lack of bone-material interaction, this bone cement loosens with time and mandates a revision surgery,
which is highly painful and costlier. Currently, plasma sprayed hydroxyapatite®®! is the only industrially scalable
coating on femora! stem that is approved by Food and Drug Administration (FDA). Thus, bioactive nature of HA
allows enhanced osseointegration due to its chemical similarity with that of apatite found in bone and teeth (Ca/P

ratio of 1.67)%.
TOUGHENING EFFECTS

Brittleness of HA is one of the major concerns (fracture toughness to the tune of ~ 0.5-1 MPa.m'2" | thus,
many researchers have proposed multi-pronged approaches of utilizing various reinforcements (e.g. bioinert
ALO.“.Yuria stabilized zirconia (YSZ) 1", or bioactive carbon nanotubes (CNTs)!®! in order to enhance its
fracture toughness. Ceramics are known o be brittle, nonetheless a limited toughening enhancement in ceramics
can be obtained by grain size refinement, incorporating micro-porosity (to blunt/terminate the propagating
cracks). crack branching, incorporating pinning agents, adding phase-transformation toughening agents, and
inducing crack-bridging phenomena. CNTs have elicited crack deflection, crack-branching, CNT-pull-out and
crack-bridging mechanisms to sustain enhanced damage tolerance !, It may be noted that >m. and other metallic
reinforcements have shown 1o be a superior additive in achieving enhanced toughening even when compared
10 that of CNT™ 'Y, Herein, with CNT reinforcement, the fracture toughness is ~ 1 MPa.m'2, which increased
1o above 2.5 MPam'” upon addition of Ag?, As the surface requires bioactivity. i:amgm .:_a bulk requires
v:cm:._:._ toughness, a mere layering of these two composites will not work. i:.z an attempt of : 5“3:.
surface bioactivity with HA-dominated surface and YSZ-bulk was interfaced with >_, .O.-<mN b vd m 4?:. .:m..
layer as a functionally graded structure in sufficing both the requirements ', o ased cushiontis
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TIMICROBIAL EFFECTS

In order O extend the functionality of the bone-scaffold, it is preferred to add antibacterial agents to avoid post-
surgical infections. Though the post-surgical infections are usually to the tune of 5%, but the pain and trauma to
{he patient can be twice as that of first surgery and the cost of revision surgery can be as high as up to 2-3 times.
Thus, antibacterial agents such as Ag, Cu, Co, TiO,, ZnO, Fe,0,, etc have been incorporated. On one hand, like
for Ag, its ions permeate through bacterial membrane and denature DNA, whereas agents like ZnO or CuO can
assist the release of reactive oxygen species (ROS) and rupture the bacterial wall. These killing mechanism of
bacteria also extend to the use of AMPs (anti-microbial peptides) inducting opsonisation (of formation of localised
porous regions in bacteria) and hamper their key pathways and eventually kill the bacteria. Further, an enhanced
functionality with incorporation of ferromagnetic (Fe,0,/Fe,0,)'? or antibacterial ZnO (31415, Cu, Ag etc.s
have been incorporated in HA matrix. Utilisation of processing in controlling the incorporation of Cu in HA
matrix "7 or site specific anti-bacterial efficacy of Zn " or Co " in HA matrix or even the effects of co-doping
of Znand Co in HA matrix ** well elucidate and establish Co as superior antibacterial agent (than Zn), and also
enunciate a stronger release of Co when doped at Ca site compared to that at OH site of HA.

EFFECT OF POROSITY

Though there have been various reports on controlling porosity on isolated micro-, nano-length-scale, or its
combination ®"), or even at bulk length scale?? the induction of porosity, whether at a micro-meter length scale
or nanometer, length scale does allow an enhanced number of binding sites to encourage cell-proliferation.
Nonetheless, a synergistic approach to consolidate these to enunciate amino acid interaction at molecular length
scale, attain directional cell-growth in micro-textured surface and allow osseointegration at bulk length scale
needs attention. Our research group has earlier elicited the control of bi-modal porosity via adopting different
processing technique and utilization of porogen (pore forming agent) during processing of HA-based composites
=.. The bi-modal nature of porosity (i.e. sub-micrometer and micrometer sized pores) allows interaction of amino
acids with enhanced interaction points, and an enhanced cellular growth is observed for the same (24,

It may also be noted that the macro porosity to the tune of 40-70% is mandated to permit vascularisation. In
addition, the porosity size must be big enough (~ 100-250 pm). Further, micro-porosity similar to the size of
human ce]| (~10s of pm) is required to permit directional growth of the cell. Also, it is observed by researchers
that presence of nano-porosity (~nm size) permits an enhanced interaction of surface proteins with the cell
surface at atomistic level. The protein interaction is originated at atomic length scale and allows sensing of
.258-838:2_5. of artificial implant material with the cells. Hence and amalgamation of nano-porosity (for

Bc_nnc_m: protein interaction), micro-porosity (for cell-directionality), and macro-porosity (for vascularisation)
1

S needed for the bone-scaffolds.

ROLE of ANTIOXIDANTS
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the damage to the cell-walls. The aliovalent oxidation state of various cations allows trapping the ROS
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s. Enhanced cellular affinity and growth in HA-CeO,-Ag-CNT based

to enhance the cell-proliferation process - ]
samples %), confirmed via absorbance is attributed to enhanced anti-oxidant capability (due to incorporation of

Ce0.) that is elicited in scaled-up plasma sprayed coatings. Further, the balance of SQo:m:mom_., biological anq
anti-bacterial properties must be sought o ensure enhanced service life of the femoral stems during THA 251,
ROLE OF EXTERNAL FIELDS

Both, magnetic ™M and electric fields ™ have been utilised to control the cell-fate processes. It is interesting
to note that the ion-exchange and cell-permeation is controlled by the surface charges, which can be manipulated
by the external fields. In addition, it is not only the magnitude, but also the pulsing (or frequency) that requires
synchronised response from the cell to control the ion-permeation response. On one hand, where ferro-magnetic
additives in HA can provide antibacterial efficacy supplemented with magnetic fields 1261 on the other hand
the ferro-magnetic responsive nature of cells 7% can be utilised in assisting osteogenesis with ferro-magnetic
reinforcements. Similarly. the gene expression and cell-fate can also be tailored using complementing electric
felds ™ or along with substrate conductivity '+ for obtaining enhanced cell-proliferation and directing the

ensuing oellular-response forwards tissue engineering.

WETTING. PROTEIN ADSORPTION AND ADHESION OF BACTERIA/CELLS

A goad scaffold matenial is also dictated by the wettability of the material as the subsequent protein adsorption
is followed by cell-attachment and consequent cell growth. As an implant is inserted, protein attachment occurs
almost immediately. Then. the nature of protein adhesion ®® on that substrate dictates what portion of that protein
1s available 1o artach (as ligand) with integrins (surface protein receptors of cells). Though cellular attachment is
10 be promoted. the ‘friendliness’ of the substrate may also allow adhesins (bacterial surface proteins) to initiate
mfecnon. Nonetheless. integrins allow attachment of cells by binding to ligands (e.g. fibronectin, collagen,
laminin 1n bone cells) on an implanted surface. In order to observe role of these surface proteins, gene-expression
may be undertaken to utilise these markers in linking it to bone growth. It may be noted that both, hydrophilic
and hyvdrophobic surfaces may promote protein attachment. Earlier, cellular attachment and bacterial attachment
events on substrates have been quantified by various researchers 63", Porosity has shown to encourage fibrous
cell-ingrowth for additional mechanical interlocking, but it is the substrate chemistry that dominates in dictating
if the protein is configured to allow a surface towards promoting cell-attachment and growth (i.e. ALO, bio-
Inert ceramic may not promote cell-growth, but bioactive HA promotes chemical binding with cells). As the
anachment and adhesion events of cells can be qualitatively compared from centrifugation, or spinning disc or
plate and wash assays. etc., whereas qualitative adhesion strength can be evaluated from optical tweezers, nano-
scraiching or atomic force microscopy, etc. Nonetheless, visualisation of the protein adhesion (or de-adhesion
event of bacterial protein) requires molecular dynamics simulations.

The computational modelling is not only demanding, but also highly complex. First, the protein may have
numerous stable confirmations in 3-D space, so selecting an appropriate profile may require multiple and
repealed simulations. Second, only a portion of the protein (Fig. 2) may participate in the adhesion process. but
with molecular weight of protein running in 100s of kilo-Daltons becomes highly computationally demanding
to accommodate s0 many atoms. Moreover, the aqueous environment also changes the protein confirmation and
requires appropriate stabilisation with the pH and salts. Then, an enough simulation space needs to be created t0
ensure that the protein is always under a water environment, and its stretching will always be accommodated in
the simulation volume (and without affecting its mirror atom if it appears in the periodic boundary conditions):
Nonetheless, visualization of these events may allow integration of the number of events (with multiple u_,oaw:
chains) with the magnitude of de-adhesion force can help comment on the streng h i in binding with
various bio-surfaces ¢ strength of protein B )
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AN OPINION ON HYDROXYAPATITE BASED BIO-COMPOSITES AS....

Fie 2 A schematic showing portion of highly complex bacterial surface protein structure. It comprises of various helices and f-sheet structures
and can undertake numerous 3-D conformations. (Courtesy: Mr. Arindam Raj, Yale University).

With advancements in the manufacturing technology, 3-D printing has emerged as a leading processing tool for
constructing porous bone-scaffolds ¥, These constructs may be applied to cranial segments, skull, manibular
portions, etc. The porosity design allows promoting enhanced capillarity/wetting along with enhanced surface
area for biological/bioactive fixation. In addition, scaffold structures may be loaded with multifunctional additives
during the 3-D printing process *”). Further, the multi-functional scaffolds may restrict cancerous cell growth and
provide therapeutic effects ) and extend new opportunities in taking the bone-scaffolds as superior replacement

1o natural bone.

SUMMARY AND CONCLUSIONS

In summary, the approach of creating multifunction hydroxyapatite (HA ) based scaffolds, Fig. 3, require appropriate
combination of surface bioactivity, structural integrity, and porosity at multiple length scales. Further, antibacterial
aspects may be incorporated with various additives such as Ag, ZnO, TiO,, Fe,0,, or even anti-microbial peptides.
The size and morphology of these additives may be highly important in promoting antibacterial effects. The
healing events can be expedited with the addition of antioxidants (such as CeO,) in order to curb the damage by
reactive oxygen species. Damage tolerance of the HA-based composites may be promoted with addition of carbon
nanotubes (CNTs), though metallic additives (such as Ag and Ti) may be more probable toughening agents. The
presence of porosity at different length scales is mandated from promoting amino acid adhesion at molecular
length scale to promoting vascularisation at macro-length scale. Functional gradation may also be envisaged to
account for surface activity clubbed with bulk toughness of the HA-based bioactive composites. Visualisation of
the protein attachment and bacterial de-adhesion events call for computational modelling approach, which can
then ca linked with its adhesion strength on various bio-substrates. Accounting for wettability aspects and protein
adhesion, the cell-attachment must eventually ensure a successful osseointegration.

Bloactivity
&
osseolntegration
Porosity Rapid Healing
using
antl-oxidants

Multi-functional
Hydroxyapatite-
Based Porous
Bone Scaffold

Antl-bacterial
&
Antldnfectious

loading

Fig. 3: The requirements of a multi-functional porous hydroxyapatite-based bone-scaffold.
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Abstract : In the present work, three dimensional multiporous hydroxyapatite block has been synthesized by a
novel process which comprises of two steps. At first, three dimensional polymer-hydroxyapatite nanocomposite
was synthesized by mimicking matrix mediated in situ biomineralization process. Second is sintering step
where synthesized polymer-hydroxyapatite composite was sintered at 1200°C under atmospheric pressure. After
sintering. a structurally stable fully interconnected multiporous hydroxyapatite block was obtained. Detailed
structural and chemical characterization revealed the role of polymer matrix in the formation of three dimensional
multiporous hydroxyapatite block. Cytocompatibility of sintered hydroxyapatite block was evaluated by MTT
assay and cell adhesion test. Results evidenced the non-toxic nature of sintered hydroxyapatite block.

Keywords: Hvdroxyapatite; Three dimensional; Biomimetic; Block; Sintering

INTRODUCTION

Hydroxyapatite [HA, Ca,(PO,),(OH),], a calcium phosphate ceramic is extensively researched in water treatment
plant. fertilizers and pharmaceuticals industries. Since decades, it has received tremendous attention in biomedical
field because the chemical composition is very similar to the inorganic component of bone. Moreover, it has
excellent biological properties such as highly biocompatible and bioactive. On material point of view, HA is stiff,
brittle and fragile in nature (2. So, it is very difficult to contour as three dimensional (3D) structure. Hence, its
clinical applications are limited as powder material especially for cavity filler and coating material of alloy or
metallic implants >4,

To be used as bone grafts or bone implants, HA must be in stable 3D shaped with porous structure. Porous
structure is required for cell motility and survivability, tissue infiltration and vascularization ¢, Many attempts
have been made by researchers to develop 3D porous HA blocks. Most of these developed processes are gel
casting, foaming, replication and sacrificial templating ¢ ¥). Mbarki et. al. have demonstrated gelatin as a pore
forming agent and synthesized 3D porous HA block . The common limitations in above mentioned methods
are formation of isolated pores, lack of interconnectivity in pores and non-uniform dispersion of pores/ HA &),
Chen et. . fabricated 3D HA scaffold with hierarchical porosity by extrusion deposition with porogen foaming
technique, In this technique, they had used various chemicals particularly for dispersing HA particles ',

On the other side, our group synthesized interconnected macroporous HA granules by biomimetic mineralization
Process coupled with sintering ", This is a powerful approach which is basically based on in situ nucleation and
Erowth of HA particles in polymeric matrix that leads uniform distribution of HA particles in the matrix resulted
" the generation of complex hierarchical macroporous granular structure after sintering I, In recent years,
.az,u.na_,n; try to develop synthetic strategies that mimic this process. The aim of present work is also to develop
“interconnecqed multiporous HA block by adapting this process. In this work, we have selected carboxymethyl
Celluloge cellulose derivative) and polyethylene glycol (a polyether) as organic matrix. Both the polymers
are :Ez.v_i.n and nontoxic in nature. They are approved by the U.S. Food and Drug Administration (FDA)
for yge . | These features contribute to their broad application in
biomegi

n different pharmaceutical formulations ' e
cal rescarch particularly in drug delivery and tissue engineering field. Researchers also demonstrated that

(
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polyethylene glycol (PEG) efficiently crosslinked with cellulose and formed a homogenous stable structure (14 5],
In our study, we aimed to use this homogenous stable CMC-PEG blend as hybrid polymeric matrix for in-sity
mineralization of HA. By this simple polymer matrix mediated biomimetic route, three dimensional polymer-HA
nanocomposite has been synthesized. Finally, interconnected multiporous HA block was obtained by remova]
of polymers after sintering. The detailed structural and chemical characterizations along with the mechanical
pertormance of the synthesized block have been studied. Results showed that a fully interconnected multiporous
HA block has been successfully synthesized by this process.

EXPERIMENTAL DETAILS

Materials

Polyethylene glycol (PEG), carboxymethyl cellulose [CMC, DS (degree of substitution) ~ 0.9], calcium salt
(calcium nitrate tetrahydrate), phosphate salt (diammonium hydrogen phosphate) and ammonia (30%) were
procured from Merck, India.

Synthesis of three dimensional hydroxyapatite block (s-HA)

In this work, mutiporous hydroxyapatite block (s-HA) has been simply synthesized by sintering 3D polymer-
hydroxyapatite composite (p-HA) at 1200°C under atmospheric pressure. At first, 3D polymer-hydroxyapatite
composite was synthesized by biomineralization process !¢ "), Details of synthetic procedure are as follows- 600
mL CMC (1 wt%) and 300 mL PEG (1 wt%) aqueous solutions were prepared in different vessels. After that,
PEG solution was slowly added to CMC solution with constant stirring for 15 min, and a homogenous CMC-
PEG blend was formed. Later, 400 mL calcium nitrate solution (0.99 M) was gently added to polymers blend and
stirred for 15 min. The pH of the mixture was maintained at 10 with ammonia solution and kept ageing for 24 h
at 30 £2°C. Next day, 200 mL phosphate solution (0.56 M) was prepared and gradually added to the calcium
containing polymer solution. The final mixture was allowed to age for a week at a temperature of 30+2°C. After
a week the white slurry was washed with deionized (DI) water and dried in an oven at 60°C for 72 h. At the
final step, dried polymer-HA blocks were sintered at 1200°C for 2 h (rate ~4°C min™) in a tubular furnace under
atmospheric pressure, and finally 3D multiporous HA block was obtained.

Characterization

X-ray diffraction [XRD Bruker, D8 Discover, Cu Ka radiation with A=0.154 nm, 40 kV, 40 mA] was used to
characterize the crystallographic phases present in the synthesized samples. Fourier transform infrared (FTIR)
spectra of CMC, PEG, p-HA and s-HA were recorded in the range of 4000-400 cm' at a resolution of 4 cm
using JASCO-FTIR, Model 410. JEOL 2100 transmission electron microscope (TEM) at 200 kV was used for
microstructural evaluation. Nova nano scanning electron microscope (SEM) equipped with the analyzer of
energy dispersive spectroscopy (EDS) was used for morphological characterization and element investigation.
Dissolution study was carried out in simulated body fluid (SBF), the ionic concentrations of SBF is (Na+ 142.0
mM, K’ 5.0 mM, Mg* 1.5 mM, Ca?* 2.5 mM, Cl- 147.8 mM, HCO,* 4.2 mM, HPO,* 1.0 mM and SO 0.5
mM) nearly equal to those of human blood plasma!* ', Sintered HA blocks were immersed in 30 mL SBF (pH
7.40) for different time periods (7 days and 14 days). After that, samples were withdrawn, rinsed with DI water
and dried for characterization. The Mercury Porosimeter, Pascal 140/440 was used to measure the porosity and
pore size distribution of the sintered HA block. Density is measured by Sartorius balance and the data is used for
the computation in mercury porosimetry. The compressive mechanical properties of the sintered HA blocks were
tested using Universal Mechanical Testing Machine [Hounsfield H 10KS-0290] at 0.2 mm min"' crosshead speed.
The dimensions of the blocks were 20 mm x 10 mm x 10 mm.
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SYNTHESIS OF FULLY INTERCONNECTED MULTIPOROUS HYDROXYAPATITE...
Cell culture

Jnevitro cell study off sintered HA was carried out in Shree Chitra Tirunal Institute for Medical Sciences and

Technology. Thiruvananthapuram, Kerela, India. Bone marrow mesenchymal stem cells (BMSCs) at third
passage were used tor in-vitro experiments.

MTT assay and cell adhesion study

3[4 5-dimethylthiazol-2-y1]-2.5-diphenyltetrazolium bromide (MTT) assay was performed with extract method
as per 1S0-10093-51" " The extract of sintered blocks [2 mm x 2 mm x 0.2 mm] was prepared by incubating
in 1 mL culture medium [a-MEM containing FBS and antibiotic] at 37°C for 24 h. In the meantime, BMSCs
(3~ 10° cells per well) were seeded in 96-well plates and maintained at 37°C under humidified atmosphere
containing 3% CO, for 24 h. After that, 200 pL of the sample extract was added to the cell-seeded wells and
mcubated for 24 hand 48 h. At the day of test, 50 pL MTT solution (1 mg mL"') was added into each well and left
itfor 2 hat 37°C. After 2 h, MTT solution was discarded and isopropanol (100 uL) was added to each well for
d@issolving the formazan crystals. The developed color was quantified by measuring absorbance at 570 nm using
2 micro plate reader (Power Wave-XS micro plate spectrophotometer BioTek -Reader).

For In-vitro cell adhesion test, the test materials (0.5 cm x 0.5 cm x 0.5 cm) were conditioned in culture medium.
BMSCs were seeded on pre-conditioned materials at a density of 5x10° and incubated for 48 h at 37°C under
bumidified atmosphere containing 5 % CO,. After 48 h of incubation, cells with test materials were stained with
working FDA solution (10 pg mL") and examined under fluorescent microscope (Leica DMI6000B).

STATISTICAL ANALYSIS

Experiments were performed three times and data represented as mean standard deviation. Data were statistically
processed using one way analysis of variance (ANOVA); p <0.05 was considered statistically significant.

RESULTS AND DISCUSSION

The present study demonstrated a simple biomimetic process coupled with sintering for the synthesis of tailor-
made 3D HA block for orthopedic application. It is based on in situ biomineralization of HA particles in CMC-
PEG polymeric matrix, and then its conversion to fully interconnected multiporous HA block after sintering at
1200°C. Scheme of synthetic procedure is given in Fig.1. At 1200°C the polymers decomposed out but left their
"mpression, as a result sintered HA with interconnected multiporous three dimensional structure was obtained.

CMC PEG

Calcium
solution
(0.99 M)

Dried at

solution

(056 M) CMC-PEG-HA
CMC-PEG CMC-PEGHA shurey Block (- HA)
Sintered
3D Sintered SELHSSC
Hydroxyapatite
Block

s sy e s

ool
s Cobummatbisl sehns M), N Pubyylens Uit (B0 @ Hrd oo
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Fig.1. Scheme of synthetic procedure of Sully interconnected multiporous Aydrox) 1P
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X-ray Diffraction

XRD patterns of CMC-PEG-HA (p-HA) and sintered HA (s-HA) are shown in Fig. 2. The diffraction peaks
in the XRD spectrum of p-HA are assigned as (002), (102), (211), (202), (310), (222), (004), (213) and (511)
planes of hydroxyapatite as per the JCPDS card number: 09-432 14", All the above mentioned diffraction peaks
of hydroxyapatite are also tound in s-HA pattern, however, few extra peaks are observed at 20° ~ 28.9°, 32.20,
32.9% 34.1% 35,59 correspond to (120). (112), (300), (202) and (301) planes of HA. It is clearly seen that the
peaks became sharped and distinctly separate from each other after sintering at 1200°C, indicating the formation
of well-developed HA crystals in s-HA 'S 1200, Besides these, very small peaks are observed at 20° ~ 25.49, 31.5°
indexed as (1010). (0210) planes of B- TCP 12221,

INTENSITY

Fig.2. XRD patterns of synthesized samples.

FTIR spectroscopy

FTIR spectra of PEG, CMC, CMC-PEG-HA [p-HA] and sintered HA [s-HA] are presented in Fig. 3. In Fig. 3a

and 3b, the broad band of “OH vibration was found at 3440 cm'' in the spectrum of both PEG and CMC 'S '],

In addition, two bands at 2880 cm ™' and 1352 cm ' were observed in the FTIR spectrum of PEG (Fig. 3a) assigned

to —C-H stretching and CH, wagging, respectively. Moreover, the bands associated with C-C, C-O, C-O-C and

C-H vibrations of PEG (Fig. 3a) were detected at 1287 cm ™', 1250 cm ™', 1108 cm™ and 951 cm™' '+ !5, In Fig.

3b, the major vibrational bands related to carboxylate (COO-) stretching of CMC were observed at 1598 cm™

(asymmetric) and 1417 cm ' (symmetric). The ~C-OH band and B-1,4 glycoside bands of CMC were detected
at 1062 cm ' and 599 cm ', respectively !'# %), In the spectrum of CMC-PEG-HA (p-HA) [Fig. 3¢], the -O-H

vibration gave an overlapped broad band at 3155 cm™, which was slightly shifted from the position of hydroxyl
band of CMC and PEG [Fig. 3a,b]. Similarly, asymmetric and symmetric stretching bands of COO™ group of
CMC were also shifted to 1633 cm ' and 1398 em'/, respectively. These shifting in vibrational bands implied the
existence of intermolecular interactions among the three different constituents (CMC, PEG and HA) in CMC-
PEG-HA composite !'*1¢ 1% 7l “T'he vibrational bands of phosphate (PO,*) groups were occurred at 1035 cm’'
(stretching), 954 ¢cm ! (stretching), 604 ¢cm ' (bending) and 566 ¢cm™' (bending), confirming the formation of
in-situ HA in CMC-PEG matrix "' " In addition, a small band appeared at 829 ¢cm'! corresponds to HPO,

24 J. MET, MATER SC., Vol. 62, No. 3-4,2020
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groupt™. In the FTIR spectrum of sintered HA [Fig. 3d], it was observed that the stretching vibration of -OH group

shifted to higher wavenumber at 3570 cm’!, and phosphate (PO,*) bands were occurred at 1088 cm!, 1053 cm

>

602 em', 571 cm! and 474 cm'. However, no characteristic vibrational bands of CMC and PEG were found,
indicating the complete decomposition of polymers during sintering ©1,

| PEG . ‘. Ev | eme - ()

5 \ b :
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i e w — = az et —
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Fig.3. FTIR spectra of (a) PEG, (b) CMC, (c) CMC-PEG-HA and (d) sintered HA.
TEM analysis

The TEM images of CMC-PEG-HA (p-HA) and sintered-HA (s-HA) are presented in Fig.4. The morphology
of p-HA consists of clustered spherical particles [Fig. 4a), approximately 20-40 nm in size. On the other hand,
the s-HA morphology [Fig. 4b] is highly fused and agglomerated with individual particle size ranging from 200
"m0 400 nm. After sintering, it was noticed that the spherical particles had diffused to bigger particles (almost
10 times in size) and formed agglomerated HA particles. It can be concluded that during sintering, HA particles
@proached to each other and neck formations occurred between them and the heat treatment temperature favored
the particles to enlarge. Hence, particles grow and the grain boundaries became clearer in sintered HA P+,

- ‘inte s-HAJ.
Fig.d. TEM image of (@) CMC-PEG-HA [p-HAJ and (&) sintered HA [s-HA.
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Microstructural analysis

The SEM microstructure of the as-synthesized CMC-PEG-HA (p-HA) composite from biomimetic process anqd
sitered HA (s-HA) are shown in Fig. 5a-c. Biomimetic p-HA composite (Fig. 5a) consists of irregular shapeq
small and large aggregates. These aggregates were made up with nanosized HA particles (20- 40 nm) as showp
in TEM image (Fig. 4a). This aggregation of nanoparticles is due to the intermolecular interactions among CM(,
PEG and HA!*1® 11 Moreover, the surface properties associated with HA nanoparticles caused these particles to

clump together and tormed different size of agglomerates!™ '8 261,

Fig. b exhibits the interconnected porous structure of sintered sample. This porous structure may be attributed to the
elimination of polymers during sintering " A closer look at the microstructure evidenced the presence of a hierarchy
in pores [Fig. 5¢]. all the primary pores consists of secondary pores in their volume. This study confirmed that the
fully interconnected multiporous HA block was formed by this simple process (biommetic method coupled with
sintering). In Fig. Sc. few small and immature clusters of particles were found at the edge of grain boundaries,
The elemental analysis (EDS) data showed that these clusters are made up with calcium (Ca), Phosphorous
(P). Oxygen (O) and Carbon (C), mainly deficient calcium phosphate minerals (Ca/P ~1.60). It is known that
calcium deficient minerals are generally water soluble ; hence, the solubility of sintered sample was checked in
SBF (simulated body fluid) for 7 days and 14 days [Fig. 5e, f]. At day 7, calcium deficient parts were started to
solubilize. however. at day 14 those were completely solubilized.

Fig.5. ,Mh.\—\ image of (a) CMC-PEG-HA Ip-HA[; (b) sintered HA [s-HAJ; (¢) high resolution image of s-HA; (d) point EDS of s-HA; images of
simulated body fluid treated s-HA [(¢)7 days and (f) 14 day/.

Porosity and mechanical properties of sintered HA

‘:F.. performance of bone implant mainly depends on its structure and strength, generally porous structure
having wide range of pores with sufficient strength is more effective after implantation 1**!. So, the porosity and
compressive strength of sintered HA block have been evaluated. The pore size distribution pattern of sintered
HA are presented in Fig. 6a. It shows that the pores diameter ranges from 4 -100 pm and the porosity is ~ >
‘:.F. E::?nv_v?c. stress-strain curve of sintered HA is shown in Fig. 6b. The curve exhibits a typical behavior
of porous ceramic material, and sample failed at 3.6 MPa (stress) with lower strain percentage (6.3%) under
compression ™. Porous sintered HA block possesses compressive strength ~ 3.2240 35 MPa and elastic modulus
- 242415 MPa, which are both in (he range of human cancellous bone " These _.nw:rm showed that the sintered
.:._:_:n.:c:v HA block can support bone tissue regeneration at the site of'implantation, and can maintain sufficient
integrity. ,

2 2020
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Fig.6. (a) Pore size distribution curve and (b) stress-strain curve of sintered HA.

MTT assay and cell adhesion study

Sintered HA (s-HA) was subjected to MTT assay with BMSCs. This study exhibits the cell metabolic activity
where MTT absorbance corresponds to the number of viable cells 67 '), Results evidenced the proliferation of
cells with culture time, and no significant toxicity was observed. Cell adhesion study revealed the behavior
of cells on direct interaction with test material (. A representative image of cell adhesion test is shown in
Fig. 7b, number of cells was observed on the surface of sintered HA which revealed that the sintered HA block
do not mterfere in cellular mechanism suggesting its cytcompatible nature®”). Therefore, it can be concluded that
simtered multiporous HA block may be used as an efficacious bone construct in future.
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24h 48h
Fig7. (@ MTT assay of sintered HA scaffold, (b) Fluorescent microscopy image after BMSCs were cultured with sintered HA for 48 h

CONCLUSION

In thig study, fully interconnected multiporous hydroxyapatite block was successfully synthesized by a simple

“d cost effectjye process. The process is based on the concept of biomineralization, which demonstrates good

Ssvzc_ over the microstructural features of the block. Structural characterization clearly evidenced the formation

o fully Interconnected multiporous HA block. The microstructural features of sintered HA s a function of hybrid

Polymerg Malrix where the nucleation, growth and aggregation of HA nanoparticles were occurred. During

w___::ﬂ g, polymers decomposed out and left their impression in sintered sample, as a result fully interconnected
POrous HA block was formed,
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Effect of dual crosslinking on physico-chemical properties of hydrogels prepared from
chitosan and alginate
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Abstract : Hydrogels have established their utility in the field of biomedical science and technology including
drug delivery and tissue engineering, among other applications. Crosslinking density critically affects the resultant
physical property of the hydrogels. Here, we have successfully synthesized carboxymethylchitosan (CMC) and
oxidized alginate (AA) from chitosan and sodium alginate, respectively. CMC and AA were used to fabricate
CMC-AA-single network (CMC-AA-SNH) and CMC-AA-double network (CMC-AA-DNH) hydrogels.
Crosslinking of CMC-AA-SNH was done by dynamic covalent bonding, that is, imine bond formation, whereas
CMC-AA-DNH was crosslinked via covalent imine bond and Ca?* mediated ionic interactions. Fourier transform
infrared spectroscopy (FTIR) and proton nuclear magnetic resonance ('H NMR) studies were employed to
characterize the components of the hydrogels. Effect of dual crosslinking over the single crosslinked hydrogel
was extensively analyzed by rheological studies. Scanning electron microscopy revealed that the CMC-AA-DNH
was more densely packed with interconnected structure than CMC-AA-SNH. Swelling study demonstrated that
the degree of swelling of CMC-AA-DNH was significantly less than CMC-AA-SNH due to more crosslinking
density. Compressive mechanical test of the hydrogels further indicated that CMC-AA-DNH exhibits fracture
stress of 79.5 kPa. These results indicate how the physical and mechanical properties of a polymeric hydrogel
system can be tuned through control of crosslinking, which have important implications for the use of these gels
for biomedical applications.

Keywords: hydrogels; chitosan; alginate; covalent crosslinking; ionic crosslinking; biopolymers; biomaterials

INTRODUCTION

Hydrogels have gained enormous interest owing to their potential in diverse fields of biomedical science including
drug delivery, peptide delivery, gene delivery, and tissue engineering, etc. !> Over the years, researchers have
Proposed various definitions of hydrogels . The simplest definition of hydrogels is that they are cross-linked
three-dimensional (3D) polymeric networks, which may contain one or more polymers and are capable of holding
alarge amount of water, Cross-linking of hydrogels is known to be an important parameter as it plays a critical
role in determining their physical integrity, swelling, and stiffness as well as other properties such as release
behavior and degradation. Hydrogels can be crosslinked by different methods including chemical (covalent
ooa__mm:o:mv enzyme mediated crosslinking, etc.) and physical (hydrogen bond formation, ionic interaction,
Plereocomplex formation, etc.) cross-linking 1. A higher cross-linking density typically yields a much stiffer
hy drogel than the lower cross-linked one. However, the degree of cross-linking can be tailored and depends on
the targe, applications.

<5:”=m zoaom_.mamc_n, non-toxic polymers such as chitosan oI, sodium alginate!, kappa carrageenan ¥!, guar
9 N . ~ hi S Tratiane
w_“-“, I .&a gelatin ' etc.. have been used to prepare E\%om.&m :.: a_.<2mo c.o.:wa_f__ pwu__;.:o:? .»/Ecsw
h n::ozs. which is a partially deacetylated form of chitin, is widely :.mma in the tood :aﬁ:_am and
Medicy) applications such as wound healing and tissue engineering owing to its favorable properties such as
Svm:.r___? I:anm&?v::& and antibacterial activity - Sodium ::"..A::JE. another :923_._%-.%15&
OPolymer, has drawn enormous interests as it possesses properties similar to chitosan and can readily interact
With differep divalent cations such as Ca?', Sr*', and Mg®' etc. to form hydrogels through ionic cross-linking ',
___w hﬂscs s suc .H_.F”L. irn_.a_: both chitosan and sodium alginate were used to develop
oge

?cec
bigp

~. Several studies have been rep
$or different biomedical applications!"*'*
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Recently. injectable hydrogels have been d awing increasing gna_o: oﬂ__“_moﬁoo_ﬂ“m M_un_ﬁ_u_-wo”.” _”HM__W MM:d
hydrog n._ . u: d case of delivery '), However, mechanical _:ov.n_.:mw of :_omeﬂ. <= Zﬂmamﬁr et M.E _n:
=.mm when employed as tissue adhesives or scaffolds for mc.,_. :mms.n regeneratio! ~ e tinkine fs oo o us
of the hvdrogel and the target tissue can result in poor biological outcomes. _ A w: ban portant
vu_.uaﬁma a,, it determines the mechanical properties of :ﬁ.:«&o.mn_m. mQ.SB. Rmﬁm»_a“ M ies have been
reported with double network hydrogels to explore different c_oBoa_mm_ applications ['* "°1. However, there are
few studies that have systematically compared the ditference cmgmos.m_sm_n :ogg.w hydrogel Amzmv.mna double
network hvdrogels (DNH) for a given polymeric system. Thus, in this study, we aimed to an<o_ov. single cross-
linked :/.mari (CMC-AA-SNH) and double cross-linked hydrogel AOZO->>-U.ZIV prepared :.m:_m CMC and
AAand ,n,,,u_mwz the effect of the crosslinking on their rheological behavior, swelling, and mechanical properties.

MATERIALS AND METHODS
Mazerials

Chitosan and sodium alginate were purchased from Sigma-Aldrich. Monochloroacetic acid and sodium periodate
was procured from SD Fine Chemicals. Solvents used for this work were all analytical grade.

Svmthesis of carbaxymethyl-chitosan (CMC)

CMC was synthesized according to Bukzem et al with slight modification®. Briefly, 2 g of chitosan was
suspended m 20 ml of 4:1 v/v isopropanol: water containing 2.7 g of sodium hydroxide and stirred for 1 h. Next,

g of monochloroacetic acid dissolved in isopropanol (4 ml) was added dropwise into the mixture above with
conunuous surring for 30 min and the final mixture was stirred for 4 h at 60°C. Thereafter, the reaction was
quenched by adding excess 70% ethanol and neutralized with glacial acetic acid followed by filtration. The solid
mass was repeatedly washed with increased ethanol content (70%, 80%, 90%) and finally dried under vacuum

Al
forZ4n

Synmthesis of oxidized alginate (AA)
AA wes synthesized by the oxidation of alginate ', Briefly,
delonized water with continuous stirring. Subsequently,
2bove and the stirring was continued for 6 h in the dark. 1.
followed by dialysis (3.5 kDa MWCO) against deionized
ext. the dialyzed sample was freeze-dried to obtain dri

1 g of sodium alginate was dissolved in 100 ml of
5 uM of sodium periodate was added to the mixture
5 ml of ethylene glycol was used to quench the reaction
water for 3 days with regular change of deionized water.

i ed AA as the final product. AA was stored in -20°C until
Preparation of H, Iydrogels

CMC & !

oM and AA based m?t (CMC-AA-SNH) was prepared by mixing the 4.5% w/v aqueous solution of CMC and
20% w/v agueous solution of AA at the

gelation time
Chemical Characterization

_‘?n vvsﬁ.:nz.\ha CMC and AA were characterized by F
Elmer, USA) using atienuated tota| r
4000 10 650 ¢my! with4 ¢!

: ourier transform infrared S Perkin-
eflection (ATR) mode, (FTIR) spectroscopy (

resolutions and 32 conc ) where the spectra were recorded within the rangé
! tonsecutive scans, 'H nuclear magnetic resonance ("H NMR) was
32
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also performed at 400 MHz to confirm the successful synthesis of CMC and AA using D,O and tetramethylsilane
(TMS) as solvent and internal standard, respectively. Moreover, both CMC-AA-SNH and CMC-AA-DNH
hvdrogels were characterized by FTIR analysis.

Swelling Study

qwelling study was done by immersing CMC-AA-SNH and CMC-AA-DNH hydrogels in PBS 7.4 at 37°C.
Sample weight was measured at predetermined time points until it did not change any further. Triplicate samples
ofcach type of hydrogel were used for each measurement. Swelling ratio was calculated by the following equation.

) ) W -W
Swelling ration= ———
s_
Where, W _and W, are the weight of the hydrogel at individual time points and initial weight of the hydrogels,
respectively.
Rheology study

The dynamic rheological behaviors, including dynamic frequency sweep, dynamic strain sweep and dynamic
temperature sweep were studied using the Discovery Hybrid Rheometer (DHR-3 from TA Instruments) using
cone and plate geometry (diameter 40 mm, angle: 40 degree geometry gap: 200 pm). The lower plate was a
Peltier device with a specifically designed temperature control system and the upper plate was made of stainless
steel. For each measurement, each sample was carefully loaded onto the Peltier plate and the upper plate was
set at a desired distance above the Peltier plate. Thereafter, dynamic frequency and strain sweep samples were
equilibrated without pre-shearing or oscillating for 2 min at 37°C before conducting the experiments. For the
temperature sweep, the sample was equilibrated at 25°C for 2 min.

(i) Dynamic Strain sweep

Before the dynamic viscoelastic measurements, the dynamic strain sweep from 1 to 800% at a fixed angular
frequency 10 rad s was first performed to identify the linear viscoelastic region (LVR) in which the storage
modulus is independent of the strain amplitude and the gel to sol transition point. 1% strain was selected for the
low amplitude oscillation test to ensure that the dynamic oscillatory deformation of each sample was in the LVR.

(i) Dynamic frequency sweep
Shear storage modulus (G’) and loss modulus (G”) were measured as functions of angular frequency (®) over
the range of 0.01 to 100 rad s” at 1 % strain at 37° C. The loss tangent (tand) was calculated by the equation (tan

0=G’/G”) and plotted as function of angular frequency.

(itf) Dynamic temperature sweep

10 test the temperature stability of the hydrogel samples, G and G were measured through a heating process

25°C 10 fvore . « .
$5"C1060°C at = 10 rad s and y = 1%. Heating rate was 5°C / min.

Scannip "

electron microscopy
|

é:m::&:m_ and cross-sectional —.nm.C:z O‘.OZQ-\/\/‘WZ: and CMC-AA-DNH were imaged using a scanning
_:nc:c: microscope (SEM, Ultrass FE-SEM Karl Zeiss by Karl Zeiss SEM). For SEM imaging, both the
lydroge samples were freeze-dried followed by immersion into liquid nitrogen for few seconds prior to cutting

o degire . .
desired sections, Before imaging, samples were sputter coated with gold.
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Mechanical Characterization

Compressive mechanical properties of hydrogels were evaluated using cylinder-shaped hydrogels (diameter of
7 mm and height of 2 mm) using the micro-universal testing machine (Mecmesin). A load cell of 25 N was used

at a constant displacement rate of 1 mm/min until fracture. Triplicates of each type of hydrogel were measured.

RESULTS AND DISCUSSION

CMC and A4 synthesis and characterization

CMC and AA were synthesized from chitosan and sodium alginate, respectively, and characterized by FTIR and
'"H NMR spectroscopic techniques. Fig 1(a) shows the characteristic broad FTIR absorption peaks of chitosan
at 3600 to 3100 em™' for O-H and N-H stretching. The C=0 stretching could be observed at 1656 cm™. The
peaks at 1560 cm ' and 1368 em™ correspond to N-H angular deformation and symmetric deformation of CH,,
respectively. Absorption at 1068 cm™ corresponds to the C-O stretch. The FTIR spectra of CMC (Fig 1(a))
indicates the presence of COO" as an intense absorption spectrum at 1584 cm™'. The absorption band at 1410 cm'!
is observed. which is attributed to the symmetric and asymmetric deformations of COO-, respectively. These
results are in agreement with previously published work of Bukzem et al ?? and confirmed the successful

formanon of CMC.

(a) |cmc-aa-onH OCH,COO0H OH
o o 0. o
CMC-AA-SNH ~
m Sofo Ho b
= NH, NHCH,COOH
“ GlcN, GIcNAc
m
= Ow.g GlcNAc
3
3
c >>
<
,.n
Sod. Zn.:u-o
4000 3500 3000 2500 2000 1500 1000 €0 s ool ks doas a0 s i a5
Wavenumber ?3.:
(c)
NaOOC
o
AT NN
\\ /0 OOOZw
Hemiacetalic 1) )u\
proton \_
> f\rr
— —— e o —
o Y] 55 o “ “w t\-lpc 25 20 L 10 as
Fig 1. (a) FTIR spectra of sod. alginate, AA, chitosan, CMC, CMC-AA-SNH and CM(¢ “AA-DNH; (b, ¢) IH NMR pectra of (b) CMC and (c) AA.
» (0, specitra o, a ) B
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Ihe synthesis of CMC was further confirmed by 'H NMR (Fig 1(b)). Chitosan is a copolymer, consisting of
clucosamine (GleN) and acetylglucosamine (GleNAc) units. The characteristic methyl proton could be observed
4 2.0 ppm, whereas peaks at the range of 3.4 to 4.1 ppm indicated the presence of hydrogens of GleN and
GIENAC units. A broad peak at 4.3 to 4.6 ppm (a) is seen for the carboxymethyl protons and the adjacent protons
of CH. indicating the O-carboxymethylation. Moreover, evidence of the formation of N-carboxymethylation
could be observed as the peak around 3.3 ppm (b) indicated the protons of carboxymethyl group attached to
pitrogen group of chitosan. ™!

Similarly, the formation of AA was confirmed by FTIR spectra (Fig 1(a)) and 'H NMR spectra (Fig 1
(). Fig 1(a) presents the characteristic absorption spectrum of alginate. The broad peak at 3400 cm'
indicates the O-H stretching vibration. The weak C-H stretching vibration could be observed at 2909 cm'.
The asymmetric and symmetric stretching vibrations of COO~ could be found at 1596 cm' and 1404 cm’,
respectively. All characteristic peaks could be observed for AA. However, a new absorption peak appeared around
1728 cm that corresponds to the C=0 stretching vibration of the aldehyde group, which indicated the formation of
AA™ |HNMR analysis further confirmed the formation of AA. Fig 1 (c) depicts the [H NMR spectra of AA, where
the appearance of two prominent signals at around 5.25 and 5.55 ppm indicate the presence of hemiacetalic protons,
which formed from aldehyde and the neighbouring hydroxyl groups. Similar observations were reported by Gomez
22l ™ and thus, corroborate the results presented here confirming the formation of AA.

Hydrogel formation and gelation time

Fig2 (a) shows the schematic representation of hydrogel preparation for CMC-AA-SNH ad CMC-AA-DNH. Figs
2(b) and (c) present the digital photographs of the two hydrogels formed in the vials. Schiff base chemistry was
employed to develop CMC-AA-SNH, wherein the hydrogel was rapidly formed by the homogeneous mixing of
aqueous CMC and AA solutions in proportions listed in Table 1. The amine groups of CMC readily reacted with the
dldehyde group of AA to produce dynamic covalentimine bonds. Similarly, Schiffbase chemistry was usedto prepare
CMC-AA-DNH hydrogels along with the introduction of a secondary crosslinker, i.e., Ca** ions ata predetermined
concentration as listed in Table 1. Divalent Ca* ionsrapidly reacted with the carboxylic acid groups of AA polymeric
chaing through ionic cross-linking. The resultant hydrogels were characterized by FTIR spectroscopy, which
confirmed the formation of the imine bond in both hydrogels, as revealed by the absorption at around 1700 cm''
Fie 1(a)). The gelation time was calculated by tube inversion method for both CMC-AA-SNH and CMC-AA-
DNH and is tabulated in Table 1. The gelation time of 20s for CMC-AA-SNH here is significantly faster than
for simjlar hydrogels reported by others. For example, Lei et al (241 ytilized the Schift base reaction to prepare
MW”..MS_C self-healing hydrogels from amino-gelatin and dialdehyde
:_s_w”qs:iin_v\ 2 h. Furthermore, the gelation time decreased to 108
€ onic bonds formed faster than the dynamic imine bonds.

carboxymethyl cellulose with gelation time
for CMC-AA-DNH (Table 1) indicating

Table 1. Composition of different hydrogels and their r‘,c:a%c:p::m gelation :Ew -
4 QSG (4.5% wiv): CaC _M.:_:eci 4 Gelation time (s)
* AA (20% wiv) solution (nM) , -
CM¢
M( “AA-SNH | 12 0 4 20 -
( R4
MC-AA-DNY 4 » 20 A oo
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Fig2. (@) Schematic representation of the CMC-AA-DNH gel formation; (b, c) Digital photographs of gels formed in inverted tubes of () CMC-

AA-SNH and (c) CMC-AA-DNH.

Rheological study
Fig 3(a) shows the G’ and G as a function of % strain for both CMC-AA-SNH and CMC-AA-DNH hydrogels.
which are the characteristic of the elastic response of hydrogels. In the LVR region, G’ values of both hydrogels
are essentially independent of the applied strain. The linear viscoelastic behavior deviated beyond a critical
strain. The strain where the G’ values of the hydrogels deviated by more than 5% from the linear region indicated
the critical strains (yc) for each hydrogel . Above ¥¢, the G values then rapidly decreased and crossed over the
G plot indicating the gel-to-sol transition point (10). This transition point indicates a transformation from the
quasi-solid state 1o quasi-liquid sol state. As shown, in Table 2, The yc values of CMC-AA-SNH and CMC-AA
DNH hydrogels are 6.33 and 4.12 %, respectively. Therefore, ¥ = 1% was used for the subsequent low m_%_:_an
oscillation tests, The corresponding G’max of CMC-AA-SNH and CMC-AA-DNH are 289 Pa and 737 Pa.

respectively (Table 2 and Fig 3 a). The G’'max of CMC-AA-DNH is 2.5 times more than G’max ow.ﬁ?_ﬁ.?».
ﬁ%na

SNH 9.;. f the addition of a small amount of Cy? ions. In the presence of Ca>* jons, more chelation hap

n En CMC-AA-DNH system and as a result, the viscoelasticity and stiffness of the CMC-AA-DNH inerease!

noticeably compared to CMC-AA-SNH. [{ can be observed that CMM-AA-DNH presented a moderately highe'
pvations

.9&35 SBE,:& .5 CMC-AA-SNH, as well as shorter LVR window and therefore, lower yc. These obse
indicate that CMC-AA-DNH wa erand stronger hydrogel than CMC-AA-SNH.

much
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030] —*— CMC-AA-DNH
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vv v rrere.,, .
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Fig3. Dynamic viscoelasticity performance of both hydrogels at 37°C (a) The G' and G" of the hydrogel from strain amplitude sweep (7 = 1%—800%)
at a fixed angular frequency (10 rad s) (b) Frequency dependence (0.01 to 100 rad s-1) of G’ and G” at y = 1% (c) frequency dependence
of tan J for both hydrogel (d) temperature dependence of G’ and G” during heating (25 to 60° C, 5°C / min) at y = 1% and » = 10 rad s™'.

To understand the influence of Ca?* ions on the viscoelastic properties of hydrogels, low amplitude oscillatory
measurements were carried out at 37°C for CMC-AA-SNH & CMC-AA-DNH (Fig 3b). It can be seen that G’(w)
and G”(w) of both hydrogels followed a similar trend. As @ increased, there is nearly a monotonic increase in
G’ and decrease in G”, which begins to suggest more entanglement network together with a strong elastic gel
network. ! Throughout the experimental frequency window (0.01 to 100 rad s), G’is greater than G’and tan
0 is also less than 1.0 (Fig 3c), which demonstrates the solid-like elastic behavior of hydrogels. This feature is
consistent with the response observed typically for viscoelastic materials with a narrow distribution of relaxation
time ) The marginal increase of moduli in CMC-AA-DNH is indicative of the rearrangement of Ca* ions to
form higher-order network structure under shear stress. The magnitude of G’(w) values of CMC-AA-DNH was
more than the magnitude of G’(w) values of CMC-AA-SNH in the measured window (0.01 to 100 rad s™), again
signifying stronger gel-like behavior of CMC-AA-DNH due to the additional ionic crosslinking in the system
resulting from the Ca?* ions.

Table 2: Rheological characteristics of the hydrogels

Parameter CMC-AA-SNH CMC-AA-DNH |
bﬁ_w;ma (1) % ] 6.33 4.12 |
Transition point (y ) % 175 9
Maximum G within LVR, G’__(Pa) 289 737
n_.sz.ém Ecg_m._w.foa%l&! 99 202 ]

To Understand (e behavior of hydrogel with temperature, temperature sweep studies have been performed. Fig
3 shows the temperature dependence of moduli (G* and G™) for both hydrogels. Both hydrogels exhibited
Simigy behayior. The moduli were nearly independent of temperature within the temperature range examined.

N c_.A._,\:«..\;lwzz decreased marginally with an increase of temperature from 50° .8 60°C, unlike the steady

W.%::mc of CMC-AA-DNH which is suggestive of less stable crosslinking structure in CMC-AA-SNH than in
7\_A‘..>>._v2__. o

IM

.:: 37
MATER SC vol, 62, No. 3-4, 2020



SANTANU GHOSH, PRITIRANJAN MONDAL, B. RATHINA VEL ...

SEM study . .
The surface morphology and internal structure of the lyophilized gels are shown in Fig 4(a) to (d). 1t was

observed that both gels had a highly porous structure. The average pore size of CMC-AA-DNH (140 + 33 pm,
calculated from In,.r.: was lower than the average pore size of CMC-AA-SNH (174 + 39 pm, calculated from
Fig 40). This cv%%ﬁ:.c: may be attributed to the fact that CMC-AA-DNH was stiffer and denser than the CM(.
yw,,/,/: resulting from the higher crosslinking density in the presence of Ca** ions. From the micrograph of
b & 4d (Jongitudinal section of the sample), it was also observed that pores are highly interconnected. This

Fig 4t
imterconnecting and irmegular porous structure of 3D hydrogel is well suited for cell adhesion and proliferation.

£ - { :
Feg 4. Scammimg electron micrographs of (a) CMC-AA-DNH in cross-section, (b) CMC-AA-DNH in longitudinal direction, (c) CMC-AA-SNH in
cross-section and (d) CMC-44-SNH in longitudinal section.

Swelling study

The abiliry of the hydrogels for water uptake and resultant swelling was characterized for their use in biomedical
apphcauons. Fig 5 (a) compiles the swelling behavior of both hydrogels. CMC-AA-DNH almost reached
equilibium within 24 h and the swelling ratio was calculated to be 2.3. In contrast, CMC-AA-SNH swelled to
reach equilibrium after 36 h and the swelling ratio was 5.5. This observation may be again being attributed to the
fact that CMC-AA-DNH is relatively more tightly cross-linked than CMC-AA-SNH. When crosslinking density
i less. the swelling swollen ratio is high. In CMC-AA-DNH, cross-linked density is more due to the additional

Ca-" -mediated 1onic cross-linking.

Mechanical Property
(a) —~— CMC-AA-SNH (b) 80 —cmc.aa-sNH
; CMC-AA-DNH |
- CMC AADNH [ _-
60 ,\
m - /
. * /
o )
.W o 40
i ;
20
o= 0
0 12 24 3 “ F— \ , P
Time (h) 0 100 180 200 280 300
% Strain

Fig 5. Compurative siudy of (MCAA-SNH and CMC-AA-DNH () swelling, (b) compressive mechani 1 behavi
" CChanica, ¢havior

The mechanmical properties of the hydrogels were assessed under compressi : i
E - ression, From the stress-strain curves in
: ¢ stress-strain curves
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Fig 5 (b). it s seen that CMC-AA-DNH exhibits higher modulus and maximum stress (79.5 kPa vs. 53.4 kPa)
_5,2‘ to failure but lower strain to failure (192% vs. 305%) than CMC-AA-SNH. These results are consistent with
the data from rheology and a consequence of the increased cross-linking in CMC-AA-DNH compared to CMC-
AA-DNH. Wei et al "'l also studied chitosan and alginate based hydrogels and the resulting hydrogel exhibited
qrength of 33 kPa. Lu et al 1 examined the effect of ionic concentration on dopamine modified 4 armed poly
(ethylene glycol) hydrogel. They observed that the strength of the hydrogel was 65 kPa. In this work, we were
able to achieve hydrogels with good strength by introduction of double network system using a combination of
jonic and covalent bonding.

CONCLUSION

CMC and AA were synthesized and characterized by FTIR and 'H NMR. Both pre-polymers were used to
fabricate CMC-AA-SNH and CMC-AA-DNH hydrogels, where, CMC-AA-SNH was prepared by single covalent
crosslinking whereas, covalent as well as ionic crosslinking were employed to prepare dual cross-linked CMC-
AA-DNH. Faster gelation was observed for CMC-AA-DNH. Rheological properties were extensively studied
for both the hydrogels and it was observed that CMA-AA-DNH is more viscoelastic as well as stiffer than CMC-
AA-SNH. Denser and interconnected pores were observed for dual crosslinked CMC-AA-DNH hydrogel. Due to
the higher crosslinking density, CMC-AA-DNH showed less swelling and higher strength than the single cross-
linked CMC-AA-SNH hydrogel. It can be concluded that the presence of dual crosslinking CMC-AA-DNH
vields much stiffer and stronger hydrogels than the single crosslinked CMC-AA-SNH. These results demonstrate
how the physico-chemical properties of hydrogels derived from biopolymers may be tuned to meet the needs for
different biomedical applications through careful selection of cross-links.
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Abstract : Thrombosis, resulting from platelet adhesion and attachment is one of the major issues with blood
contacting implants. Limiting platelet adhesion is highly desirable to ensure the usefulness of implants in blood
contacting applications. In this work, we report on simplistic low-temperature high strain-rate processing to
minimize the platelet adhesion on biomedical grade stainless steel. In addition, processing was also done at low
rotational speed to study the effect of strain rate during processing. At high rotational speed, the processed steel
resulted in single-phase ultra-fine grain structure along with significantly lower metal ion-release and better
hemocompatibility. In addition, increased cellular viability with no significant morphological aberrations were
observed in processed specimen in Human Wharton's jelly derived mesenchymal stem cells (HW-MSCs). Higher
resistance for platelet adhesion for the processed steel is explained by favorable electronic characteristics of the
metal-oxide and short-range polar interactions at the cell-substrate interface. Higher stability of the metal-oxide
on processed steel contributed towards reducing the metal-ion release and ensure better hemocompatibility.

Keywords: Biomaterials; Interfaces; Microstructure; Grain boundaries; Platelet
INTRODUCTION

Stainless steel and titanium are amongst most widely used materials for bio-implant applications. This is
mainly driven by their high strength, toughness, satisfactory corrosion and wear resistance as well as superior
gonosvw:z_m{_.:. These materials also find applications in intravascular components such as blood pumps,
Pacemaker leads, heart valves and stents ™ 5. However, one of the major issues with the use of these materials for
blood contacting applications is the adsorption of blood constituents i.e. proteins and platelets on the implant surface
“*. The protein-implant interaction occur spontaneously as soon as blood contacts the implant surface followed
by platele attachment and blood coagulation. The consequence of adsorption of blood constituents on an implant
nvolves seyere complications such as thrombosis, vasculitis, and inflammation . Limiting protein and platelet
adhesion on an implant surface is highly desirable to ensure their usefulness for blood contacting applications.

The interaction of implant with blood components is a complex phenomenon and is primarily driven by its
surface characteristics, Surface charge, wettability and surface topography significantly influence the protein,
Plateleq adhesion and attachment, Negative surface charge and hydrophilicity are known to impede the platelet
adhesiop 1) Various approaches including microstructural refinement ™ ", tailoring the surface chemistry ('
and surfyce texturing "> 1 have been reported to control the cellular response as well as diminish protein and
Plate]ey adhesion. The existing pattering techniques for crystalline metals, offer limited control over morphology
ang length-scale. |y, contrast, microstructural refinement approach is highly versatile in :,:: context. Here, we
ans,c:v_;_? a versatile high strain-rate processing technique for limiting platelet adhesion on stainless steel
Surface through microstructure control. In addition, the processed stainless steel surtace showed reduced metal
10n-re)eyge and slightly better hemocompatibility. Improved thromboresistance properties of processed stainless-

is explained based on favorable electronic characteristics of the metal-oxide and short-range polar

Slee| Surface
::S.nr. 1 P : .
3 tons af (he cell-substrate interface.
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EXPERIMENTAL DETAILS

Bromedical grade stamnless steel, SS316L, was used in the current study. The surface properties of stainless
steel were tailored using low-temperature high strain-rate deformation process known as submerged friction
sir processing. The details about the process are given elsewhere ', Processing was done at two different
ol notatonal speads of 388 rpm (designated as 388-RS henceforth) and 1800 rpm (designated as 1800-RS
henceforth). All samples were polished down to 3000 grit followed by electro-polishing in 10% oxalic acid
solunon. Electron back scatter diffraction (EBSD), performed using FEI Quanta 3D FEG, was used to reveal the
gramn size and phase distribution for all specimens. The semiconductor properties of the thin oxide layer formed
on base SS316L and processed specimen was obtained using Mott-schottky analysis!'*). A standard three electrode
electrochenucal system (Gamry. Interface 1000E) was used along with the ringer solution as an electrolyte. For
Mot-schomky analysis, AC signal of 10 mV amplitude at 1000 Hz frequency and a step potential of 50 mV is
swept i the cathodic direction from 0.25V to -0.5V to measure the capacitance, C. Cell assay was performed
usmg Human Wharton's jelly derived mesenchymal stem cells (HW-MSCs, Hi Media, India). A colorimetric
assay (MTT. Thermo Fisher Scientific) was performed to evaluate the cytotoxicity of the as-received SS316L
and processed specimens. In addition. the morphological aberrations were studied using fluorescence microscopy
analysis afier staining with DAPL PI. and Phalloidin as described elsewhere ['6], Hemolysis assay was performed
as described by Lale et Al "7 while platelet isolation was performed as explained by Verhuel "%, In addition, the
Sbrmogen adhesion of the specimens was determined by ELISA assay (enzyme-linked immunosorbent). The
specific details of these assay were given elsewhere ['4), Inductively coupled plasma mass spectrometry (ICP-MS;
Thermo fisher Scientific Inc., USA) was used to trace ion concentration of iron, chromium and nickel ions in the
ninger solution. One-way analysis of variance method followed by a Student’s t-test was used to compare the
+&nous means of the triplicate samples of individual experiments and to identify the statistical significance. All

.Hn..nﬁwwun&msa.ﬁarumcogaoumcmmnmﬁrmmﬁmam:nm:oo_ GraphPad Prism 7.0 and *p < 0.05, **p < 0.01, ***p
< 0.001 were considered as statistically significant.

RESULTS

Microstructure

The gran size got significan
1 8O0-RS specimen. The detai

leel has austenite structure while 1800-RS has nearly 8% martensite
s significantly high at nearly 45% for the 388-RS specimen.

Contact Angle
T'he contact angle of the base SS316L, 388-RS a

-

. nd 1800-RS specimens was found to be 60° + 3°, 50" + 9°, 46°
= 2 respecuvely. Thus, both the processed samples show lower contact angle compared to the base steel. The
mniﬂnva._:.rwzsﬁ angle with grain refinement has been shown previously as wel] (201 Higher contact angle
n_:n m:mn_ ,ﬂ._n_h_ucm in the value for 388-RS specimen is likely due to high martensite fraction. This might be
also due 10 the difference ¢ nature creentage ¢ iti [ oxi { , 3
o edy: erence in the nature or percentage composition of oxide layer formed on the surface of the

Mot Schortky Analysis

I'he electronic properties of the metal in a metal-¢

lecuolyte environme
Edect o nment were
(M-S) analysis, a capacitive measurement technig

b0 determined using Mott Schottky
ue !4,

This technique is used 10 study the
Here, all the specimen shows n-lype
the same is calculated using the

compnsing

interface reactions between (he specimen surface and biological moieties:

e ositive slope and the flat band potential of
Y. Ihe curves obtained are shown in Figure 1 and the results
all the tested specimens were tabulated in Table 1.

semiconductor behavior with p
M-S equation !
rest potential and flat band potential of
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Open circuit

S ,_,8,.”“ ) potential Flat band potential, Difference
pec Eocp (mV) Efb (mV) (mV)
SS316L -2505 -430+6 180
388-RS 258412 43249 174
1800-RS 44047 -298+4 -142
12
—=—SS316L y
101 | _e—388RS >\>/
o] cAteoo-Rs /

4 - \l\t\h
[—0—9—9—g—2~ -

2 n-“.l.’"“l.ll.l\.\l\

2 4
1/Capacitance2 x108, (F lecm )

0 T T
-0.50 -0.256 0.00 0.25

Applied Potential, V (Vs SCE)
Figl: 1/C* Vs E plot (Mout-Schottky) for stainless steel SS316L, low rotational speed friction processed SS316L (388-RS) and high rotational

speed friction processed SS316L (1800-RS) at low temperature submerged conditions. Curves were obtained at 37° C in simulated body fluid
ir (Ringer solution as electrolyte) using three-electrode electrochemical setup.

Table 1: Semi conducting properties of SS316L steel, low rotational speed friction processed SS316L (388-
RS) and high rotational speed friction processed SS316L (1800-RS) at low temperature submerged conditions.
Curves were obtained at 37°C in simulated body fluid environment (Ringer solution as electrolyte) using three-
electrode electrochemical setup.

Interestingly, 1800-RS reported higher flat band potential and lower open circuit potential. Thus, the difference
between the rest potential and flat band potential was calculated to be negative whereas other positive difference
Was observed in other specimens. Further, the consequences of this condition resulted in lesser platelet and
fibrinogen adhesion on 1800-RS specimen which is discussed in forthcoming sections.

taSemeStﬁSEc\

The samples treated with human RBC reports minimal hemolysis for both the base SS316L and the processed
Samples (Figyre 2(a)). Whereas total hemolysis was observed in the positive control (deionized water), < 5%
:aSo_v\mi Wwas detected for all the steel specimens. Although, all samples are hemocompatible, the percentage
hemolysis jg least for 1800-RS specimen.

Nv .
rotein Adsorption and Platelet Adhesion

__ he adsorption of protein was determined by the adsorbed fibrinogen percentage which is shown in Figure 2(b).
Here, Polystyrene plate was used as the control. Both the processed specimen reported least fibrinogen adsorption
“Ompareq 1, the base stainless-steel alloy with high statistical significance of **p < 0.05. In addition, the release

) MET o
MET. MATER s¢. vy, 62, No. 3-4, 2020 .
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@) -

z 2

Hamolysis (%)
5

2- +

, WS mem
SSItEL 388RS 1800RS PBS(™) DI Control 8S316L 388-RS

—
(9)
—

-

Platelet adhesion (%)

Control

Fig. 2. Hemocompatibility and plaielet adhesion activity of the tested
udsorption obtained by ELISA, (c) % platel, dhesi b
of platelers

speci (a) hemolysis percentages, (b) % Fibrinogen
d by LDH assay. Scanning electron microscopy (SEM) images
adhering 1o (d) the control (polystyrene 24 well plate), (e) base stainless steel, SS316L and (f) high .63:6.:&
speed friction processed SS316L (1800-RS). Data is presented along with error bar which represents standard deviation.
p < 0.05, *"p < 0.0], *>*p < 0.00] is considered to be statistically significant performed using student t-test.

{

ol

laciate dehydrogenase (LDH) by the platelets on the samples was used to determine the platelet adhesion
property and the results are shown in Figure 2(c). Platelets adhered on treated polystyrene plates were used as
2 conwrol. 1800-RS specimen showed lowest platelet adhesion, nearly 7% compared to 43% for the base alloy.
In contrast. 388-RS showed higher platelet adhesion of nearly 69%. Thus, the 1800-RS specimen exhibited
exceptionally lower affinity for platelet adhesion, signifying its desirable attribute for blood-contacting implants.
Ihe sutistical significance of *p < 0.05 in variation with respect to control is reported in all of the samples-
However, higher statstical difference in 1800-RS was denoted using *kkp < 0.001. SEM images of control

vc_.(u_v;n:nv_m_c..fmfa_‘s_a:.n_xc:,:x%nn::c:,zrci:3 Figure 2(d) and (e) and Figure 2(f) _.amvmr.:,d_v\.
support minimal platelet adhesion on 1800-RS.

Celluluar response - Cytotoxicity and Fluorescence microscopy Analysiy
The results of cellular response of Human Wharton's jelly derived mesenchymal stem cells :.Z,\.?_mﬁmv is
shown in Figure 3. Figure 3(a) shows the evaluated percentage of dead cells after MTT assay. It is seen that
1800-RS processed spec

v shows less toxic nature compared 10 388-RS and base SS3 16L alloy. In addition:
the dead and live cells were stained using DAPL and 1) sspectively

44 "
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100
(b) Control
80-
2
I
g%
2 e Y
[ I
2
20

Control SS316L 388-RS 1800-RS

(c) ss316L

(d) 1800-RS

Fig. 3: Cellular activity of the tested specimens: (a) % Toxicity obtained from MTT Assay, Fluorescence images of Human Wharton's jelly derived
mesenchymal stem cells (HW-MSCs) cultured with respective conditioned media from the (b) control (media without specimen), (c) base
S$8316L alloy, (d) high rotational speed friction processed SS316L (1800-RS) for 48 h: Cells were stained DAPI , PI and phalloidin representing

live cells (blue), dead cells (red) and actin filaments (green) respectively. Data is presented along with error bar which represents siundard

deviation. *p < (.05, **p < 0.001 is idered to be istically signifi performed using student t-test.

Itis shown in Figure 3(b)-3(d) which indicates there is no significant difference in cell morphology after
Processing. Further, there was no red color fluorescence observed indicating processing does not attect the HW-

MSCs morphology. Thus, providing safe condition as implant material for blood contacting applications.

1CP-Ms Analysis

The results of ICP-MS testing for the base SS316L, 388-RS and 1800-RS specimens are given in Figure 4. Here,
both the processed specimens released lesser ion compared to the base SS316L alloy.

In correlation with the weight percentage of the stainless steel, iron leached out the maximum compared to
chromium ang nickel. 1800-RS shows the lowest rate of ion release which corroborates the ability of 1800-RS

W form 4 more stable passive layer in the ringer solution. These released ions trom the implants results and
231 Thus

nflammajoy, “l In addition. these elements can also lead to carcinogenic and mutagenic reactions!
the reduction of leaching of ions using high rotational speed processing (1800-RS) from implant material might

play 4 Particular significance especially in blood contacting applications. in allergic reactions in the human body

re : o
esulting in toxicity to the cells

=
o
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1.0+

0.9 ' m SS316L
e 388-RS

0.8 A 1800-RS

0.7-
0.6+
0.5- g
0.4-
0.3
0.2-
0.14 .
0.0 ] 2

lon concentration, (mg/m?)

>beo =

9_3 _um_E Ni(+)
Captured Elements

Fig. 4: lon concemtration of chromium, nickel and iron elements captured using Inductively coupled pl mass spectrometry (ICP-MS) method
for the base stainless steel SS31 6L, pro d specil at low r ional speed (388-RS) and high rotational speed (1800-RS) specimens that
leach-out into the simulated body fluid envir Both pr d samples sh d lower leaching of el compared to the as-received

alloy.

DISCUSSION
The results of the current study demonstrate that platelet adhesion was remarkably diminished in 1800-
se for the base specimen. Platelet adhesion is a complex process &

RS compared to the aggravated respon
cannot be attributed to unique physico-chemical property. As per the extended DLVO (XDLVO) theory ),
function of Lifshitz van der Waals,

the interaction of charged particle (such as platelets) with the substrate isa
electrostatic double layer interaction and short-range polar interactions. While van der Waals energy is always
positive, the electrostatic double layer interaction is attractive or repulsive depending on the substrate surface
charge. Polar interactions become significantly important at short-range and basically govern the wettability state
of the substrate. The platelet interactions with the substrate occur through a thin metal oxide layer that forms the
outermost layer on the substrate. The nature of charge on the oxide layer plays an important role in platelet adhesion
and attachment ¥, The Mott-Schottky analysis suggest lower rest potential for 1800-RS specimen compared to the
fiat band potential. The charge equilibrium necessitates transfer of excessive negative charge from the electrolyte
10 the oxide layer resulting in net negative surface charge for the 1800-RS specimen. The scenario is reversed for
the base steel due 1o its higher rest potential than flat band, giving it a net positive charge. The short-range polar
interactions which are nearly 10-100 times stronger than long-range interactions can play a more significant role
(2230 Both the processed samples are more hydrophilic compared to the base steel. The strong hydrogen bonding
in hydrophilic surface presents a significant energy barrier for adhesion/bonding with other surfaces. Therefore,
the decrease in platelet adhesion for 1800-RS specimen is likely explained by electrostatic repulsion between
negatively charged substrate and the platelets as well as due to hydrophilic repulsion. In addition, processing does

not affect the cellular morphology significantly. Further, the reduction in metal ion dissolution is likely attributed

1o more stable oxide layer on the processed specimen. Thus, the intervascular complications can be avoided by

developing tailored microstructure using high strain-rate processing.

46 J. MET. MATER SC., Vol. 62, No. 3-4, 2020
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co \CLUSIONS

The microstructure of stainless steel got significantly refined by low temperature high strain-rate processing.
Higher rotational speed processing resulted in nearly single-phase ultra-fine grain (UFG) structure while lower
Zm..:c_z_ speed processing resulted in dual-phase UFG structure. Single phase UFG steel showed significantly
lower platelet adhesion, less toxicity and reduced metal-ion dissolution compared to base stainless steel. High

resistance to platelet adhesion was attributed to negative surface charge induced by charge equilibrium at
substrate-clectrolyte interface and hydrophilic repulsion.

ACKNOWLEDGEMENTS

H.S. Arora thankfully acknowledge the financial assistance provided by Science and Engineering Research Board
(SERB). Department of Science and Technology, under the project titled “Tailoring the Surface Properties of
Crystalline and Amorphous Metals for Advanced Bio-Implants” (File no. YSS/2015/000678).

REFERENCES
(11 M. Sumita, S. Teoh, Durability of metallic implant materials, Engineering materials for biomedical applications, World Scientific
2-1-2-31, 2004.
2] N. Eliaz, Degradation of implant materials, Springer Science & Business Media 2012.

[3]  S.H. Teoh, Engineering materials for biomedical applications, World scientific 2004.

[4] M. Haidopoulos, S. Turgeon, C. Sarra-Bournet, G. Laroche, D. Mantovani, Development of an optimized electrochemical process
for subsequent coating of 316 stainless steel for stent applications, Journal of Materials Science: Materials in Medicine 17(7): 647-
657, 2006.

[5]  G.Mani, M.D. Feldman, D. Patel, C.M. Agrawal, Coronary stents: a materials perspective, Biomaterials 28(9): 1689-1710, 2007.

(6]

B. Thierry, Y. Merhi, L. Bilodeau, C. Trepanier, M. Tabrizian, Nitinol versus stainless steel stents: acute thrombogenicity study
in an ex vivo porcine model, Biomaterials 23(14): 2997-3005, 2002.

J. Courtney, N. Lamba, S. Sundaram, C. Forbes, Biomaterials for blood-contacting applications, Biomaterials 15(10): 737-744.

1994,

8 v DePalma, R. Baier, J. Ford, V. Gott, A. Furuse, Investigation of three-surface properties of several metals and their relation to
blood compatibility, Journal of Biomedical Materials Research Part A 6(4): 37-75, 1972.

G E Mostaed, M. Vedani, M. Hashempour, M. Bestetti, Influence of ECAP process on mechanical and corrosion properties of pure
Mg and ZK 60 magnesium alloy for biodegradable stent applications, Biomatter 4(1): 28283, 2014.

[10]

C.S. Obayi, R. Tolouei, A. Mostavan, C. Paternoster, S. Turgeon, B.A. Okorie, D.0. Obikwelu, D. Mantovani, Effect of grain sizes

on mechanical properties and biodegradation behavior of pure iron for cardiovascular stent application, Biomatter 6 (1): ¢939874,
2016,

J.Eric Jones, M. Chen, Q. Yu, Corrosion resistance improvement for 316L stainless steel coronary artery stents by trimethylsilane
plasma nanocoatings, Journal of Biomedical Materials Research Part B: Applied Biomaterials 102(7): 1363-1374, 2014,
C. Hehrlein, M, Zimmermann, J. Metz, W. Ensinger, W. Kubler, Influence of surface texture and charge on the biocompati
of endovascular stents, Coronary artery disease 6(7): 581-586, 1995.

H. Zhao, J, Van Humbeeck, J. Sohier, I. De Scheerder, Electrochemical polishing of 316L stainless steel slotted tube coronary
stents: ¢ nvestigation of mate nd surface roughness, Progress in Biomedical Research 8: 70-81, 2003.

remova

4y G p

S. Pati, HLS. Grewal, S. Mukherjee, S. Singh, H.S. Arora, Friction Stir
P

ve Performance in Bioimplant Applications, ACS applied materials &

crumal, A, Ayyagari, A. Chakrabarti, D. Kann:
focessing of Stainless Steel for Ascertaining Its Su
nterfaceg 9(42): 36615-36631, 2017.

A Djp,

. T ‘a Ac ) Y030 2
aola, Semiconducting properties of passive films on stainless steels ctrochimica Acta 34(2): 203-210, 1989,

G Peryy

gh, G. Manivasagam, H.S. Arora, Enhanced Biocorrosion
y through Reduced Elemental Heterogeneity, ACS Applied

| 1.8, Grewal, M. Pole, L.V.K. Reddy, S. Mukherjee, H
and Cellular Response of a Dual-Phase High Entropy A
Materials 3(2): 1233-1244, 2020

Resigy ce
Bio

IMET pay

T

RSC. vol, 62, No. 3-4, 2020 4



un

(28]

[29]

130)

48

H.S. GREWAL..,
G. PERUMAL. A. CHAKRABARTI, S. PATL, S. SINGH, V. REDDY,

SV Lale. A. Kumar. S. Prasad, A.C. Bharti, V. Koul, Folic acid and trastuzumab ?:o:o.__“_m_wnw %Mox responsive polymersomes
SV Lale, AL Kumar, 8, Prasad, A.C. V. . : . “ .
for intracellular doxorubicin delivery in breast cancer, Biomacromolecules 16(6): 173

HAM. Verheul, A.S. Joma. K. Hoekman, H.J. Broxterman, M.F. Gebbink, H.M. Pinedo, _M»“M:N_w_. MMMME&E_ growth factor—
AL < TP S\ N LU . . - i i} .
stimulated endothelial cells promote adhesion and activation of platelets, Blood 96(13): 42 s

G. Perumal. H. Grewal, H. Arora, Enhanced durability, bio-activity and corrosion resistance of stainless steel through severe
surface deformation. Colloids and Surfaces B: Biointerfaces, 194: 111197, 2020.

\" Muhonen, C. Fauveaux. G. Olivera, P. Vigneron, A. Danilov, M.D. Nagel, J. Tuukkanen, Fibronectin modulates osteoblast
behavior on Nitinol, Journal of Biomedical Materials Research Part A, 88(3): 787-796, 2009.

G. Perumal, H.S. Grewal, A. Ayyagari, S. Mukherjee, H.S. Arora, Enhancement in bio-corrosion resistance of metallic glass by
severe surface deformation, Applied Surface Science 487: 1096-1103, 2019.

S. Bahl. P. Shreyas, M. Trishul, S. Suwas, K. Chatterjee, Enhancing the mechanical and biological performance of a metallic
b

,oaannp_“,oﬂo:rcv&._nuvvznunozm.:_.ccm:nrwumnmE:.nmimonoxaa_wv\nqcu\:m:oonSE:mmE.mwna modification,
Nanoscale 7(17): 7704-7716, 2015.

G. Perumal. A. Chakrabarti, H.S. Grewal, S. Pati, S. Singh, H.S. Arora, Enhanced antibacterial properties and the cellular
response of stainless steel through friction stir processing, Biofouling 35(2): 187-203,2019.

N. Hakiki, S. Boudin, B. Rondot, M.D.C. Belo, The electronic structure of passive films formed on stainless steels, Corrosion
Science 37(11): 1809-1822.1995.

R.S. Nayak. B. Khanna, A. Pasha, K. Vinay, A. Narayan, K. Chaitra, Evaluation of nickel and chromium ion release during
fixed orthodontic treatment using inductively coupled plasma-mass spectrometer: An in vivo study, Journal of International Oral
Health: JIOH 7(8): 14.2015.

EX .w_.oorr R.P. Brooks, M.T. Ehrensberger, Effects of simulated inflammation on the corrosion of 316L stainless steel,
Materials Science and Engineering: C 71: 200-205, 2017.

Official Journal of The Society for Biomaterials, The Japanese
: Is, and The Australian Society for Biomaterials an
2002.

d the Korean Society for Biomaterials 63(6): 699-705,
Y. Okazaki, E. Gotoh, Metal release fr

om stainles = i P . . .
Science S0(12- 34293435, 2008 Stainless steel, Co-Cr-Mo—Ni-Fe and Ni~Ti alloys in vascular implants, Corrosion

C.J. van Oss, The extended DLVO theory,

C.J. Van Oss, M.K_ Chaudhury, R,
Chemical Reviews 88(6):927-94]

Interface Science and Technology,

J. ial Lifshi
_oMMoa. Interfacial Lifshitz-van der Waals and polar interactions in macroscopic systems,

Elsevier, 31-48, 2008.

! MET. MATER s Vol. 62, No. 3-4, 2020



Journal of Metallurgy and Materials Science, Ve

ol 62, No. 3-4.July-December2020, pp. 49-57
printed in India, © NML, ISSN 0972-4257

Technology glimpse of bioceramic implants developed by CSIR-CGCRI, Kolkata

BISWANATH KUNDU, VAMSI K. BALLA and K. MURALEEDHARAN'
Bioceramics & Coating Division
CSIR-Central Glass and Ceramic Research Institute, Kolkata 700032

INTRODUCTION

For the last two decades, Bioceramics Group of CSIR-Central Glass and Ceramic Research Institute (CSIR-
CGCRI). Kolkata has been engaged in the development of new generation of ceramic materials for different
biomedical applications. The group has developed hip joint prosthesis with ceramic heads, hydroxyapatite-
based bone fillers and ocular implants which after successful animal trials have been assessed through clinical
trials at different hospitals (Calcutta Medical Research Institute, Kolkata; Advanced Medical Research Institute,
Kolkata; All India Institute of Medical Sciences, New Delhi and Moulana Azad Medical College, New Delhi
for hip implants and bone fillers and Eye Care and Research Centre, Kolkata; All India Institute of Medical
Sciences, New Delhi, Sir Gangaram Hospital, New Delhi, Moulana Azad Medical College, New Delhi, Shankara
Nethralaya, Chennai, Sri Sankardeva Nethralaya, Guwahati, Sarojini Devi Eye Hospital, Hyderabad and Disha
Eye Hospital, Barackpore) in the country. These technologies have been commercialized and available in Indian
market through M/s IFGL Bioceramics Ltd., Kolkata since January, 2005. Thereafter, few of the technologies
have been transferred to other Indian companies who are in the process of obtaining manufacturing license
from DCGI before commercialization. The Institute has also developed coatings on metallic implants by plasma
spraying hydroxyapatite/other calcium phosphates for cementless fixation in the human subjects. These clinical
trailswere primarily carried out at Sancheti Institute of Orthopedic and Rehabilitation, Pune under the leaderships
of Padmavibhushan Dr. K.H. Sancheti. Further, the Institute has also actively participated in few CSIR network
programmes to develop coated implants using diamond-like nano-composite (DLN) and standardize laser
engineered net shaping (LENS) process for development of patient specific prosthesis of irregular shapes.

In addition, the Institute has developed adequate expertise to develop different types of glass and glass-ceramic
coatings on various metals and alloys including stainless steels, titanium and its alloys, nimonic and other
super alloys for various engineering applications. Hydroxyapatite dispersed bioactive glass compositions for
#pplication as a coating on titanium and stainless steel implants have been developed and commercialized by M/s
IFGL Bioceramics Limited, Kolkata. Coatings of glass-ceramics developed by this enameling technique showed
desirable phases of calcium phosphates retained within a highly bioactive glass matrix which in turn improved
the performance of the coating and made the coating process simpler. The Institute has already developed
adequate infrastructure and network with the doctors to develop different types of devices. In the following
sections, glimpse of few matured technologies emanated from the Bioceramics group of CSIR-CGCRI are being
tlaborated, I this article, we aim to provide overview of medical materials and implant technologies developed
at nm_z-manzr which have been successfully completed clinical trials and commercialized.

:<c=cx<>1>,_,_,_._m BASED INTEGRATED ORBITAL IMPLANT

_.a,..ﬁ_ is the dwelling place of over 70 lakhs of one eyed persons who are neither considered as handicapped, to
avail the benefit offered by the Government, nor socially accepted for their repulsive appearance. Sometimes
these People are treated and rehabilitated with orbital implants made of glass, stone, polymers etc. to fill-up the
Ss_.v:\ Space of the orbital socket of the damaged, vision-less eye to improve their look but as these implants are
Static in nayyre the impaired conditions of the patients still remain evident and societal stigma exists.

.
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To address this, CSIR-CGCRI developed a technology for manufacturing orbital eye-implant for damaged eye
with synchronized movement of that of fellow healthy eye which was so far unavailable in our society. These
novel implants occupy the empty space of the orbital socket of the damaged/ deformed eye and bring back
the normal appearance of the eye to the patient. These porous (65-75% porosity) implants with pre-designed
porosity are extremely light and the weak eye muscles can easily move them providing the synchronized motility
mimicking the healthy eye. The porosity of the implants invites fibro-vascular tissue integration and within four
to six months the implants become totally integrated with the system. The actual implant, developed by CSIR-
CGCRLis shown in Fig. 1 and their functional and other properties are summarized in Tablel. The technology
provides the manufacturing know-how of three different models which are suitable for evisceration (in those
patients where muscles remain connected with the sclera) and enucleation (when muscles are detached from the
sclera) surgery and in the latter variety, provisions are there for muscle fixation. Since these orbital implants are
made of synthetically prepared bone minerals (hydroxyapatite) having excellent biocompatible and bioactive
characteristics, do not cause any infection or other post-operative complications and has been proved to be
clinically acceptable. These implants are economical (unit price is Rs. 1500-2000/- as against equivalent imported
variety of Rs. 30,000/-) and readily affordable by the Indian patients. Considering that there are 70 lakhs people
affected in our country, this technology can open-up an Indian market worth of above Rs. 1000 crore. In addition,
there exists a huge export potential. Above all, by providing normal cosmetic and trouble-free long service, this
product/ technology is expected to bring about a tremendous societal boon 7).

Earlier the technology was transferred to M/s IFGL Bioceramics Ltd., Kolkata, later this was transferred to
another Chennai based company as well. The product had received ISO and CE Certification through M/s IFGL
and regularly exported to many South-East Asian Countries apart from catering need by ophthalmic surgeons
of different parts of India. Photographs of one of the patients with CGCRI developed and IFGL manufactured
eye implant is given in Fig. 2, which demonstrate that they provide normal life to the patients with natural
look and social acceptance. This initiative and development have been hailed by the medical community of the
whole country and the activity was already acknowledged by awarding the prestigious awards like NRDC best
Technology Award and Rangachary Award for best Ophthalmic Society Award from the Govt. of India, CSIR
Best Technology Award as well as different professional medical bodies.

Fig. 1: Different designs of hydroxyapatite based integrated ocular implants (eyeball) developed and commercialized by CSIR-CGCRI, Kolkata.

Table I: Properties of ocular implants

Properties

Values
Bulkdensity 0.6-0.8g/c.c.
Total weight ~2 grams
Porosity | 60-75%
Pore size 30-250 micron
Compressive streng 1-5 MPa
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Fig. 2: One of the patients with CSIR-CGCRI developed and IFGL fa d i d ocular impl.

ed g

Bioactive ceramic scaffolds with controlled porosity characteristics for dental and orthopedic applications

Indian orthopaedic and prosthetic device market is valued at $450 million, and is growing at over 30% per
vear. High cost and affordability of devices by common people is a major concern since the industry is highly
fragmented and dominated by imports with almost 80-85% of demand met through imports. Users of the products
originating from this technology would be those 214 million patients suffering from different orthopaedic and
dental related diseases and orthopaedic and dental market has a market of ~ 0.39 to 0.83 billion USD.

In orthopaedics, treatment of delayed union, malunion, and nonunion has been a challenge. Along with alignment-
restoration and proper fixation, adjunctive measures such as bone-grafting and use of bone-graft substitutes are
of great importance. Autologous bone, known to be the “gold standard” for stimulating bone regeneration, but its
limited availability and the procedural complications are its main limitations. Bone-graft substitutes are known
w0 replace autologous bone graft or expand an existing amount of autologous bone graft. Furthermore, numbers
of patients with bone defects are also innumerable and most of the cases surgical procedure is the only treatment
option where bone grafting is a must. This additional bone is not available from the patient and if needs an
additional surgery while grafting from a donor may trigger infection or transmission of AIDS.

CSIR-CGCRI has developed process of making scaffolds based on hydroxyapatite (HAp) having different size,
shape, geometry and custom shapes with high porosity for dental and bone defect filling applications U"*1. The
process provides high-purity HAp scaffolds with high crystallinity and good biological properties. Simple and
economical wet chemical synthesis route was followed to synthesize HAp with calcium hydroxide and ortho-
phosphoric acid as starting materials. Likewise, bi-phasic calcium phosphates (having various ratios of HAp and
TCP) can also be synthesized by following a patented process 114151 Fugitive materials are used for generation
of highly interconnected and tailor-made porosity after firing. High-purity, crystalline and highly customized
scaffolds and granules of various sizes were produced using this technology which can be used to fill bone, dental
and soft tissue defects. Scaffolds and granules are having excellent tissue bonding properties and have been
launched in the Indian market earlier. Technology has been transferred to one Indian company for manufacturing
these scaffolds and granules intended for the above applications. Further, manufacturing of plasma spray grade
spherical granules of H Ap has been transferred to another Indian company. Typical properties of these scaffolds/
Eranules are as follows:

( .

“Umposition: HAp and/ or HAp+bTCP
Bulk density
T

=05-2plec.
Orosity: 40 - 70,

Pore .
e 8ize: 100-300 micron

Scaffy
old/ pre " . .
& granulessize: customized/ as per requirement
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Fig. 3 Bicecaive ceramic scaffolds of desired size and shape Fig. 4: Patient operated with the scaffolds for recovery of
(hased on HAp and’ or §-TCP) nose bone injury

Fig. 5: Calcium phosphate (based on HAp and/ or 3-TCP) Fig. 6: Upper cleft palate recovery of child by application of
granules of various sizes for orthopaedic and dental filling bioceramic granules

Plasma spray hydroxyapatite coating on metallic biomedical implants

In orthopedic and dental application, there is a well-recognized need, of cement less fixation of metallic implants
which promotes bone bonding with surrounding tissues and enables proper load transfer to prevent stress shielding.
Bio-macuvity of metal surfaces, however, makes it impossible to arrive at cement-free fixation since bone tissue
will not bond or grow thereon. This prevents proper load transfer and leading to a non-uniform stress distribution
at the bone implant interface, which may result in an interfacial with the possible consequence of fracture in the
adjacent bone. The stability of these implants require use of different polymethyl methacrylate or polymer based
bone cements that may result in necrosis of surrounding tissues because of exothermic cementing reaction.

A bioactive coating with equivalent composition of a bone, offering optimum adhesion to the metal implant,
bonded interfacially to the surrounding bone, is a well accepted concept to solve the problem. CSIR-CGCRI,
Kolkata has developed technology for highly crystalline coating of bioactive hydroxyapatite on metallic implants
using industnally popular air plasma spray system 11620 The coating can be deposited on variety of metallic
implants for orthopedic and dental applications. CGCRI has optimized the technology with respect to the follow ing
matenal properties (Table 2). Recently, we have developed multi-ion doped HAp and its coating to impart
osteoconductivity, improved osteogenesisand antibacterial properties. Our in vitro cell-materials interactions and

antibactenial studies clearly demonstrated the potential of newly designed multi-ion HAp composition. Thes¢
maternials are currently under animal trials.

Table 2: Typical coating properties of pla

sma spray HAp coated metallic implants

Prc;perties m
Coating thickness 100-200 um
Degree of crystallinity 270%
Bonding/ adhesive strength  15-25 MPa
Porosity 8-12%
Roughness 7-12 ym

52 0
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Fig. 7: Plasma sprayed hydroxyapatite coating on hip stem and acetabular shell

Alumina ceramic based femoral head and cup for total hip prosthesis (ceramic-on-PE and ceramic-on-
ceramic)

Total hip replacement (arthroplasty) is one of the most common orthopaedic operations. About one lakh of
patients suffer every year from the ailment of hip-joint which needs artificial joint transplantation. In India,
stainless steel made prostheticsare mostly in use. The main disadvantages of these prostheses include corrosion
under physiological conditions, chemical degradation and formation of wear and tear as a function of time and
need periodic replacement of the implant. In other words, the patient has to undergo another operation in every
five to ten years time and bear with its accompanying hazards.Indian orthopaedic and prosthetic device market
is estimated to be valued at $450 million, and is growing at over 30% per year. High cost and affordability of
devices by common people is a major concern since the industry is highly fragmented and dominated by imports
with almost 80-85% of demand met through imports. Global market for hip replacement is: CAGR of 4.2%

(2017-2024) with expected revenue ~ US$9,128.5 mn by 2024.Over 2,00,000 joint replacements Operation are
done in India every year.

CSIR-CGCRI, Kolkata has developed alumina ceramic-based hip joints (both ball and cup) with adequate
mechanical, chemical and tribological properties as specified in ISO for similar applications. This material has
been tried in animal specimens to check toxicity and biocompatibility at Bengal Immunity Research Institute,
Kolkata. Tests for non-carcinogenicity and mutagenecity of the material were conducted at the University College
of Medicine, University of Calcutta and the results indicated that no risk factor is involved in their implantation
in human subjects. The Institute has developed hip joint prosthesis with ceramic-head as well as the cup made of
high-purity alumina and fitted with the modified “Austin Moore” stainless steel stem for implantation. The later
Product has been clinically tried in more than 40 patients at Kolkata and Delhi initially. Thereafter, different types
of hip joint implants fitted with Thomson, Charnley and Talwarkar type of stainless stems have been developed
and tried in human patients. Further, alumina based ceramic heads fitted in to Ti-6Al-4V/ SS316L alloy based
stems have been developed which after successful in vitro and in vivo evaluation are being implanted to human
Patients through many major hospitals of India which are networked with the institute. The postoperative results
of all thege patients have confirmed their superiority over the conventional metallic ones. Few patented stems
(made of g5 316 L) having superior designs have been invented by Padmavibhushan Dr. K. H. Sancheti of
Sancheyj Institute for Orthopaedic Rehabilitation, Pune and these stems were also found to be suitable for the
Ceramic bal| and cup developed by CGCRI !¢,

The conventional hip prosthesis used presently comprises of three components: acetabular cup (made of either

ultra high molecular weight polyethylene or alumina ceramic), a ceramic femoral head and a stem (either uncoated
or HAp/bioactive glass coated) made out of metal. The conventional prosthesis (metal on polymer) has limited
life spap, and is not suitable for younger patients. Other version comprises of alumina based acetabular cup and
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‘ ith | ' ' eramic materia
femoral head (ceramic on ceramic) with improved mechanical properties. The.use. of same ¢ " material i
cup and head reduces friction and generates lesser amount of wear debris resulting in better performance. Aboye
all. 1t increases the life of the prosthesis and minimizes the cases of revision surgeries.

The first generation (ceramic-on-PE) product launched in the Indian market in 2005 by M/s IFG.L Biqceramics
Lud. Koli;am with the name of CeraHip (Fig. 8). The product had received CE and ISO certifications and
regularly exported o many South-East Asian countries and few parts of Europe as well. Second generation
:u%cula!-ion system based on ceramic-on-ceramic has been developed and single centric clinical trials have been
completed \F-ig. 9).Ceramic femoral head and cups were fabricated by following the process, outlined in Fig. 10.
schemancally. The properties of the ceramic head was closely resembled with ISO specification (6474-198L IS:
3470 A comparanve chart showing the properties of ceramic head developed by CGCRI and this ISO is given
mn Table 3.

‘o

Following this technology. we have designed and developed new composition based on zirconia toughened
alumma (ZTA) composites for total hip replacement. Different ZTA composites have been prepared, following
press and sinter route. and optimized composites exhibited ~1% porosity, grain size <lum, wear rate of 10-8mm-/
N.m. hardness of ~20GPa. and fracture toughness between 9-10 MPa root m.These femoral heads tested in hip
Jomt simulators demonstrated gravimetric mass loss of UHMWPE cup of 0.04%. The properties of these ZTA
composites indicate that they can be effectively utilized for other implant applications where toughness, strength
and wear resistance are primary requirements. We have identified dental implants are one such application, which

require detailed studies to establish its performance under dental related service conditions (oral environment,
masncavon loads and movements).

Coerattip”

e

Femoral head

.

Metallic Ceramic liner hip stem

shell

Fig. &: Typical alumina-on-ultry high molecutar weight polyethylene total

ip arthroplasty (marketed as ¢ erallip by then M/s IFG1, Flk 92 Typical alumina-on-atumina total hip arthroplasty
Bioceramics 1.1d.,)

INSPECTION AND CHARACTENIZATION

Fig. 10: Process flow chare Jor fabrication of ceramic head and Ccups Fig. 11: p,
! LA Pre-

ar 3 . g
" post-operative x “ray photo of the patient operated with

ulmm'na-mu~alumlna THR implant
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Table 3: Comparison of ISO spec and CGCRI developed ceramic hip implant

ISO Spec. (6474 | , |
L Propertles 1981 Is: §347) | COoRL |
| Density, gle.c. o >3.90 | >3.90 |
Bulk density, glee. T 2
Chem. Comp™ - Alumina > 99.5 % l[ Alumina ~ 99.7 %
\ Micro-hardness (Vickers'), GPa 20.0 [ >20.0 ‘
:(:_0;1; Stgth., MPa 4000 ' > 4000 ‘
Flex. Stgth., MPa 400 | 400 |
Young's mod., GPa >350 ‘! >350 i
Wear resistance [alumina pin against polished ;
alumina disc with contact pr. of 5 MPa in distilled < 0.01 < 0.005 ?
water medium], mm?*/hr }
e o Comact e = S0 on
i T e Ringrs pophate |y <o
Surface finish (Ra), pm <0.05 <0.05

An injectable biodegradable bone cement (with/ without drug)

This technology constitutes composition and preparation of self-setting, injectable bone cement with and without
drug loading. Thus it refers to an artificial bone cement material which comprises at least two ceramics, one
or more drugs, and at least one biodegradable polymer in the powder component. The powder component and
an aqueous liquid component are mixed together to form a cement slurry that renders the paste effective for
injection with a manually operated syringe and capable of hardening in vivo. The double barrier (polymer and
calcium sulphatedihydrate) against the drug release from ceramic granules makes it suitable for use in the repair
of infected or aseptic bone defects in a wide variety of orthopaedic and oral/maxillofacial abnormalities. The
Process is inexpensive and produces cement with excellent injectability, setting and biological properties.

The cement is biodegradable and self-setting at body temperature. The unique feature of this cement is “non-
exothermic” reaction, which provides complete safety to tissues. Further, the cement can be used to carry drugs

and deliver at site. The product can be used to fill various bone, dental and other defects .

COMPOSITION: CALCIUM SULPHATE HEMIHYDRATE
Temperature generation: 37-40°C
Liquid/ powder ratio: 0.3-0.6
Liquid: Waer/ normal saline
Injectability: gy, @ 16N
CUIHprcssivc strength: 13-16 MPa
Stlling time: 6 10 9 min.

('SII{-(T(;‘(‘I(I has completed the clinical trials. Presently this cement technology is being modified with radio-

Ong a . . o . e att " 2
Paque particles 1o enable post-implantation identification and evaluation ot bone cement.
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Fig. 12: Calcium sulphate hemihydrates based self-setting injectable bone cement
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Mg-based biodegradable alloys for orthopedic implants - A review
ANSU J KAILATH  and ARVIND SINHA

Advanced Materials and Processing Division CSIR-National Metallurgical Laboratory Jamshedpur 831007
Abstract : Traditional metallic biomaterials for orthopedic implants require materials exhibiting excellent
cormosion resistance in human body. Recently, made of biodegradable metallic materials are thought
to be potential for orthopedic implant applications as they can circumvent revision surgeries. These implants
are considered as the third generation implants

as they are expected to provide adequate mechanical strength
to support the bone during restoration; have excellent in vivo biocompatibility and controlled degradation rate.
These implants would degrade within the body after completing its mission without leaving any residues within
the body. Biocompatible elements like Mg, Fe and Zn and theijr alloys have been considered for bone implant
applications due to their biodegradability. Amongst these, Mg alloys are preferred due its high specific strength,
low elastic modulus that are close to human bone and low density minimizing the risk of stress shielding. However,
Mg alloys have fast degradation rate in biologi i i

to premature failure of implants. This paper revi
biodegradable alloys for orthopedic implants

implants

Keywords: Biodegradable alloys, Orthopedic implants, Mg-based alloys

INTRODUCTION

Demand of orthopedic implants are dramatically increasing because of the increasing aging population and also

due 10 the rise in accidents and injuries'"?. Some of the orthopedic procedures require permanent implants which
need 1o stay within the body as they replace a body part; whereas most of the orthopedic procedures require only

‘emporary implants to support the bone during healing and needs to be removed once the healing completest34.

Partial functional substitutes of natural bones have been done by permanent implants made of titanium alloys,
stainless steel and cobalt-

chromium alloys. However, when these alloys are used as temporary support during
healing, they need to be removed through a second surgery after the patient recovers. The revision surgery would
certzinly burden the patients with additional expenditure and pain. Therefore, use of biodegradable implants as
lemporary implants can

avoid revision surgeries. These implants would degrade within the body and are replaced
gradually by the growing tissues(®”). The materials suitable for these applications should have similar o
higher elastic modulus, strength and hardnes

sort of irritation, inflammation, and toxicity
Promote cell growth (osteogenesis)*?), The
1oxic and capable of entering into the meta

r slightly
s as compared to human bone. These materials should not induce any

within the body; on the other hand, they should be biocompatible and
degradation products produced from these materials should be non-
bolic activities of the body. Biodegradable polymers viz, polylactic
acid (PLA), polyglyclid acid (PGA), biodegradable bioglasses, bioceramics and biodegradable metallic materials
have beey, developed as the third generation implant materials!'"”.. Biopolymers have excellent biocompatibility
but thejr mechanical strength is not sufficient for load bearing applications'™*. Metallic biomaterials have better
Mechanjca| Properties as compared to bioglasses and biocermaics.

Recen Tesearch effo
Malerig)gi2) Mg all
OF elasticity iy, h
lor ‘mplarll applic

rs have been focused on developing magnesium, iron and zinc based metallic biodegradable
OYs are easy to machine and have low density, high specific strcxtgth and comparable modulus
uman bone "' Therefore, Mg-based alloys are preferred ovc.r Fe-based and Zn-based alloys
ations. Mg is a biocompatible element when implanted within the body which degrades to
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produce an oxide which is soluble and non-toxic. Mg** ions are one of the most abundant cations present i,
human body and 1s mvolved in many metabolic reactions. However, Mg being a group IIA element, is highly

. . ) ) . [3,15) .
active and form porous oxide film on its surface with the evolution of hydrogen gas®'". These films fall off j,
solutions containing chlorine ions thus accelerating degradation.

Efforts on the development of Mg-based biodegradable alloys for orthopedic implant applications are reviewed
in this paper. Allov design strategy. mechanical properties of the developed alloys, degradation mechanism and
the methods to lower the degradation rate are reviewed. Present status of Mg-based biodegradable alloys in
orthopedic applications and the unresolved problems are discussed along with the future research directions.

BIODEGRADABLE METALLIC MATERIALS

Though the medical field has been using biodegradable polymer sutures for many years, the concept of metallic
implants that degrades can be considered as a novel concept. This has broken the conventional paradigm that
metallic biomatenals for implant applications should be corrosion resistant!'®l. Biodegradable metallic materials
should have the following characteristics; (i) it should be made of metals, (ii) it should provide adequate
mechanical support during the healing process, (iii) the mechanical properties of the implant material should
be comparable with human bone or slightly better, (iv) it should corrode within the body by releasing corrosion
products which are non-toxic, (v) it should not leave any implant residues. This restricts the biodegradable
metzllic matenals 10 be made of (at least) an essential metallic element that can be metabolized by the human
body . The mechanical properties of conventional metallic biomaterials, Mg-based biodegradable alloys and
human cortical bone are compiled in Table-1 along with their advantages and disadvantages. Last few decades
have wimessed active research on the development of biodegradable Mg alloys because of the similarity in their
mechanical properties with human bone. However, their applications are constrained due to the high degradation
rate with hydrogen evolution. An overview of the research efforts on developing Mg-based biodegradable alloys
are given in the following sections.

Mg-BASED BIODEGRADABLE ALLOYS

Mg alloys have been well investigated and established for automobile and aerospace applications; however,
these alloys are not suitable for biodegradable implants due to the presence of toxic elements. Therefore, several
newer Mg alloys have been developed for biodegradable implant applications as revealed by the huge number of
publications dealing with microstructure studies, mechanical property evaluation, degradation characteristics and
in vitro and in vivo biocompatibility studies.

Conceprs of alloy design

Though pure Mg 1s highly biocompatible and attractive for bio-implant applications, its mechanical property
is relatively low: yield strength of as-cast Mg is ~ 21 MPa which increased to ~ 105 MPa on extrusion''”:
Degradation rate of pure Mg is 2.89 mm/year in 0.9 % NaCl solution®, Therefore, several alloys have been
developed to improve their mechanical and degradation properties. Mechanical property enhancement can be
achieved through (1) solid-solution strengthening, (ii) precipitation strengthening, and (iii) grain rcﬁnemcnt””-
Generally, alloying elements with high solubility in Mg are chosen for strengthening. Atomic diameter of Mg 18
0.320 nm and 1s hexagonal close packed structure with a ¢/a ratio 16241221 It forms solid solution with a wide
range of clements; the solubility limits of the main alloying elements are given in Table 2. Mg alloys, containing
clements (Al Zn, RE) having high solubility in Mg, exhibits precipitation hardening. On the other hand, the
alloys made of clements having poor solubility (Si, Ca) do not exhibit strengthening by heat treatment. Grain
refinement is another method 1o increase the mechanical properties and corrosion resistance of Mg alloys- Grain
strengthening 1s governed by the famous Hall-Petch equation (1).

" J. MET. MATER SC., Vol. 62, No. 3-4, 2020
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0 =0, +kd"? (1)

where, yield strength is 0 material constant is o, k is the strengthening coefficient and d is the average diameter of
the grain. The strengthening coefficient of Mg alloys (280-320 MPa pm'™) is several times higher than many face
centered cubic (for AL k is 68 MPa pm'?) and body centered cubic metals. Therefore, strengthening of Mg alloys
by grain refinement is much more effective!’l. Studies have revealed excellent grain refinement by the addition of
7t Ca and Si in magnesium. Plastic deformation and/or severe plastic deformation also induces grain refinement;
in addition, it can create high density of dislocations and stacking faults in the material.

Table -2 : Main alloying elements in Mg and their solubility limits!6 2261

Element Solu(l::ilﬁi ;lmlt Element SOlu(l:vlltl.z‘);lmlt Element Solu(l:vlltnﬁz ;1m|t
Ag 15.0 Ho 28.08 Sm ~6.4
Al 12.70 In 53.2 Sn 14.5
Ca 1.34 La 0.23 Sr 0.11
Cd 100 Li 5.5 Tb 24.0
Ce 0.74 Lu ~41 Th 4.75
Dy 25.8 Mn 22 Tm 31.8
Er 33.8 Nd 3.6 Y 12.4
Eu 0 Pr ~0.6 Yb 8.0
Ga 8.5 Sc ~24.5 Zn 6.2

| Gd 23.49 Si ~0 Zr 3.8

Therefore, selection of alloying elements for developing biodegradable Mg alloys should consider (i) the toxicity,
(ii) the strengthening ability, and (iii) the influence of corrosion behavior. With regard to the toxicity level, elements
are broadly classified as (a) elements (Ca, Mn, Si, Sn, Zn,) that are nutrients to humans, (b) elements (Ag, Al, Bi,
Li, Sr, Zr) that are nutrients to plants and animals, (c) elements (Al, Ce, Co, Cr, Cu, La, Ni, Pr) that create allergy
and liver toxicity in humans and (d) toxic elements (Ba, Be, Cd, Th, Pb)252728], According to the strengthening
ability, elements are divided as: (1) elements that can enhance both the strength and ductility (Al, Zn, Ca, Ag, Ce,
Ni, Cu, Th), (2) elements that enhance the ductility reasonably with very scarce irprovement in strength (Cd,
Li, TI), (3) elements that augment the strength and reduce the ductility (B, Pb, Sb, Sn), (4) impurities (Co, Cu,
Fe, Ni)2229), Alloying elements influence the corrosion behavior of Mg alloys; the electrochemical potential
of magnesium is -2.37 V. Corrosion resistance can be improved by reducing the internal galvanic corrosion
by choosing elements (Ce: -2.48 V, Nd: -243 V, Y: -2.37 V) with similar electrochemical potential as Mg or
the elements that form intermetallic phases. A brief overview of the different Mg-alloy families developed for

biodegradable application is given below:

MECHANICAL PROPERTIES OF Mg ALLOY FAMILIES

Mg-Al baseq alloys

Solubility of Alin Mg is very high (12.7 wt.%) and hence many Mg-Al alloys have been developed for automotive
and acrospace applications. Al addition in Mg results solid solution strengthening due to the formation y-Mg Al ,
and g-Mg phases. These alloys possess good castability, reasonable mechanical proper.ties and good corrosion
esistancel21), Zinc and manganese are added to Mg-Al alloys to produce AZ and AM series alloys to improve the
Strength ang ductility at room temperature™. As-cast AZ91 exhibited 145 MPa yield strength (YS), 275 MPa
Ultimate tensile strength (UTS) and 6% elongation. This alloy on undergoing (two-step) equal channel angular
Pressing (ECAP) resulted in enhancing its Y to 290 MPa, UTS to 417 MPa and elongation to 8.45 %), Typical
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Mg-BASED BIODEGRADABLE ALLOYS FOR ORTHOPEDIC IMPLANTS...

AMG0 alloy exhibiting an ultimate tensile strength of 160 MPa and elongation 3%, on rolling (80% reduction)
vielded UTS of 378 MPa and elongation of 12% 1), Grain refinement and precipitation (Mg, Al ,) strengthening

are the reasons for improving the mechanical properties 15l However, Al is neurotoxic and is not suitable for
developing biodegradable alloys.

Mg-Ca and Mg-Sr based alloys

Calcium and strontium are Gr Il elements with similar properties. The solubility of Ca and Srin Mg are 1.34 wt.%
and 0.11 wt.%; addition of these elements in more quantities results in the precipitation of Mg,Ca and Mg _Sr,
along their grain boundaries. The mechanical properties including creep at elevated temperature improves due
to the formation of thermally stable intermetallic phases. The tensile strength and elongation of Mg-Ca alloys
reduced when the Ca content increased from 1 to 3 wt.%0. Addition of 0.6 wt.% Ca improved the bending and
compressive strength in Mg-Ca alloys; further addition weakened the properties®. Addition of 1 wt.% Y in
Mg-1Ca decreased the compressive strength but increased the ductility®®®. The incorporation of 2.31 wt.% Zn in
Mg Caalloy improved the strength and ductility?™". In binary Mg-Sr alloys, the strength increased and elongation
reduced till the Sr content increased to 3 wt.%; at higher Sr content the properties deteriorated. Investigation on
as-rolled Mg-Sr alloys containing Sr 1-4 wt.%, revealed that the Mg2Sr alloy has the highest UTS. Therefore,

Mg-Ca alloys containing Ca < 1 wt.% and Mg-Sr alloys containing Sr < 2 wt.% are preferred for biodegradable
Mg-alloy applications.

Mg-Zn based alloys

Zinc has a solubility of 6.2 wt.% in Mg and forms 0-Mg matrix and y-MgZn phase!*”.. The addition of Zn
(110 6 wt.%) results increasing yield strength (YS); however, Zn content should be limited to 4 wt.% to
achieve maximum ultimate tensile strength (UTS) 216.8 MPa and elongation 15.8 %!, Mg-Zn alloys with
less than 4 wt.% Zn are also alloyed with third alloying elements like Cat“*#!l, Mnl#2, S5l YE41 and 745,
When the Ca content in Mg-based alloys is more than 1 wt.%, the strength and ductility of the alloys
decreased with increasing Ca content®. In Mg, Zn based alloys, the UTS and ductility decreased when
the Ca content is above 0.5 wt. %40, Though the microstructures of Mg?Zn alloys refined with the addition
of Ca, Sr and Y, their mechanical properties had very little enhancement!“**'“*#, Zirconium is a good grain
refiner in Mg-Zn alloys; addition of 0.4 to 0.6 wt.% Zr to Mg_Zn and Mg Zn resulted in grain refinement
effectively to produce ZK30 and ZK60 alloys respectively. ZK 30 alloy exhibited yield strength of 215 MPa,
ultimate tensie strength of 300 MPa and elongation of 9%. The yield strength, ultimate tensile strength
and elongation of ZK60 alloy are 235 MPa, 315 MPa and 8% respectively®). Addition of 0.2 wt.% Zr in
Mg?Zn alloy enhanced UTS from 146 MPa to 187 MPa, and elongation from 12 % to 18 %. Mg,.Zn Y, (at.%)
Produced by rapid solidification processing is the strongest (YS: 610 MPa & elongation: 5 %) Mg alloy produced
80 farl], Mg.nanY2 alloy on extrusion resulted in getting 390 MPa yield strength and 5% elongation*”!, The high
Strength of Mg-Zn-Y alloys is attributed to the fine grain size, dispersion of hard lamellar phase and occurrence
of long-period stacking ordered (LPSO) structure!*”..

Mg-Si buseq alloys
Solubilily of Si'in Mg is very low (0.003 wt.%) and it reacts with Mg forming intermetallic compound Mg Si.
Thcrcforc l o ]

} Mg-Si alloys have initially been developed as magnesium matrix composites™. Mg Si has low
‘tnsny, high melting temperature, high hardness and low thermal expansion. The precipitation of Mg,Si phase
Can efficieny)y strengthen Mg alloys. However, coarse Chinese script Mg,Si reduce the ductility; with 0.3 to

3wy, St addition ductility limits to < 10%. The highest YS, UTS and elongation obtained with 0.8 wt.% Si

addition are 52 MPa, 152 MPa and 9.5 % respectively ™. Though, the addition of Ca in Mg-Si alloys can refine

J,M]r-- o
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the grains and change the morphology of M £,Si precipitates, their strength and ductility could not be improvediso

Addition of 1.3 wWt% Zn to Mg, Sialloy modified the coarse eutectic structure of Mg,Si to dot or small bar like
structure. As a result, the mechanical properties of the alloy improved.

Mge-Sn based alloys

The ultimate tensile strength and elongation of the as-cast Mg-Sn alloys increased with Sn content up to 5 wt.%,
further addition of Sn deteriorated the strength and ductilitys", Addition of Ca in Mg,Sn alloy refined the dendritic
mucrostructure and inhibited Mg.Sn formation resulting in improved creep resistance and shear strengthl®?, The
strength and elongation of as-cast Mg1Sn alloy is higher than pure Mg®l. Mg-Sn-Mn alloys with Sn content
vanng from 1 10 3 wt.% and Mn content varying from 0.5 to 1 wt.% are designed for stent applications: best
combination of mechanical properties and corrosion resistance is shown by as-rolled Mg, Sn, Mn*?.

Mg-Zr based alloys

Maximum solubilinv limit of Zr in Mg is 3.8wt.% and is a powerful grain refiner for Mg alloys. Zr is added

m Mg allovs containing zinc, rare earth elements, yttrium and thorium. However, Zr could not be used in
alloys contaming aluminum and manganese as it forms stable compounds with them('?). Because of its high
speciic damping capacity Mg-Zr alloys have attracted research interests as it can reduce the vibrations
created during movement at the interface of bone and implantl*). Addition of 1 wt.% Zr in Mg improved
the UTS 10 172 MPa and elongation to 27 %05, Effect of the addition of Sr and Zr is investigated in
Mg Zr Sralloys (x andv <5 wt.%). Microstructure of the alloys revealed a-Mg matrix, Mg .Sr, intermetallic
phase and unalloved Zr. The compressive yield strength and the ultimate compressive strength and the ductility
obtained from the alloys are 65 to125 MPa, 200 to 290 MPa and 14 to 38 % respectively®. The tensile strength
and the elongation of Mg-Zr-Ca alloys increased when the Zr content increased from 0.5 wt.% to 1 wt.%!5.
As cast MglCalZr exhibited a UTS of 125 MPa and elongation of 8%. Zhou et al reported that the Mg, Zr Ca
alloy 1s a single phase (a-Mg) but, Mg, .Zr,Ca and Mg Zr(1,2)Ca alloys consist of a-Mg and Mg,Ca phases. The
strength and ductility of these alloys are < 135 MPa and < 8% respectively; Mg,Ca formation along the grain
boundaries deteriorates the mechanical properties!*°,

Mg-Y and Mg-RE based alloys

The addition of rare earth elements to M g helps in improving the high temperature properties, creep resistance and
corrosion resistance'”’*”.. Rare earth elements can be divided into two groups according to their solid solubility
in Mg as (1) elements possessing high solubility in Mg (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, (i1) elements
possessing limited solubility in Mg (Nd, La, Ce, Pr, Sm and Eu'", These elements can also be classified as light
REE (La. Ce, Pr, Nd and Pm) and heavy REE (Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)teol,

Solubility of La, Ce and Nd in Mg are 0.23 wt.%, 0,74 wt.% and 3.6 wt.% respectively; addition of these elements
in Mg would result in the precipitation of intermetallic phases leading to galvanic corrosion. The volume of the
intermetallic precipitates increased with the REE content (0 to 5 wt.%) which results in faster degradation in 0.1
M HCl solution®'“*. A series of Mg-Nd-Zn-Zr alloys, containing 2 — 4 wt.% Nd, 0.1 t0 0.5 wt.% Zn and 0.3 to 0.6
w1.% Zr are developed for biomedical applications, These alloys after extrusion exhibited very good mechanical
propertics (UTS: 300 MPa and elongation 30 %)), The YS, UTS and elongation of as-cast Mg]Nd".:Zn(‘HZr alloy
are 90 MPa, 194 MPa and 12 % respectively. On extrusion, the mechanical properties of this alloy improved
duc to grain refinement and dynamic precipitation of Mg ,Nd phase!®. Long-period stacking ordered (LPSQ)
structure is reported in Mg-RE based alloys (RE = Dy, Er, Gd, Ho, Tb, Tm) when Zn is added as the thlfd
alloying element®”. This LPSO structure exhibits very high plasticity and toughness. The critif:zll resolved shear
stress (CRSS) of basal slip (0001)<11-20- of the LPSO structure is 10 to 30 times than that of pure Mg at room

64 J. MET. MATER SC., Vol. 62, No. 3-4, 2020
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Mg-BASED BIODEGRADABLE ALLOYS FOR ORTHOPEDIC IMPLANTS...

temperature®l. To cite an example, the YS and UTS of extruded Mg, .Y, ,, Zn alloy are 149 MPa and 246 MPa

respectively. The extruded Mg, Y Er,Zn alloy containing LPSO exhibited much higher strength (YS: 275 MPa
and UTS: 359 MPa).

The elements possessing very high solubility at eutectic temperatures (Y: 11.4 wt.%, Dy: 25.3 wt.% and Gd: 23.49
wt %) in Mg are selected for designing biomedical alloys to avoid intermetallic phase formation. Mechanical and
degradation properties can be tailored over a wide range by the addition of a single (above mentioned) REEs.
Since solid solubility is temperature dependent, properties of Mg-REEs can also be modified by subsequent heat
treatment. In general, the strength of the alloys increased with increasing amount of Y, Dy and Gd, but ductility
decreased. The degradation rate of these binary alloys depend on the concentration of each element alloyed!$s7%.

The YS, UTS and elongation of the extruded Mg, ,Gd, .Zn .Zr alloy are 281 MPa, 341 MPa and 13.5 %. Though
this alloy has good bio-corrosion rate, it has slight cytotoxicity!’'.

CORROSION

In spite of knowing the electrochemical potential and the corrosion behavior of pure Mg, the degradation behavior
of multi-component Mg alloys are difficult to predict. This is due to the microgalvanic corrosion which occurs
between the intermetallic phases and the matrix because of the potential difference!”. The details of the various

phases and their potential are not available in most of the newer alloys. Mg alloys undergo degradation in aqueous
environment through electrochemical reactions.

Mg, +2H,0 —> Mg(OH),, + Hy oo 2)

As seen in equation (2), magnesium hydroxide and hydrogen gas is produced™. This magnesium hydroxide forms
aprotective layer in water preventing corrosion; however this changes to MgCl, (soluble) when the concentration
of chloride ions >30 mmol ™!, The biggest constraint of the Mg-based alloys for orthopedic application is the
evolution of hydrogen gas which accumulates around the implant™l. Evolution of hydrogen can be minimized
by improving the Mg-alloy quality; one approach is to develop Mg-based metallic glasses with high Zn content
beyond the alloying threshold of Zn, second approach is to improve the corrosion resistance of the alloys which
in turn minimize the evolution of hydrogen. The corrosion rate of pure Mg is very high as compared to some of
the newly developed Mg-alloys. Corrosion rate can still be improved by alloy design, post processing methods
viz. heat treatment, extrusion, rolling etc. and surface modification.

Corrosion resistance also depends on the processing methods followed for the development of the Mg-based
alloys, Investigation of the corrosion behavior of as-cast, as-rolled and ECAPed AZ31 alloy is done in Hank's
solution, It jg reported that the corrosion rate of as-rolled AZ31 is much lower than that of the as-cast AZ31. Further
reduction in corrosion rate is not observed in ECAPed AZ31, though the ECAPed AZ31 has much finer grain size
than the ag-rolled AZ3173), The corrosion rates of extruded Mg-Cal*®l, Mg-Nd-Zn-Zr"*), and ZK60"" alloys is
Ower than the corresponding as-cast alloys. Increase in (i) the density of grain boundaries, (ii) dislocation density
and (jij) redistribution of the second phase contribute to the observed improvement of corrosion resistance.

Selecti(,n of proper alloying elements is very critical to improve the corrosion resistance of Mg-based alloys.
Reseamh cfforts have shown that the addition of AI*", Ca®, Mn™, Sn and St Zn*'3% ' 7r%) and most REEs
'"Fluding Gd and NdY improved corrosion resistance. The majority of elements have shown a critical limit
°f ﬂ'!oying addition up to which the corrosion resistance increased and beyond which corrosion resistance
,e_lcnomed”"'“"’“'. Corrosion resistance can also be controlled by adopting suitable heat treatment protocols to
i;g:;?:hsii‘ng.l&phasg microstructure, and to.producc ﬁfle and. uniform ‘distribut_ion o_f precipitates®™ ™. Another
xcessive or lmprovmg corrosion resistancc'ls by ad'optmg suitable SL'IrfaCf: lljodlﬁcz}qonlm‘ll_ On the other hand,
¢ corrosion occurs when the protective coating develops a minor defect or failure!”),
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Orthopedic applications of Mg-based biodegradable alloys

Requirement of orthopedic implants are increasing due to the increased fractures and injuries occurring worldwide,
Increased quality of life demands biodegradable bone implants; thus the market for the plates, screw, nails, pins,
wires and needles made of Mg-based biodegradable alloys is huge. Mg-based alloy screws made of MgCa0.gi%
MgYREZr™ | LAE442M and ZEK 1001 alloys have been fabricated for animal studies and clinical trials,
Osteogenic properties of Mg-based alloys are confirmed in animal trials, Hydrogen gas evolution is not reported
in both MgCa_ and LAE442 alloys. The bone-implant contact in MgCa0.8 alloy is better than that of LAE44)
indicating the éupcn'or biocompatibility of MgCa0.8 alloy™!. The mechanical properties of MgCa0.8 screws
10 the first 2-3 weeks after implantation in adult rabbits are comparable to SS316L"*. MAGNEZIX ® gcrey
made of MgYREZr alloy is observed to be clinically similar to standard titanium screw used for the treating the
deformines of mild hallux valgus®™. There are no reports of any inflammatory reactions or other complications
in this climcal mal.

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

This review summarizes the progress made in the development of Mg-based biodegradable alloys for bio-implant
applicanons. Mg-alloys for implant applications should provide adequate mechanical properties, degradation rate
and biocompanbility™ ™. Therefore, development of Mg-based alloys with superior properties is very crucial.
It 1s known that the microstructure of the alloys depend on alloy composition, alloy preparation method, post
processing techniques (heat treatment, mechanical working) and the amount of impurities present in it. Studies so
far has shown that Mg-RE- based alloys have exhibited sufficient mechanical properties and reasonable corrosion
resistance. As a result. stents and screws made of these materials have passed animal trial and are in clinical trials.
Mg-Zn-based alloys are also potential alloys for bio-implant applications because of their mechanical properties.
Therefore. future research directions towards development of Mg-based alloys should focus on the following
aspects: (1) 1o develop Mg-based alloys possessing suitable mechanical properties and degradation rate by alloy
design (element selection & controlling impurities), method of alloy preparation, post processing techniques
(heat treatment, mechanical working), (ii) to develop functional Mg-based alloys using the nutritional elements

of the human body viz. Ca, Mn, Sn, Sr, (iii) to understand the biological degradation of the implant especially at
the implant / tissue interface.
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Tuning surface resistivity and thermal conductivity of water resistant fly ash waste
pased polymer composite via tailoring the interfacial polarization
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Abstract: High performance environment friendly industrial inorganic waste (fly ash) waste based water resistant
electrical insulating hybrid composites are fabricated with very high surface and volume resistivity. Dielectric
constant of hybrid composite was decreased significantly from 10900 to 4.98, 5.25, 5.00, 5.81, and 6.69 for
filler concentrations of 10, 20, 30, 50 and 60% in epoxy matrix, respectively. Very high surface resistivity of
10"* Ohms/sq. and volume resistivity of 10" to 10'* Ohms-cm with ultra-low water absorption of 0.14 % were
achieved . Thermal conductivity analysis shows a slight increase in the thermal conductivity of the composite

sheet and reaches the value of 0.4387 W/mK. Such high resistivity is attributed due to low dielectric constant
and interfacial polarization and low water absorption in the samples. Our approach presents new, adaptable and
cost-effective means for effectively utilizing waste as eco-friendly electrical and thermal insulating sheet and

lowering the thermal loss in microelectronics.

INTRODUCTION
Fabrication of electrical insulator with high resistance to electric current has gained huge interest for

separating electrical conductors and building electrical insulating panels. Previously, many materials
e.g. wood, glass, fabrics, mineral oil, and ceramics are used for electrical insulating purposes (2. With the
growth of electrical/electronics industry, there is high need for an alternative material that possessed the
desired electrical, thermal, and mechanical properties. New high performance engineering polymeric
materials with additional properties such as ease of fabrication, lighter weight, low cost and excellent
insulation properties are the most desirable and demanding materials for electrical applications!'.
In addition, the interface between filler and matrix has long been a critical problem that affects the thermal
conductivity and electric properties of the polymer composites. Industrial waste from thermal power plant
especially fly ash of about 150 millions of tons generated across the world every year(”. Moreover, enviro-
fr'iendly utilization of fly ash become global challenge as dumping the fly ash into the open environment creates
ar, _land and water pollutions. Heavy metal presented in fly ash are most important sorts of contaminant in the
environment that produced severe diseases such as lung cancer, anemia, dermatitis and skin cancer as their small
S12€s penetrate into different organs of the human system and also create permanent respiratory disorder **\. In
@dition, dumping of fly ash into the environment creates air, land and water pollutions. Presently, fly ash are
Utilized in 1o cement manufacturing, filling of low lying area, construction of road and embankment, making fly
ash brick, a5h pond dyke raising and also in agriculture area with certain conditions'”’ Various researches have
been carried out across the world to find an economical and suitable way to use fly ash, the industrial waste for
;Ome application!”, However, fly ash solidification in cement and disposal at landfills is not an optimized solution
jn“tehlfljaflahon of fly ash characteristics. Fly ash as basement ma‘terla{ tqr lOdd L.‘OnSthllt;tl’t)l;/ ;s also hmtlted to 5%
the 1o f‘llcd States and Japan, due to releasing of heavy nlletals trom. sohdlr.x'ufuor‘l nil:lllll‘\(i) mzreioa\;ei 3 PTS;{'VE
the v : C!cmcnl including fly ash numerous thcrmophnshcsﬁ anq the.unoset.s au? er.j( o B . ha es u 1-e
of fly ash in the performance of fly ash concrete 021 Lingling et. al have also studied fired bricks with

“Placing clay by fly ash in high volume ratio and shown that fired fly ash bricks has high compressive strength,
and high resistance to tfrost melting. The properties of

Water ah e - ) . .
‘“ db“U'Dllon, no cracking due to lime, no frost . _ o - i
bricks were improved by pulverized fly ash ', However, the sintering temperature of bricks with high

.“”\fﬁ]) . -
Ony . —— . : ail.c
ding author li-mail: rupla i res.in. manojampri@gmail.com
Pmkgupta@ampri.res.in, )
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volume of fly ash was about 1050°C, which is very high and energy consuming. PVC r es_ldn land fly ash baseq
polymer composite and fly ash/ polyurea (FA/PU) composites ha.ve been also reported 'by I:l al H. et a)] 'and Jing
Qiao et al. respectively ''*I. They have reported thermal pro;')ef'tles and loss of I'I.lo.dull an _compared With thoge
of neat polymer. However, dielectric properties, surface resistivity and a.c-conductlvny are still n9t rep9rted fo.r fly
ash based polyvmer composites. H. Khan et al. have shown that SiR (Silicone Rubber) compos.ltes with additioy,
of fillers are used as high voltage (HV) electrical and non electrical application, ' and Masahiro Kozako et al.
have improved both thermal and electrical insulation properties of epoxy based composite-:S usin.g nanocomposite
techmique . In addition. the rapid development of micro-electronic technology, and highly integration of the
clectne component cause the high heat flux and release of high heat from electronic component creates seyere
problem to electronic devices. Moreover, the heat dissipation is also an important issue for electronic devices anq
controlling them by tuning the thermal conductivity and dielectric loss tangent is very important. However, to the
best of our knowledge investigation of fly ash based polymer composite with €poxy system as electrical insulation

with superior dielectric and high surface/volume resistivity through lowering the interfacial polarization and
water absorption are not reported till date.

In this work, water resistant fly ash-based polymer-
constant, dissipation factor, electrical conductivity,
ash waste polvmer composite with variation of fille
dielectric properties of fly ash industrial waste po

based composites are prepared in epoxy matrix. Dielectric
surface and volume resistivity and water absorption of the fly
I concentration have studied in details. Physical, chemical and
wder was also investigated.

EXPERIMENTAL SECTION

Fabrication of electrical insulating sheet using fly ash waste.

The morganic fly ash waste powder is collected from Sarni,

district of Madhya Pradesh state of India.
Physiochemical properties such as pH, density,

porosity and electrical conductivity of fly ash waste powder were

9% method.
RESULTS AND DISCUSSIONS
Physicochemical anal lysis of fly ash powder.
The physio-chemical analysis through various paramet ~

Parameters such as pH vyq| i avi
conductivity and porosity of fi P L oomue, bulk density, specific Gy

y ash waste powder Were measured and calcy]
i 4 porosity o . : a alculated as per standard procedures.
Bulk density of the fly ash sdm_plc was calculated using 1S: 2386-1963 method and the calculated v'xllzue is found

. _ S 2720 Part 3 and f; .39.
The pH of fly ash sample of 7.04 and conductivity of 2. O Part 3 and found to be 1.3

' using ASTM standard. The detail
e g the known valye of bulk densi ecific
gravity and porosity of fly ash waste sample was found (o be 25.68 v, eosity and sp

9
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TUNING SURFACE RESISTIVITY AND THERMAL CONDUCTIVITY OF WATER

Table 1: Physicochemical properties of fly ash waste powder

S No. Parameter Value
] pH 7.04
2 Bulk Density 1.04 g/cm?
3 Specific Gravity 1.39
4 Electrical Conductivity 2.06 uS/cm
5 Porosity 25.68 %

Scanning electron microscopy (SEM) of fly ash sample.

The morphology of the fly ash powder sample is recorded using scanning electron microscope studies and results
are shown in the shown in Fig.1 (A-C). It is evident that the fly ash sample has cenospheres morphology and size

in the range of 3 -12 pm. The morphological results was well correlated with the characteristic morphologies of
coal fly ash sample "*2%),

50 pm

10 pm
——

Fig.1. (a) low (b) mid and (c) high magnification of the SEM images of the fly ash waste powder sample

X-Ray Florescence (XRF) studies.

Wavelength dispersive X-ray fluorescence (WD-XRF) is a well-known technique for fast, and accurate quantitative
determinations of matrix elements over a wide concentration range. To perform the elemental analysis of the fly
ash sample, a pellet is prepared using the 5g fly ash and 5 gm boric acid.*") The results obtained by using WD-
XRF analysis is shown in Fig 2A and Table 2. It is clearly visible that fly ash has SiO, (57.3 %), CaO (1.12 %),
Fe0,(3.13%), ALO, (27.8 %), MgO (0.967 %), SO, (0.243 %) , Na,0, (0210 %), K,0 (3.00%) TiO, (1.92 %),
P0,(0.232 %) and various elements including heavy elements such as Zn, M, Cu, Ni, Pb, and Zr concentration
PP range are also detected. The results are displayed in Fig 2B.

Table 2: XRF of fly ash waste powder showing elemental
composition of the fly ash particulates

S. No. Oxides %2 ﬂ); =
3 = 57.3 o/o
3 Ca0o ;‘71?5 "//0
87
2_ Al% 373 %
. Fe,O, 0.967 %
4 MgO |
: ol 0.243 %
. 3 0.210 %
6. Na,O 3.00 %
7 K,0 2
8 T-b 1.92 %
. i0, 232 %
N quj—//().ﬂ- 0
| .
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(a) (b)

0 Cr:0, Coo
(192 ppm)  B42PPM) (218 ppm)

= S0, " Ca0 = ALO, © Fe0, = Mgo
= 80, » Na,O " K0 - 10, PO,

Fig. 2 (@WD- XRF results of the fly ash waste powder showing elemental composition (b) heavy element presented in the fly ash samples

Water absorption of Fly ash polymer composite sheet.
Electrical insulating sheet prepared from fly ash with various content (10, 20, 30, 50 and 60 wt %) is shown in

the Fig 3. Calculation of water absorption of fly ash polymer composite was carried out through initial and final
weight of fly ash polymer composite samples before and after fully immersion in distill water bath for 24 hours

are measured and calculated.

R —

Fig. 3. Original image of fly ash waste based polymer composite (FAPC) samples with various filler concentration

Samples are conditioned at 50°C for 24 hours before testing the water absorption of samples. Water absorption
measured for 10, 20, 30, 50 and 60 wt% fly ash waste based polymer composite samples is shown in Fig 4 aand b.

(a) I ()

\ Under Water Under Boiled Water

4

08|

Water Absorption (%)
Water Absorption (%)
/
/ ’

00

10% 20% 30% 60% 60% 10%  20%  30% 50% 0%
Flller Concentartion Flller Concentartion

Fig. 4 (0) Water absorption (b) Water absorption under boiled water of fly ash waste hybrid polymer composites.

It1s clearly seen that as the weight amount of the fly ash waste powder in €poxy matrix system increases a5 t%]e
walcr absorption decreases. The water absorption of value 1.13, 0.44, 0.416, 0.84 and 0.14 % were obtained for
fly ash polymer composite sheet containing 10, 20, 30, 50 and 60% of filler amount (fly ash) for 24 hour watef
immersion test. Similar procedure was repeated for boiling water absorption test and fly ash composite S?mp le:‘
was immersed in boiling distill water for 2 hours. Boiling water absorption test shows that water absorption ©
2.94,2.34, 1.27, 0.45 and 0.34 % were obtained for fly ash polymer composite samples of filler conceﬂm‘“;’;l
10, 20, 30, 50 and 60 % of fly ash, It has been observed that very low water absorption upto 0.14 % and O.' 0
Yo was obtained for sample containing 60 % wt of fly ash in water absorption and boiling water absorptt©

.4, 2020
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et respectively. The results bjho‘_v that the prepared polymer fly ash polymer composites are water resistant
qnd suitable for high end application towards fabrication of ele

_ ctrical insulations sheet and other construction
materials.

Scanning electron microscopy (SEM) of fly ash polymer composite.

The morphology of tly ash based polymer composites are analysed using SEM technique. Figure 5 (a-d) depict
the SEM micrographs of industrial fly ash polymer composites samples. SEM technique is a strong method to
see the interfacial bonding of inorganic particulates with the polymer. To investigate the interfacial bonding of
prepared polymer composite sample, SEM of fracture sample has been used. Fig 5 clearly indicate that fly ash are
randomly distributed with the epoxy system and no leakage or weak bonding with polymer is observed®'.

Fig. 5.(a) low and (b-d) high magnified SEM images of the fly ash based hybrid polymer composite.

Dielectric gng Electrical Analysis.

Dielectric constant is important parameter to design the electrical insulating sheet and it the I:atio.of the cap.acitan.ce

formed by two plates with a material between them to the capacitance of the sa@e Plates \?'nh air as the dlelectn'c.

Dissipation factor has also important role to fabricate high perfom'lance electrical insulating sheeF and elfactronfc

“omponents and it is equivalent to the ratio of current dissipated into heat to the cur‘rent\transmnfted. Dlelecilc

“onstant (¢') and dissipation factor (tan d) for fly ash pow.der was measured in thf: w1fie trequencies range of 20
22 MHz at RT and the obtained results are shown in Fig. 6(2) and (b), respectively.

(a) ®) :
12800 . T v T oy o powoe | Fiy Ash Powcder
1 g 1
z 10000 - “ g 2t, . ' .
8 A
E 7600 - g . K]
'S ‘.
c 'l . i .
L] - i -
8000 L] 8 . y Al_... .
. 2 I
ol B 3
‘ o peee— v T
0[—,, - ,‘;{.LEJEE-——'-FE."__"‘ 7 2 3 4 5 6
! ! ’ ) LOG1of(Hz)
1.0Ggl(H2)

of (w) Di fectric constant and (b) dissipation factor with frequency for fly ash sample
Fig. 6 Varlation of (a) Di¢

I Mg
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Fly ash waste powder sample exhibited a very high dielectric constant of about ~10900 at RT at lower frequency
region (29 Hz) which attains a low constant value of 6.16 at higher frequencies side (2 MHz) (Fig. 6 (a)). The
observed dielectric constant showed that fly ash may be used as capacitor for energy storage, however to fabricate
the electrical insulating sheet such high value may add capacitance effect which is not desirable for fabricating
electrical insulating sheet. S. C. Raghavendra et. al. have reported that fly ash has a dielectric constant of order
10*.2 The dielectric constant (¢') of the materials was calculated by the relation

C xt

g = — (1)

g, x A
Where. £, is permittivity of free space, A is the cross sectional area, t is the thickness, and C, is the capacitance of
the sample V). Dissipation factor (tan 8) is given by

n

£
Tand = — )

1

€

Where, £” is the imaginary part of dielectric constant 2, Fig 6(b) present the variation of dissipation factor
of fly ash with applied frequency and a tan d of ~ 1.8 was detected at low frequency side. Dielectric constant,
dissipation factor and ac conductivity of the fabricated fly ash polymer composite samples consisting filler
concentration varying from 10-60 wt % fly ash powder were measured under same condition in range of 20 Hz
to 2 MHz at RT.
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Fig. 7. Variation of (a) dielectric constant and (b) dissipation factor with Sfrequency
concentration,

Jor fly ash waste polymer composite with various filler

Fig 7a and 7b show the variation of dielectric constant and tangent loss with applied frequencies of polymer
composite samples. As the frequency increases the dielectric constant of all composite sample found to be
decreases. It is interesting to note that dielectric constant of fly ash polymer composite samples dramatically
decreases from 10900 to 6.69 for 60 % fly ash filler concentration sample. Dielectric constant of fly ash polymer
composite with 10, 20, 30, 50 and 60 % fly ash content shows dielectric constant of 4.98, 5.25, 5.00, 5.81, and
6.69 respectively. It is clearly visible that

of dielectric constant increases, However,
composite sample comparative to 20 %
composite is due to the low dielectric ¢
various filler concentration was also me
were also found 1o be decreases with in

as the fly ash concentration increases in the epoxy resin, the value
very minute decrease is detected for 30 % fly ash content polymer
fly ash content sample. Such remarkable decrease in the fly ash based
onstant of epoxy resin. Dielectric loss of the polymer composite with
asured in the same frequency range of 20 Hz to 2MHz. Dielectric 10sS
crease of frequency and found to be very small of about 0.002 for 60 %
fly ash based polymer composite sample. The calculated ac conductivity of all fabricated samples and variation
of ac conductivity with applied Irequency is shown in the Fig 8.
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Fig. & Variation of ac conductivity with frequency for fly ash waste polymer composite with various filler concentration
(right side shows enlarge view of ac conductivity).
ACconductivityincreases withincreaseoftheflyashwasteconcentrationinthe polymercompositesandacconductivity
has low value of 1.27 x 10°*Q ! cm™ in low frequency region and high 2.96 x 10-'°Q"' cm'' at higher frequency side
(2 MHz) for 60 % fly ash hybrid polymer composite sample.

Surface and Volume Resistivity Studies

Surface and Volume resistivity of the fabricated fly ash based polymer composite samples are measured as per
ASTM D257 standard. The samples are prepared in square shape of 100 mm dimension to measure both surface;
volume resistivity. Surface resistivity of the fly ash based polymer composite samples was found to in range of
10~ ohms/sq (Fig 9a).

— Fly ash based Polymes Composite — Kly ash dased Polymer Composte
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Fig.9 (a) Variation of surface and (b) volume resistivity of fly ash waste polymer composite with various filler concentration.

The resylts indicate that surface resistivity increases with increase of filler concentration till 50 % filler content
and decrease to 10 for 60 % fly ash amount. Further, volume resistivity of the fly ash polymer composite
samples was found in range of 10" to 10" ohms-cm for the filer concentration of fly ash from 10, 20, 30, 50
‘fﬂd 60% in polymer composites (Fig 9b). It is observed that volume resistivity slightly decreases with increase of
filler concentration (Figure 8b). The observed high value of surface and volume resistivity of fabricated polymer
“omposite samples shows their suitability for electrical insulation application. Roy E. Bickelhaupt et al has
"ported that agh producing by plants may have resistivity greater than 10" ohm-cm "l Osarenmwinda J.0.
“al haye observed that composite materials prepared using sawdust:palm kernel shell has insulation resistance
1.)1 ”OM(N-’"I;];, the best of our knowledge such polymer composite with high value of surface and volume
"ESIStiVity are poy reported till date. The higher resistivity is basically attributed due to low water absorption and

Weak orfac: L articles
iterfacial polarization between polymer and fly ash particles.
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THERMAL CONDUCTIVITY ANALYSIS

Thermal conductivity of the developed composites sheet with fly ash filler loading up to 60 % were evaluateq
and measured. Thcm-ml conductivity set up based on hot wire method using KEM QTM-710, Japan is used. The
obtained thermal conductivity of the polymer composites samples having filler concentration of 10, 20, 30, 50
and 60 %o fly ash exhibited thermal conductivity of 0.1765, 0.278, 0.3164, 0.3925 and 0.4387 W/mK (Fig 10).
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Fig. 10. Thermal conductivity of the fly ash polymer composite sample.

As the filler increases in the epoxy resin, the thermal conductivity increases and reached a maximum value
of 0.4387 for 60 % filler condition. We found the spherical shape of fly ash create a path way in epoxy resin
matrix, resulting slight enhancement of the thermal conductivity polymer composites. The low value of thermal
conductivity enable the product to use in thermal insulating materials specially it reduces the high heat flux and
release of high heat from electronic component in micro-electronic technology cause by the integration of the
electronic components.

CONCLUSIONS

In summary, this study disclose a facile method for developing environmentally friendly industrial inorganics
fly ash based moisture resistant electrical insulating hybrid polymer composite using compressive moulding
techniques. Very high dielectric constant of 10900 at low frequency and high dissipation loss factor at RT were
measured of fly ash waste powder. Various fly ash polymer composite with filler concentration of 10, 20, 30, 50
and 60 % wt ratio were fabricated. Very low water absorption of 0.14 % was observed from developed sheet.
Effect of filler concentration on density, water absorption, dielectric constant, surface/volume resistivity were
analyzed in details. Dielectric constant of fly ash based hybrid polymer composites were found to be decreased
with respect to applied frequency and increases with fly ash waste powder. Surface resistivity about 10" ohms/
sq and volume resistivity in the range of 10" to 10" ohms-cm were measured from the fly ash based polymer
composite samples. Low thermal conductivity of the fabricated composite was obtained and slight increase in the
thermal conductivity was observed with increase in the filler loading. The high resistivity is discussed in the light
of low water absorption and interfacial polarization between polymer and fly ash particles. Our work not just only
demonstrates a promising way to utilize industrial waste to fabricate electrical insulating sheet but also greatly
broadens the cco-friendly recycling method of industrial waste,
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Rapidly quenched magnetic materials for functional and sensor applications
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gbstract : Rapidly quenched (RQ) amorphous / nanostructured materials have been addressed in relation to
their properties targeted towards potential applications. Quenching techniques like melt spinning and in-water
quenching for production of these materials in the form of ribbons and microwires production respectively have
been addressed. CoFe-based microwires exhibited interesting giant magneto-impedance (GMI) behviour and was
used in development of GMI sensor for detection of carburization in austenitic stainless steel. Efforts have been
laid on the production of Fe-based magnetostrictive amorphous ribbons and their potential use in magnetostrictive
sensor (MsS) for generation of guided waves for detection of defects in pipes. Compositional tailoring has also
been carried out in amorphous / nanostructured ribbons to raise the saturation magnetization beyond 1.6 Tesla.
Some of these ribbons have also been found to manifest interesting electromagnetic interference shielding

effectiveness (EMI SE) properties.

Keywords: Rapid quenching, magnetic, amorphous, nanostructured, giant magneto-impedance (GM]),

electromagnetic interference shielding effectiveness (EMI SE).

INTRODUCTION
In recent years, there has been a paradigm shift in the materials development strategies. Such approaches
Iso their potentiality towards applications.

circumscribe not only the aspects of fundamental studies but a
Amongst such materials, the advanced magnetic alloys have drawn special attention due to emerging synergy
between properties and application requirements. The properties of these ferromagnetic materials can be tailored

through different non-conventional processing routes. Amongst different processing methodologies, the rapid
solidification is a potential route to get amorphous / nanostructured metallic precursors directly from the melt
"l'and thereby reducing magnetic anisotropy energy in a greater extent than the crystalline counterpart. In this
route, melt spinning to get ribbons /foils @ or in-water quenching to get microwires 34 are some of the prevalent
techniques. These techniques for getting metastable materials have an edge over the others in view of their
efficiency in producing materials in large scale. The property of as-prepared precursors can be modified through
control of alloy chemistry, rapid solidification parameters and heat treatment schedule. The modification in the
processing conditions can deliver desired intrinsic and extrinsic magnetic properties. Bench marked properties
Pertaining to saturation magnetisation, saturation magnetostriction, Curie temperature, coerc.ivity. permeability
and coreloss are some of the targeted ones. Till the advent of metastable materials, these properties were catereq by
Conventional crystalline materials. The metastable amorphous/nanostructured magnetic alloys find app?icagons
in distribution transformers '), electrical components for electric vehicles (EVs)® etc. In these applications,
the amorphous / nanostructured materials exhibit excellent performance due to the_tir low corelos§ and h.lgh
Permeability "), In the application areas of distribution transformer, these new matena}s are competing against
Conventionally known silicon steels like cold rolled grain oriented (CRGO) and non-ongnted (C RNO)_ ones due
W their reduced coreloss. However, the limiting scope of amorphous materials due to tbelr lower u_mdugtnon values
has beer, taken as a challenge worldwide to push their restricting limits of saturation magnetisation through
4PPropriate tailoring of compositions .
their potentiality as elements in sensors for

1ed due to
are predominantly made of ferromagnetic

The g¢ - . & .
Scope of metastable magnetic materials 1S further widet .
nts which
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steel. The typical magnetic sensing devices for SHM have been developed on the principle of magnetostrictiye
sensors (MsS) U ajant magnetoimpedance sensors (GMI) "2, fluxgate magnetometer '] etc. The low driving
ficld requirements for magnetostriction in amorphous materials is an appealing parameter in sensor and transducer
design concepts. The amorphous / nanostructured based MsS sensors are under current research priority in our
laboratory for their scope in SHM through generation of ultrasonic guided waves and consequent detection of
defects in components like pipes!' and plates. Apart from magnetostriction, the amorphous materials also display
sensitive change in magneto-impedance (MI) even at feeble external magnetising field. In view of sensitivity
0 very low magnetic field. the GMI based materials 'S and sensors are being explored for detection of phase
transformation in steels. With increasing application of amorphous and nanostructured magnetic materials for
sensors, attempts have been made in recent years of using these materials for electromagnetic interference (EMI)
shielding elements. The EMI shielding or absorption materials are key to avoid the signal/noise interference,
device malfunctioning and electromagnetic pollution to humans. The EMI shielding materials are typically
composite structures using dielectric and/or magnetic filler materials to attenuate the incoming electromagnetic
waves ', Recently. shielding through absorption is highly desirable for their stealth and environmental benefits.

The present investigation is focussed on development of various metastable magnetic materials and their desirable
funcuonal properties for different applications. The issues related to compositional tailoring, process control and
sensing applications have been addressed in this paper.

RAPID QUENCHING OF MAGNETIC ALLOYS

The alloys in the form of ribbons / foils and wires that have been used in the present study have been developed in
our laboratory through rapid quenching techniques. Prior to quenching, the master alloys are prepared through arc
melting of pure elements under inert atmosphere. A series of Fe-, CoFe- and Co-based alloys have been prepared
with different stoichiometric variation.

(c) (d)

Fig. 1. Photographs of (1) In-water quenching system (inset: melt ejection) and (b) amorphous wires,
() melt spinning system and (d) melt spun ribbon.
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In these wires, the ferromagnetic elements of Co, Fe contribute towards magnetic components while the
metalloids (Si, B) are the stabilizers for the glassy phase. The thermally stable refractory element Nb acts as a
grain growth retarder to inhibit nucleation and growth phenomena of crystallites. The amorphous / nanostructured
metallic microwires have been processed through in-water quenching apparatus (Fig-l1a). The alloy was
re-melted and ejected (Fig-1b) through quartz crucible orifice into the rotating water drum of this apparatus
to get continuous microwires with diameter in the range of 80 to 120 microns. Argon pressure of 3-4 bar was
maintained for ejection of alloy melt into drum rotating at speed of 300 — 350 rpm. Similarly, the amorphous /
nanostructured ribbons have been prepared using a melt spinning system (Fig-1c) with a quenching wheel made
of oxygen free copper. The master alloy is induction melted and ejected through a slit orifice in the bottom of the
quartz crucible to get ribbons (Fig-1d) upto 25mm width and thickness of around 25 to 35 microns.

GIANT MAGNETO-IMPEDANCE BEHAVIOR IN MICROWIRES AND SENSOR APPLICATION

The giant magneto-impedance is a phenomenon wherein the amorphous wires / ribbons reveal a large change in ac
compleximpedancewithapplieddcmagneticﬁeldinthepresenceofasmallaltemativecurrentappliedonthematerial'”'.
The property is evaluated in terms of percentage change in magneto-impedance with respect to a maximum
applied dc magnetizing field. The magneto-impedance of the prepared microwires was measured using an
impedance analyser (Agilent 4294A) through four probe technique wherein the applied ac current and frequency
are optimized to achieve maximum GMI ratio. Typical GMI plots of representative amorphous microwires are
shown in Fig-2. It is observed that the incorporation of thermally stable Nb in

- 85% \
(Cog sFey 5)74SigB14Nb,

75 |
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Fig.2. Giant magneto-impedance plots of as-quenched CoF. e-based amorphous wires

CoFeSiB system (with Co:Fe :: 50:50) enhanced the GMI_, value from 55% to 85%. GMI values were obtained
(Table-1) for a series of microwires with incorporation of Cr and also with stoichiometric variation of Co / Fe
'?tio- It was observed that optimal content of Cr along with appropriate tailoring of ferromagnetic constituents
like Co and Fe further improved the GMI properties. The microwire with high GMI__values was used as a
Sensing core element inside the probe of a Giant magneto-impedance based device. The sensing device (Fig-'3a)
fieveloped in the laboratory using above mentioned microwires was able to detect the effects of carbl{rizatlon
in 2 Ti-stabilized austenitic stainless steel (SS321). This type of problem is faced by petroleum refining industry

v SS321. The sensor output voltage for

ere cracking of hydrocarbon takes place in a reactor unit made of
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izati i i . i e shown in Fig-3b. AR
three samples with varied carburization level (industrially carburized and heat treate(li) ;r e 8% oty
! rea T
represents the sample which was not carburized. Other samples were and subsequently lea | € ———
) : - . . . . W re
one hour (Carb-1) and 12 hours (Carb-1) for carbide precipitation. The carburized sample also sho ase
m mechamcal hardness with soaking time.

Table-1: GMI (%) values for CoFe-based amorphous microwires

| Alloy Composition (at%) GMI__ (%)
(Co, Fe, ), Si,B,, 55
(Co, Fe, ), Si,B, ,Nb, 85
{ (Co, Fe,),,Si,B, Nb,Cr, 121

|
%
L (Co, ;F eo.s)74SisB|4cr4 135 T
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Fig. 3. (a) Giant magneto-impedance sensor and (b) sensor output for different
carburized samples along with hardness data,
The optical micrographs of as-received and carburized sample (Carb-1) are shown in Fig-4a and 4b respectively.
The as-received sample with granular morphology converted to one with carbide precipitation in the grain
boundaries. With depletion of chromium to form carbides, there is enhancement in terromagnetic components in
the matnix leading to rise in magnetic signal. The developed GMI based sensing device can be used for detection
of carbunzation in reactor units of petrochemical industries.

: AN
\ n
d 100 i

Fig.4. Opiical micrograph of (u) us-received and (b) Carb-1 sample,
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RAPIDLY QUENCHED MAGNETOSTRICTIVE AND HIGH INDUCTION ALLOYS

Magnetostrictive materials for sensor application

In the laboratory. amorphous FeSiB based alloy ribbon having magnetostriction in the range of 25 to 30 ppm,
have been used for generation of ultrasonic guided waves for detection of defects in pipes. The advantages
of these soft magnetic ribbons are that they exhibit saturation magnetostriction constant in low magnetizing
field and thereby high magnetizing field sources like cither permanent magnets or bulky biasing coils can
be eliminated. The melt Spun ribbons are pasted on one end of the pipe. Transmitting (T,), Biasing (B ) and
Receiving (R)) coils are placed over the magnetostrictive ribbons. The AC and DC current was sent through
T and B, coils. The laboratory based MsS measurement system is shown in Fig-5a. The MsS sensor output
obtained as a variation of backwall (BW) echoes, and those obtained from hole as function of hole diameters are
explained in Fig-5b. The magnetostrictive ribbon induces mechanical waves and transmitted through the pipe,
while the reflected mechanical waves change permeability of stress sensitive ribbons due to Villari effect ', The
change in permeability induces a secondary voltage picked up by R .. It is observed that with increase in hole
diameter, the MsS signal increases distinctly beyond one mm while the BWs correspondingly decreases.

- ~ ~
= o o

_/

MsS Signal Amphitude (Peak o Peak), 15t BW (Voit)
=

T T T
0 1 2 3 4 5 L} !
Hole Diameter (mm)

(b)

Fig.5. Photograph of (a) MsS sensor system and (b) variation of MsS signals from backwall (BWs) and
those obtained from hole in the galvanized iron (GI) pipe.

Tailoring metastable alloy compositions for high induction

The proper alloy design is the basis for high saturation magnetization and Curie point, fundamentally governed
by Slater-Pauling curve !'"". It describes that magnetization of Fe-Co alloys become maximum at a fixed
compositional ratio than any other stoichiometric ratio for same elements even for any other ferromagnetic
elements. Accordingly, the crystalline alloys with nominal composition of Fe, ,Co,, ., have been reported
a maximum values of M, (2.4 T) and T, (1000°C)** These magnetic parameters of similar type Fe-Co basic
composition are deviated in amorphous alloys owing to the addition of necessary metalloids. However, the
controlled annealing treatment for same amorphous alloy results in the nanocomposites with a distribution of
nanocrystallites in amorphous precursor, and the M, values of annealed alloys are superior than pre-annealed
amorphous alloys. On the view point of alloy design, the amorphous and nanostructutred soft magnetic alloy
consist of four different categories elements, e.g., ferromagnetic, metalloid, grain growth inhibitors and nucleating
agents with different compositional ratio to achieve necessary magnetic properties. The elemental percentage
affects material properties, discussed here for the alloys of nominal compositions (Fe, Co,) 100, B, SiNb Cu,
(where 0,05 <b<0S5at%,8<w<13at% 0<x<8 at%, 0 <y <3 at%, 0 <z<lat%). Fig.6 explains the
effect of ferromagnetic (Fe/(Fe+Co)) and non-magnetic (B/Nb(B+Si)) elements on saturation magnetization and
coercivity. The saturation magnetization (M,) becomes greater than 1.6 T while Fe/ (Fe+Co) and B/Nb(B+Si)
vary within (.5-0.65 and 0.3 -0.5, respectively (Figs. 6a and 6b). It is also noteworthy that the similar low range
(0-5-0.65) of Fe/ (Fe+Co) ratio is also responsible for maintaining coercivity below 250 mOe (Fig. 6¢). Similarly,
the B/Nb(B-I-Si) ratio with lower range (0.15 -0.27) also leads to alloys with coercivity below 250 mOe (Fig. 6d).
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PERSPECTIVE APPLICATION FOR EMI SHIELDING

The electromagnetic interference shielding effectiveness
typical composition Co,, (SiB),, , Fe,(SiB),,, Fe, (SiB)
0-8 GHz microwave frequency range. The EMI S
been described schematically (Fig. 7). The total sh
shields through surface reflection, matrix absorpti

(EMI SE) of soft magnetic amorphous ribbons of
1s\b, and (FeCo),(SiB), Nb,Cu, were studied in the
E mechanism of typical soft-magnetic melt-spun ribbons has
ielding of incoming EM waves is done through attenuation by
on and multiple internal reflection.

EMI Shielding Mechanism & Measurement
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Fig. 7. Schematic representution of EMI shielding mechanism in amorphous Soft magnetic ribbons.
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The material parameters like complex permittivity (¢”, £”), complex permeability (p’, p”) and scattering

parameters (S, Sip S0 ) o‘btal‘ned from.VNA were used to calculate the reflection(SER) and absorption(SE,)
contribution from the total shielding effectiveness(SE, ) using equations 1-4 2

EMI SE (dB) = SE; + SE, + SE,, (1) (SE,; neglected for SE >10dB)

SE, = SE, + SE, (2)
1
SE. = 10log - 3
o= log,,  ( S ()
. S,
S, - 10log,,  (1- 5. ) @
12

The complex parameters (€°, €7, p’, u”°) spectrum, decreases from 0-5 GHz and remains constant till 8 GHz for
all alloy ribbons. Further, the real part of complex permittivity (¢’) and permeability (u’) representing energy
storage part does not show difference based on alloy composition. Whereas, the imaginary or lossy part (7,
u™) show significant variation among the ribbons based on alloy composition, decreasing in the order of CoSiB,
FeSiB, FeCoSiBNbCu and FeSiBNb. The total EMI SE and material properties of amorphous ribbons are given
in Table. 2.

Table. 2. Summary of electromagnetic shielding and soft magnetic properties of amorphous ribbons

S.No Alloy SE dB) | SE, | SE, | H(Am)  M(D B,

1 |Co,(SiB),, >35 33 a | 3x0s5 | 07 | 100
2 |Fe,(SiB),, >30 27 <3 80.5 L5 10+
3 | (FeCo),(SiB),,Nb,Cul >33-265 | 2130 | <5 181 1.6 10°
4 |Fe,(SiB),)Nb, 32-12 10-20 <8 2415 1.45 10°

The as-quenched amorphous ribbons irrespective of composition, show good EMI shielding properties (> 10
dB) in the entire 0-8 GHz microwave frequency range. Particularly, CoSiB and FeSiB alloys show exceptional
total shielding characteristics (SET >30 dB) in the entire frequency range, attenuating 99.99% of incident
EM waves, Interestingly, the absorption is a main shielding mechanism in magnetic ribbons. The reflection
(SE,) contribution lies less than 5 dB, signifying, the entire EM waves enters into ribbon matrix and undergoes
attenuation through absorption mechanism (SE,). Further, the compositional dependent variation among the
ribbons can be observed (Table.2). The variation is mainly attributed to the effective skin depth, in turn depends
on the magnetic permeability and electrical resistivity of the alloy ribbons . The present study substantiates the
excellent shielding properties of soft magnetic ribbons, particularly as magnetic absorbers in 0-8 G.Hz frequer.lcy
range. The soft magnetic ribbons can be effectively pulverized and used as magnetic filler agents in composites
for broadband shields/absorbers.

CONCLUSION

The r apidly quenched materials in the form of amorphous / nanostructured wires and foils were prepared by

N-water quenching and melt spinning techniques. The CoFe-based microwires reveal excellent giant magneto-

Impedanc. ! :
. Pedance properties and were used as core element of ) .
I austen;je steel. The magnetostrictive sensing (MsS) device was developed with amorphous magnetostrictive

a GMI based sensing device for detection of carburization

Mbbong g sensing element for detection of defects in pipes. The dimension change of pipe defect (e.g., hole)
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displayed corresponding evidence in MsS signals. Other than sensor applications, the properties of rapidly
quenched ribbons where also tailored for achieving high saturation induction. For this, compositional contro]
was carried out on metalloids (Si, B), refractory element like Nb and ferromagnetic constituents (Fe,Co) to
achieve saturation induction greater than 1.6 Tesla. The rapidly quenched amorphous ribbons also manifesteq
potential clectromagnetic shielding properties. Amongst different alloy ribbons, the CoSiB and FeSiB based
ribbons showed exceptional total shielding characteristics with SE. >30 dB.
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Spectroscopic changes in conventional magnetorheological fluid and graphene oxide
based magnetorheological fluid with combustion method
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Abstract: A comparative spectroscopic analysis of conventional Magnetorheological fluid and Graphene Oxide
based Magnetorheological fluid. Raman spectra have been recorded using 532 nm laser excitation. The down
shifted G-band of Graphene Oxide observed at 1576.42 cm due to the doubly degenerate zone center E2g
mode and 2D band at 2702.58 cm™ confirms the presence of Graphene Oxide. UV - VIS Absorption spectrum
of GO based MR fluid has been recorded of n-n plasmon peak at 233.82 cm™' while a broad band is displayed in
conventional Magnetorheological fluid. Here, Graphene Oxide used in Magnetorheological fluid is prepared by
combustion method of separating Graphene layers by controlled oxidation. This analysis shows highly efficient,
unequivocal, non-destructive identification of Graphene Oxide in Magnetorheological fluid.

INTRODUCTION

Graphene Oxide based Magnetorheological fluid is a controllable active smart material which can respond precisely
to external magnetic field by aligning along the lines of magnetic flux, forming a chain like microstructure which
opposes the flow. It consists of polarizable particles suspended in a nonmagnetic carrier medium. In the absence
of magnetic field, Graphene oxide occupies the interspaces between the magnetic particles to restrain the direct
contact of these particles, consequently sustaining the stability of MR fluid, due to its structurally supportive
amphiphilic nature. Furthermore, stabilizing polarizable particles in the base fluid. In the presence of magnetic
field, these dispersed particles polarizes, forming assembled chain-like micro-structure along with Graphene
oxide filled in the space of body-centered pentagonal structure of iron particles under van der Waals interparticle

interactions.
9@ 0040
o-~ 'V
&a p4 \. ~ 0
¢-®
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Fig.1. Schematic diagram of GO based MR fluid
EXPERIMENTAL PROCEDURE
R‘"mm Spectroscopy

Ramap, Spectra were recorded using RIRM Direct Coupled Raman Spectrometer, an excitation laser source at

M, dual sample holder (Vertical and Horizontal), and a charge-coupled device (CCD) detector. Analysis
AMples with 5 microscopic laser spot using high quality lens and filters with 10x long working distance, a
an tunable laser power, a spectral range from 120 to 4500 cm’' with an optical resolution of 1 to 3 cm’', a

rec . . isition ti i
i I8¢ stage height movement. a direct coupled air free optics. The acquisition time was of 2 scans with 4500ms
Osure time ’
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Ul-Visible spectroscopy

UV-Visible absorption spectra was recorded using RI2AS spectrometer, a balanced deuterium halogen compogite
light source (deuterium lamp emitting a continuous spectrum of light ranging from 190-400 nm in the UV range
to 400-300 nm in visible light, tungsten halogen lamp emitting light ranging from 360-2000 nm), a spectry]
range from 190-2500 nm, an optical resolution of 0.03-8.4 nm, sensitivity of 161000 counts/uW per millisecond

integration time, focal length of 110 mm, 6:1 round to linear fiber, detector collecting lens and order sorting filter,
The acquisition time was 51 scans with 2ms exposure time.

RI software features

Instrument control and data collection parameters are user definable, such as exposure time, dark correction,
signal averaging, spectral smoothing, and automatic saved spectra. Graphics saved in .txt format and can be
opened in any third-party software e. g. Origin, Excel and other data processing software.

Comparative analysis

Graphene oxide based Magnetorheological fluid fingerprint is quite different from conventional Magnetorheological
fluid and it can be easily identified by the Raman spectra.

Through Raman spectroscopy it is possible to monitor the changes in the morphology of different
Magnetorheological fluids since C-C and C=C symmetric vibrations of the aromatic rings have a strong change of
polarizability of their electronic cloud inducing a strong Raman Effect. Absence of less intense D peak indicates
absence of significant number of defects. It was only observed in the sample of Graphene Oxide.

Magnetorheological fluid has several characteristic sharp bands at about 488.50 cm! representing Fe-CO
stretching %, 1069.88 cm'! corresponding to Si-O-C stretching, asymmetric deformation vibration of the CH,
group at 1413.94 cm, characteristic sharp band at 1260 cm duye to the symmetric deformation of methyl
groups, asymmetric and symmetric stretching vibration of C-H at 2800-3000 cm! 1, Graphene oxide based
Magnetorheological fluid has same characteristic bands including two more bands at 1576.42 cm'! representing
in plane vibration of ¢-c bond corresponding to the E2g Symmetry and an evolved broad band at 2702.58 cm! .

Conventional MR Fluid
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Fig.2. Raman spectrum of ( onventional MR fluiq
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GO based MR Fluid
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Fig.3. Raman spectrum of GO based MR fluid

In UV-VIS Absorption spectra, it can be inferred that optical absorption of Graphene Oxide in Magnetorheological
fluid is dominated by the m-n plasmon peak near 233.82 nm depending on nanometer-scale sp2 clusters and
linking of chromophore units like C=C, C-C, C=0 bonds while in absorption spectrum of Conventional

Magnetorheological fluid, this peak is absent .

GO based MR Fluid Conventional MR Fluid
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Fig.4. Absorption spectrum of GO based MR fluid Fig.3. Absorption spectrum of Conventional MR fluid
Stability of Graphene Oxide based Magnetorheological Fluid as compared to Conventional
Magnetorhcologlcal fluid

Because of the large density mismatch between dispersing (0.967 gm/ml) and dispersed phase (7.8 gm/ml),
"agnetic particles tends o settle down at the bottom. For the quantitative analysis of sedimentation rate, a sonple
“Xperiment was performed 1, Two falcon tubes of S0 ml were taken and filled with conventional and GO based
Magnclorhculugical fluid. The phase boundary separating Magnetorheological fluid from the supernatant was

Obse¢ 2 . . 21
bserved over a period of time,
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Following equation was used for sedimentation rate calculation:
Sedimentation Ratio = Volume of supernatant fluid / Total volume of Magneto rheological fluid x 100

Fig.6. represents the sedimentation ratios of the two Magnetorheological fluids. Conveqtional Magnetorheological
fluid has the sedimentation ratio of 34.6 1% and Graphene Oxide based Magnetorheological fluid has sedimentation

ratio o 0.02%.
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Fig.6. Sedimentation rate of MR fluids

It was observed that GO based Magnetorheological fluid was well dispersed and stable for a period of 7 days.
Thus. in terms of sedimentation ratio, Graphene Oxide based Magnetorheological fluid is more suitable for real-

time torque transmission applications.

This test reveals that Graphene Oxide based Magnetorheological fluid is one the best candidate for overcoming
the problem of high sedimentation rates.

Suability of the fluid is crucial in every torque transmission industrial application including shear, valve and
squeeze mode operations. Thus, optimum concentration of Graphene Oxide is desirable for stability enhancement
of Magnetorheological fluid. Graphene oxide based Magnetorheological fluid shows no sedimentation after
qualntative observation of over two months. The samples were kept under observation and photographed before

and after 7 days.

() MR fluid on the left hand side & GO tug. 7. (b) After 7 days sedimentation of MR fluid
Bused MR Fluid on the right on the left hand side & GO Based MR Fluid on
the vight hand side

Fag 7
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CONCLUSION

Anew approach to directly capture Graphene Oxide based Magnetorheological fluid in Raman Spectrum which
is clearly different from the Spectrum of Conventional Magnetorheological fluid. Presence of Graphene Oxide in
\13g11etorl1eologlcal fluid increased sedimentation stability, directly increasing the shelflife of Magnetorheological
fuid. The Raman Spectra of both Magnetorheological fluids reflect changes in the electronic structure and

clectron-phonon interactions allowing unequivocal, highly efficient, non-destructive identification of Graphene

Oxide In Magnetorheological fluid.
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Electrochemical application of shape and phase dependant copper sulphide for cost-
effective next generation supercapacitive energy storage: A review
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Abstract : Copper sulphides (Cu,_S) based chalcogenide materials have received voluminous consideration
for supercapacitive energy storage with unique semiconducting properties, nontoxicity and extensive earth
abudancy. The existence of Cu, S in discrete crystal geometries and morphology liberalizes opportunities to
tune them for desired performances. Consequently, the understanding of the phase and morphology dependency
on performances can be pivotal in building novel designs for enhanced power and energy delivery. Herein an
n-depth recent literature investigation into the synthesis of diverse phases and morphologies of Cu, S nano/
microstructures and their super capacitive behaviours has been reported. Given the potent of Cu, S as highly
efficient supercapacitive electrode as low cost material and their extensive deployment it is imperative to
profoundly highlight the recent advances in Cu,_S based electrode materials directed towards supercapacitive
energy storage.

Keyword: Cu, S, electrode material, synthesis, energy storage

INTRODUCTION

Search of low-cost materials as supercapacitors for sustainable energy storing devices is one of the current pivotal
R&D area, because of their application in wide range of commercial electronics starting from minute memory
caches, portable electronics to vast transportation and military technologies " ?.. The potent of supercapacitor
as rapid power delivery devices is realised through its fast charge discharge mechanisms enabling rapid energy
delivery and extensive lifespan of performance. Supercapacitors store electrical energy either through charge
accumulation at the electrode/electrolyte (Electric double layer capacitance) interface or via near to surface
reversible redox reactions (Pseudo capacitance) ™ (Fig 1(a)). The design of novel electrode materials in terms of
Sustainability and cost effective for efficient energy storage has been the forefront of energy research and a wide
range of materials have been constantly evaluated for the same. Transition metal sulphides (TMS) have made a
commendable stand in terms of impending electrode material due to their inherent high electrical conductivity
and high theoretical capacitance ¢ Thus reasonable R&D efforts are given on rationally designed novel sulphide
Materials to tune the surface area and short diffusion paths to attain optimum specific capacitance %) for feasible
commercial implication, Among them, earth abundant copper sulphides (Cu,_ S) (Fig 1(b)) suits more convenient
‘CIC_"‘TOGC materials due to their high electrical conductivity assisted with enhanced redox electrochemical
“clvity at an affordable cost”'? and existence in different stoichiometry form copper rich to sulphur rich valence
;‘:;L:n/:hl:)u;,lh .lh.cse m.alcrials have ellectron‘ic condlllctivity of 10 ~‘S-cm"'.zu?d theorcti‘cal s:peciﬁ‘c capacity of
“Ppiicau(,n%n;’ i |§ desired tc') tune their se.mlconductmg and low conductn.vn)‘/ properties for a ta\'m}mble SC
crystal on ,:, . Diverse semiconductor ml.cro/r]anostrm‘:tured copper Slllphlfjc)b (Cu:_\S? clcctrodis with varied
Wucture (!jfg,‘cmcnls can 1:csu|l better c.lectn%‘al features for cflhzu}ccd energy a'tf)ragre pcl'torn?alnccl . The crystal
copper sulphides (Cu, S) is assigned on the basis of sulphur packing in the lattice structure. Anilite
Xistas cubic packing, djurleite and chalcocite exist in hexagonalclose packing and covellite results
SrUC ey Wn::‘;’;l‘_’ii]:]c'xafgunal (,:l(l)sc ‘pajckiflg ‘dl}d sul.l'u?' ;:l,o.m:qlco.v;\.li::l f«llll(i(il:ﬁ“l‘r*". "l{‘h:'ldiﬂ‘er‘c’n‘t re.ported ‘;l‘yst.al
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Fig I: (a) Cyclic Voltamogram depiction of different charge Storage mechanisms of supercapacitor
(b) the increasing research publications on copper sulphides based energy storage.

However. investigation of size-controlled and composition-optimized Cu 2 S Nano/microstructures stands
incomplete without underlining the morphology-

dependent properties for effective energy storage. Therefore, the
design and study of novel Cu 2.x S MiCTo- /nanostructures assisted with governable crystalline building block and

BN
WRG | % | SEgh
484

i é ¢
1‘& o-}*;!-ﬁo rat e : I
ol | e | S X )
-nghChalcocller(Cu,VS) C;hic:‘numcwi:c‘;ﬂ A “,‘ } .
5y FRNE || K|l Wl
9;?%} » EL‘& R ;YA“Y": "'X }
& &s ‘) A\A ‘ \
405, | || eow®

Djulerite (¢ UiyS)

cus

cus

Cus
Low Chalcocite (Cu,S)

Digenite uy,S) \ullil\'(('u, 758)

Fig 2: Different crystal sructures of Copper sulphide existence. Reprinted with permission from Ref 'l and Refi"t

VARIOUS MORPHOLOGIES OF PURE Cu,,S NANO/MICRO-STRUCTURES ELECTRODE
MATERIALS '
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materials provides more reactionsites using three dimensional interconnection and hence helpful for increasing both
cnergy and power densities. Various synthesis methods have been proposed involving hydrothermal!"¥), microwave'"”,
colvothermal ™ chemical vapour deposition”'!, to obtain diversified dimensional morphologies such as zero dimensional
oD M, one dimensional 1D two dimensional 2D 91 three dimensional 3D 1'% micro/nanostructures
obtained by specific to getspecific applications (Fig 3). A systematic study on specific phase synthesis mechanism
of Cu, S micro-/nanostructures with desired intrinsic properties for enhanced energy storage is expected to
provide an n-depth insight for developing novel € u, S based supercapacitive electrode materials.

Zero dimensional (0D) Cu, S nano/micro-structures

Three dimension constrained 0D nano/micro-structures possess high available surface area for electrode/
clectrolyte interfaces, which has led to immense investigation for their application as supercapacitor electrodes
39 qn this regard 0D Cu, S nano/micro-structures have also been explored. Recently Zhao et al.

Fig 3: Various Synthesis approaches undertaken for shape and crystal structure desired synthesis of
copper sulphide Cu, S nano/micro-structures.
feported hydrothermal synthesis CuS microspheres with specific capacitance of 131.7 Fg' at 10 mV's in 3M
50H electrolyte. Further when modified with carbon dots on carbon nanotubes a high specific capacitance of
361 Fg at) Ag'was achieved. The electrodes also reflected a high cycling retention of 92% retention over 5000
“ycles at current density of 3Ag™ U,

::) :rr:ol[l}:?r r<':ccnl stuéy‘ by the same group CuS microspheres wcr‘e s_vnthcsizeq In room temperature within 2
s g‘ccl;g a novel facile one pot synthesis technique. Thc CuS mAlcrosphe.res in the range of 1.5 to 3 um with
. ¢d copper to sulphur molar ratio exhibits a superior capacitance of 444.2 Fg'' at 1 Ag'. Additionally an
::mecum device assembled using reduced graphene oxide as negative electrode could achieve energy der;sit\'

Power density as high as 18.6 Whkg' 681.2 Wkg' with cyclic stability of 89% after 4000 cycles at 6 Ag'! 07

One 4; P
imensional (1D) Clluf nano/micro-structures

1D 4
Ie P . : .
oo ; fano/micro-structures singular structures such as nanotubes, nanorods, nanowires etcare apprehended to
vide | . . I " ,
©ample contact area, high flexibility and shorter diftusion pathways between electrode and electrolyte
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A lot of studies have been directed towards this direction by several methods % 3%, Lately, vertical binder free
growth of active material conductive substrateshas served as one of the most encouraging electrode design tactics
owing to enhanced quick ion transport capability “%). Javed et al reported highly flexible Cu_,S, nanowires — Carbon
Fibre Fabric exhibited a high capacitance of 400 Fg' at the scan rate of 10 m Vs achieving energy density of
35 Wh kg at power density of 200 W kg which could light 6 LEDs effectively ). In another work Hou et a
designed hierarchical grown 1D architecture CuS nano-needles using a template based conversion route. The
clectrode materials delivered a high capacitance of 566.4 Fg'' realising an energy density of 29.9 kW kg'even at
high power density of 1.1 kW kg™ ). In a very recent study by authors could grow 1D single crystalline Cu,S
nanorods on conducting Cu substrate in a very short time using a novel solution based direct synthesis method.
The Cu,S nanorods reflected superior specific of 750 mF cm? at a current density of 2 mAcm? with extremely
good C):cling stability of 82.3% at a high current density of 40 mAcm? after 20 000 cycles, respectively. When
assembled into an asymmetric using activated carbon the AC//SC-Cu,S device(shown in Fig.4) a higher energy

density of 2.69 mW h cm and power density ranging from 10.9 to 218.4 mW cm" in a wide potential window
1.6 VESIL

o Ry

=

Gurrant density (mA em®)
8 &8 o = o 8

( ’ﬂ‘\\
12010 )

o 00 om0 1500 2000 2800 3000
Cycie number (n)

Fig4: (a) SEM of SC-Cu /S nanoarrays, (b) Comparative CV curves of
AC//Cu S asymmetric supercapacitor (ASC) over at different potential windows 0.6 to 1.6 V along with comparative Ragone

plots for the AC/C u,S ASC, (c) the superior performance Plausible mechanism illustration of SC-Cu,S nanoarrays, (d)
capacitive retention of assembled AC/C 1,8 ASCAC//Cu S ASC (inset) with performance at different bending angles.
Reprinted with permission form Ref!*",

the AC and Cu S electrodes at 50 mV/s, CV curves of the

Two dimensional (2D) Cu 2.3 nano/micro-structures

The enhanced surface area with facets for ample interaction of electrode/electrolyte has augmented their use for
design of novel electrochemically active 2D materials as supercapacitor electrodes. 2D materials additionally
exhibit superior mechanical and chemical stability, flexibility, transparency which envisions them to be widely
deployed in electrochemical Supercapacitors 1“4 Xy et al reported clusters of 2D CuS materials from dealloying
of Ti, Cu,, amorphous alloy. The CuS spherical clusters made of amalgamation of 2D CuS could achieve a
high specific capacitance of ~276 F g at 5 mVs"' with cyclic retention of 73% at 2 A g"' 7). In a contemporary
kind of study 2D mesoporous nanosheets were prepared with pore diameter 2.2-2.5 nm using a simple rapid
microwave synthesis. The as synthesized mesoporous nanosheets when assembled into a practical asymmetric
hybrid device along with Activated carbon reflecting a high capacitanc

e of 177 Fg!' at 0.5Ag" accompanied W_ith
high energy density of 63.2 Whkg' at power density of 400 Wkg' as well as outstanding cycling retention
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of §8% after 10000 cycles at 10Ag" M. In a recent quite interesting study by Raj et al. synthesized 2D CuS
anoplates patterned directly on FTO to assemble a planar supercapacitor. The planar supercapacitor imitated a
high areal capacitance of 4.88 mF cm™ at 0.05 mA cm™ in PVA/LICl gel polymer electrolyte. The energy density
ange alters from 5.5 10° to 4x107 W h cm with decrement in power density decreases from 2x10? to 2.1x10°
W em* respectively L.

Three dimensional (3D) Cu, S nano/micro-structures

3D active materials with porous structures deliver large surface area, distinct pathways for interfacial electrode/
dlectrolyte access and for effectual supercapacitor electrodes. 3D electrodes have no dimension constraints and
ssually constructed either using conducting metal foam substrates as templates or selective 3D active material
amthesis  *. Tian et al reported CuS hierarchical structures embedded on 3D graphene (3DG)with specific
capacitance of 249 Fig ' at current density of 4 Ag"'. A flexible symmetric supercapacitor assembled using CuS/3DG
sctive material possessed 5 Wh kg™! at power density of 450Wkg' #2.. In another look alike study 3D erythrocyte-
like ordered CusS superstructures wrapped in rGO were synthesized using a simple solvothermalstatergy exhibiting
a superior energy density of 16.7 Wh kg™ at a power density of 681 W kg when assembled into a asymmetric
device using activated carbon in organic electrolyte ). In a recent study by Quan et al reported carbon quantum
doped CuS nanoflowers (CuS@CQDs) like uniform hollow structures. The nano-assembly could own specific
capacitance as high as 920.5 F g at a current density of 0.5 Ag™'. Further CuS@CQDs//AC ASC device fabricated
displayed optimum energy density of 44.19 W h kg'! is obtained at a power density of 397.75 W kg with cyclic
retention of 92.8% even after 10,000 cycles at 5Ag" 5. In another very recent study 3D hierarchical CuS micro-
flowers as binder free electrodes were loaded on copper powders filled nickel foam. The high surface area of
Ni foam assisted with superior electrical conductivity of copper powder along with CuS pathways for efficient
clectrolyte interaction yielded ultrahigh area capacitance of 11.4 F cm? at a high current density of 90mAcm™.
The as prepared electrode also displayed a reliable stability with cyclic retention of 106% (4.01 F cm?) even
after 3000 cycles **). As shown in F ig.5, besides specific capacitance, both energy densities and power densities
are not much comparable on the basis of dimensions. However, cost effective synthesis methods and fabrication
engineering of various dimensional copper sulphide materials may lead the future market for specific application
4 supercapacoitor electrode.

Applications
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Fig s (@) Schematic presentation of the preparation of various dimensional CuS electrode materials along with comparative
Ragone ploss Jor the for Cu, S electrodes, plausible mechanism illustration and their possible application.
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CONCLUSION

i i for supercapacitive
Diversified Cu, S nano/micro-structures have been o.f keen interest and' Zpttly urlcl)}‘),l;r:i?lti:i . Crystt;mnepphases
energy stomgeﬁmt offers numerous benefits. The ability of copper su.lphl € n;]) p o5 36 oy Sl o s
\\’ith;sundr\‘ and highly tunability morphologies can be ot" gre?at pc?tentlal to <.3 ban Stonies Thonibne
Although 1;1ore works are still necessary for practical appllc.atlons in econo;nlc- emagl;:11 o e‘./aluation P
of experimental conditions and considerationslmﬁke it qu(;tt:i _alt]rjr;l;lsgil(l)z:]siti:z Z(;rgr:l Sty aticro-tnuciimes o
but nonetheless the clear rewards of individua phases and di ' 165 ¢ 'Z-id lo preciscly cout, &
be clearly inferred. However, the synthesis processes need further investigations Tn eep . p ‘ tab.l,.
jeve t g C » cost-effective production to get tunable pure materials having If)ng term_ S 1' ity
Zﬁz;ecl?a;ﬁiisggl:bi;cle along with tI:w improvement in their conductivity. Empatheticall , this review

. . . /
provides a basic understanding for rational design of different morphological and compositional Cu, S nano
micro-structures for enhanced supercapacitive performances.
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Recent advances in photodetection applications of two dimensional MoS,
panostructures
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School of Materials Science and Technology,
Indian Institute of Technology (Banaras Hindu University), Varanasi-221005, India

Abstract : Two-dimensional transition metal dichalcogenides (TMDs) with unique properties have received
a great attention of scientific community in recent years. Among the TMDs family, MoS, has been already
established as an intriguing building block for the next generation optoelectronics, such as ;;hotodetectors. The
optoelectronic device performance of TMDs are known to be layer dependent. The MoS, shows excellent light
absorption and is found stable in natural environment, which make it suitable for optoeléctronic devices. In the
present review article, we discuss different synthesis processes for 2D-MoS, and have summarized few important
studies on the photodetection application of different morphologies of MoS, nanostructures. Here, we discuss the

different MoS, based photodetectors comprising of p-n junction photodiode and the metal-semiconductor-metal
(MSM) junction.

Keywords: Transition metal dichalcogenides, MoS, Top down approach, Bottom up approach, Photodetector,
p-n junction device, MSM device.

INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have attracted huge attention of scientific
community in the field of optoelectronics due to their different properties such as tunable bandgaps, strong
interaction with light and the presence of weak van der Waals force between the layers!'”). The 2D-TMDs have
enormous advantages in various photonic and optoelectronic applications due to the energy bandgaps covering
the visible and near infrared spectral region, which is suitable for ultra-broadband photodetectors. Graphene and
TMDs are the earth-abundant and have emerged as 2D materials of choice due to multiple advantages such as
their low-cost production, easy synthesis and these materials can be easily transferred on required substrate with
precise thickness i.e. the layer number. The general formula for TMDs is MX2, where M is the transition metal (=
Mo, W from the group 4, 5, or 6 of the periodic table) and X stand for a chalcogen atom (S, Se and Te). These TMDs
material having energy bandgaps (1.0-2.1 eV), covering the visible and the near infrared spectral region leading
to the various photonic and optoelectronic applications. The most interesting properties in TMDs structures are
layer dependent bandgaps and quantum efficiency. The 2D monolayer Molybdenum disulfide (MoS,) shows high
carrier mobility and optical transparency compared to conventional semiconductors, which make it suitable for
dcvcloping ultra-broadband photodetectors for use in different areas such as surveillance and sensors in real life
aPpIications. MoS, shows an indirect-to-direct bandgap transition, when it transforms from bulk to monolayer. The
direct bandgap nature of MoS, makes it ideal for photonic and optoelectronic applications™'"). Each 2D material
has its owp, advantages and di;advantagcs. As an example, black phosphorus (BP) shows higher carrier mobility
4 compared 1o TM Ds, but layered TMDs have relatively higher light absorption in visible range as compared to
3P In another example, graphene-based photodetector is used in ultrafast and broadband technologies, whereas

95, based device is having advantage of strong electroluminescence U3 The presence of direct electronic
Tansitions iy, monolayer MoS, increases the probability for excitons (electron-hole pairs) generation "4, The
5 0f MoS, shows three different phases, IT (tetragonal symmetry, octahedral coordination), 2H (hexagonal
*Ymmerry, trigonal prismatic coordination) and 3R (rhombohedral symmetry, trigonal prismatic coordination).
st:::”g three phases, 2H-MoS, is found most stable while 3R phase 18 .tound unstabl?. The IT MosS, is also found
‘ L however y high lcmpm"ulurcs it turns into 2H phase. The stacking sequence in 2H phase of MoS, is AbA
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BaB where the upper case and lower-case letters represent the S atom and Mo atom, respectively. Th
sequence in 3R phase of MoS, is AbA CaC BeB. In 2H and 3R phase of MoS, the metal coordinate j
) ‘ e 1T . : 5-18

prismatic. The staking sequence in 1T phase of MoS, is AbC AbCI's-181,
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Figure 1. Schematic diagram of applications of MoS, nanostructure.

Different TMDs nanostructures along with graphene have been investigated in wide range of electronics and
optoelectronic devices 1. The 2D-MoS, has been extensively demonstrated for different applications such
as photodetectors. solar cells, field-effect transistors (FETSs), sensors, supercapacitors, batteries and other
photonic applications, as shown schematically in figure 1 (30-36], Among electronic and optoelectronic devices,

photodetectors are becoming a key component of optoelectronic technology due to their wide range of applications
for surveillance. robotics, sensors, night vision

nanomaterials is required for the successful realization of commercial optoelectronic devices. The 2D materials
can be synthesized by two general paths such as top-down and bottom-up approaches. The widely used top-
down approach incudes mechanical exfoliation, liquid phase exfoliation and Lithium ion intercalation methods
1490 These exfoliation processes are suitable for synthesis of 2D materials dye to the weak van der Walls force
between the layers, that allows individual 2D layers to be separated from its bulk counterpart bulk. On the other
hand, bottom-up approaches include the physical vapor deposition (PVD), chemical vapor deposition (VD)

and solution chemical (l'xydrulhcmml/.sulvulhcrmul) process. In this section we have discussed these processes
separately 14!
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104 J.MET. MATER SC., Vol. 62, No. 3-4,20



RECENT ADVANCES IN PHOTODETECTION APPLICATIONS OF TWO DIMENSIONAL
[0P-DOWN APPROACH FOR MoS, SYNTHESIS
Mechanical exfoliation

1t is based on the peeling process of layered materials by application of mechanical force to result in one or
fon monolayers. 1n 2004, this method was first used to synthesize Graphene ™. The scotch assisted mechanical
pecling 18 still a widespread approach for making a top-quality 2D sheets of Graphene and TMDs materials. High
quality MoS, can be synthesized via this method quickly as the mechanical force can overcome the van der Waal
qnteraction between layers. Bulk MoS, crystal can be used as starting material for synthesis of monolayer/few-
laver MoS, via scotch tape assisted mechanical peeling, as shown schematically in figure 2. The quality of the
flm prepared by this technique is known to be highest, which enables the properties study of pristine MoS.. Oriol
ot al. used this exfoliation method to synthesis MoS, monolayer and showed its suitability for ultrasensitive
photodetection . However, the main demerits of this method are the low yield and the small flake size, which

are crucial part for scalable production of such photodetectors. Therefore, MoS, synthesis via this process is
limited to the fundamental study at laboratory level.
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Figure 2. Schematic diagram for mechanical exfoliation method.
Liguid exfoliation

The another important and widely used top-down method is liquid exfoliation process. In this method, bulk MoS,
Powder is used as starting material and common organic solvents and/or functionalization is used to exfoliate the
bulk materials, The exfoliation of the bulk materials can be done by various mechanical processes like sonication,
shearing, stirring, grinding and bubbling methods. The direct sonication process depends on the solvent and/or
*urfactant 10 defeat the cohesion between adjacent layers. Thus, the solvent must be chosen to have surface
*nsion close to the surface energy of the material “?), In this method, the materials shape, size and layer numbers
‘ary randomly. The quantity of the flakes is much larger than the mechanical extoliation but the quality is
Ower ag compared 10 mechanical exfoliation. In one of the works, synthesis of few layer MoS, and WS, was
“monstrated via sonication of their bulk powders using soapy water as solvent U, Figure 3 shows the schematic
E1am of synthesis of MoS, by liquid exfoliation methods. The re-aggregation of 2D-nanosheets is removed
"4 Steric and electrostatic repulsion. The yield of liquid exfoliation method can be increased by surfactants and
:Jmcalion. The yield of liquid exfoliation is drastically improved from the mechanical exfoliation technique,
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' ! the quality of the flake is still low. This method is suitable in different applications, where a vast amount ot
1.:nuﬁakc5 are r

g equired such as energy production and storage applications. This process is a cost effective and
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gy for large scale production of 2D nanosheets.
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Figure 3. Schematic diagram of synthesis of MoS2 via liquid exfoliation.
Lithium ion intercalation methods:

Io thus method. the small radii 10ns are intercalated into the adjacent layers in bulk layered materials. Generally,
Lithium 10n 1s used to intercalate between the different layers of MoS, to expand the interlayer spacing. This
mcrease of mterlayer spacing facilitates the exfoliation process by mechanical treatment, as shown schematically

Figure 4 Generally, N-butyl lithium is used for Li intercalation between layers of TMD material !, The single
izver MoS. was demonstrated by Joensen and co-workers using n-butyl lithium dissolved in hexane. During the
miercalztion the formation of Li MoS, compound occurs which controls the yield of monolayer MoS, . The
maumn problem with this method is that, during the synthesis/intercalation process, Li atoms intercalate in the layer
of MoS. and during that time the semiconducting 2H of MoS, transforms into its metallic 1T phase. However,
afier annealing at 300°C, semiconducting 2H-MoS, phase can be obtained ). This method is likely to be better

- - - . . : 1 e
surted for applications in energy storage and generation, sensing or as filler materials for composites where larg
quanuty of materials are required.
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Figure 4. Schematic diagram of Li ion intercalation method to obtain MoS, nanosheets.
BOTTOM-UP APPROACH FOR !\'I(JS2 SYNTHESIS

Physical Vapor Deposition (PVD)

T niCOnduC
i .

molecular beam epitaxy (ML) is 4 cutting-edge automation for synthesis of single crystal be[,m. o), Thi
film; however, this method is not suitable for the synthesis of 2D materials due to the -"mu“-c: :/105‘ 'lm.sa
21D-MoS, can be synthesized by this method. Muratore et. al. reported the synthesis of llllf‘"[h:[w" séu eriné
low-temperature by physical vapor deposition method "), This synthesis process is based on magn
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Figure 3. Schematic diagram of synthesis of MoS2 via liquid exfoliation.
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ntercalation between layers of TMD material . The single
layer MoS, was demonstrated by Joensen and co-workers using n-butyl lithium dissolved in hexane. During the
intercalation the formation of LiMoS, compound occurs which controls the yicld of monolayer MoS, . The
main problem with this method is that, during the synthesis/intercalation process, Liatoms intercalate in the layer
of MoS, and during that time the semiconducting 2H of MoS transforms into 1ts metallic 1T phase. However,
after annealing at 300°C, semiconducting 2H-MoS phase can be obtained **!. This method is likely to be better
suited for applications in energy storage and gcncr:ﬁiun, sensing or
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quantity of materials are required.
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(pin film is deposited as a desired product. The schematic diagram for MoS, synthesis via CVD method is shown in
Figure 5. Generally, Mo compounds like Molybdenum tri-oxide, Molybdenum chloride, Ammonium molybdate
ofc. are used as Mo precursors while sulfur powder and H,S gas are used as reducing agents and sulfur source *>#*
s Generally. the reaction temperature for MoS, synthesis is in the range 600-1000°C in CVD process ™). As an

example following chemical reactions take place in CVD process during the growth of MoS,.
MoO, +x2§ = MoO,  +x/280, (1)
MoO X + (7-x)/2 S = MoS, + (3-x)/2 SO, (2)

where MoO, 18 intermediate phase formed when x = 1, during the reaction. ['**¥ The growth of MoS, has been
semonstrated on different substrates like Si, SiO,/Si and quartz. The large area monolayer MoS, via CVZ'D method
was synthesized by Lee et. al. on SV/SiO, substrate at 650°C and ambient pressure using Moé) and S powders
as precursors &Y. In one of our study, we showed the growth of few-layer MoS, nanosheets ovexj' large area of Si
substrates treating same precursors (MoO, and S) at 690°C for 5 minutes in nitrogen atmosphere (51, Further by
modifving the reaction time (10 minutes), temperature (750°C) and precursors amount, we have successfully
demonstrated the large area growth of vertically aligned few-layer MoS, nanosheets “!

Substrat

Furnace with quartz tube

Gas Outlet

Gas Inlet

I 3
§ powder p1,0 s powder -_

Figure 5. Schematic diagram of MoS, growth via CVD methods.

Solution chemical process

:)1‘:;3;; T::Vz ]different metths for synthesis of Mf)S2 nanoshee‘ts by th‘is process, hydrothe@al and solvothermal
During the s t}'lfhe schematic dxggram of synthesis of 1\./[oS2 via solution chemical process is shown in figure 6.
P aﬂﬁn he51s process,_ sodium molybdate react with sulfide compounds or sulfuf at temperature_range 150
I this meth dt ¢ autocl.ave s kept‘at.that temperature forlseveral hours for completmg the synthesis process.
PO i l0 " synthesmed MosS, is in 'powder forrp of dlf’fe'rent shapes and size. Just after thF sy.ntl‘les'ls t.he
betwe th::ated with temperature, to increase their g'ys.tallme nature and fr_eshness. The main dissimilarity
0 hydroghe se’two meth9d§ are that the precursor solution in the solvothermal is usually non-aqueous, however
rmal method it is aqueous.
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Figure 6. Schematic diagram of MoS, growth via hy‘[mm.'rmul/.\ulmlhrrmul methods.
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Photodetection Process

Photodetector is a device. which can convert the light into electrical signals. MoS, makes good junctions with
other materials like Si and other 2D materials, hence different junction formations have been investigated for
optoelectromc applications. In this section, we will discuss about the main mechanisms that are involved in

photodetectors. The two main mechanisms, (a) photoconductive and (b) photovoltaic effect are used for the
photodetection purpose. which are brieted as follows 91,

(a) Photoconductive Effect

The electron-holes are generated n the semiconductor system when the energy of the incident light (photon) is
higher than the band gap of a materials. In this effect, photogenerated charge carriers (electron-hole pairs) drift
m opposite directions by built-in electric field and the applied external field. It greatly reduces the possibility
of recombination of generated charge carriers. Under the reverse bias condition across the junction, the
photogenerated charge carmiers are separated, which result in photocurrent of the device.

(b) Photoveltaic Effect

In this effect. photogenerated charge carriers are decoupled by intrinsic built-in electric field rather than the

apphied bias voltage. The open circuit voltage can be developed by the accumulation of the carriers of opposite
polarnes. which leads to the separation of charge carriers resulting in large photocurrent.

ight
{] (a) Light source (b) Light source
‘\ c:l:tt::t Metal contact
| - - Metal
'k Metal contact vV 4 i contact
v

‘ ‘_1 X

v D-type materials _L -—

Semiconducting material

| _
(V)
p-n Junction MSM structure

Fig.7. Schematic representation of (4) p-n junction device and (b) Metal-semiconductor-metal (MSM) device.
The pholodclcclor‘dcvwcs can be made in two different ways- p-n junction device and metal-semiconductor-
metal (MSM) device. The schematic re

~ . presentations of a p-n junction device and MSM device are shown in
Figure 7a, and 7b, respectively 1#1:50),
MoS, Photodetectors

Last few years the many scientific articles have been publishe
oploelectronics. Few-layer TMDs based photodetectors shows

10 graphene-based photodetectors due 10 the
TMDs, MoS, is hay

d based on Graphene and TMDs in the field of
' -rc.luuvcly higher photoresponsivity as compared
i | presence u.i finite direct band 8ap. Among semiconducting
; ving dircct bandgap of around 1.8 eV iy monolayer form with high mobility (205153555738

e elecromagnetic spectrum covered by two dime .

nsional TMDs is marked in the schematic diagram of
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Figure 8. Most of the TMDs show emission in visible and near-infrared region of the spectrum [ Monolayer
and few-layer MoS, show emission in the red region of the visible light, as marked in Figure 8. The MoS§,
shows high quality of interface with other semiconductive materials such as Si. The monolayer MoS, has some
umque properties like direct band gap, high absorption coefficient and the flexibility, which makes it suitable
for photodetector application. Beside monolayer MoS,, multilayer MoS, shows band gap reduction which leads
w the extension of detection range and higher absorption due to the larger number of layers. However, the
responsivity of the multilayer film is low as compared to monolayer due to the presence of indirect band gap. In

the following section, we will discuss the recent studies on monolayer and few-layer MoS, based photodetectors
with p-n junction and MSM device structures. -

| Photodetector, Solid State lighting, Display

Ultraviolet rays | Visible light IInfr.ared rays | Microwaves IRadjo waves

I nm - 400 nm

| 1
I 400 nm - 750 nm I750 nm- 25um I 25um-1 mm | >lmm
|

IFM()S.Z, MOSEI,I
‘ ws2 WSe,

Fig. 8. The electromagnetic spectrum of 2D TMDs.

f [n one of the recent studies, we demonstrated the growth of n-type bulk and few-layer MoS, by CVD over
! P1ype Si substrate. In this study, we showed that the bulk MosS, did not show the photoemission hence could
’ ot be used for photodetection application. The grown few-layer and interconnected MoS, nanosheets possessed
Sungble properties to be used for photodetection. The SEM image of prepared few-layer MosS, film (Figure
¢) indicates the interconnected network of MoS,. Raman study (Figure 9b) showed the 2H phase of prepared
f :41023: film in both bulk and few-layer form. The inset image shows the two vibrational modes of MoS,, where
- “ETepresents the in-plane vibration of Mo and S atoms in opposite directions and Alg peak shows the only
; ::ralt;on of § aFom in outward direction. In order to examine the suitabiliFy of prepared bulk and few-layer MosS,
imdPfCOLOC'ieu:cuon, we performed the photoluminescence (PL) study. Figure 9¢ shows the PL spectra of bulk
reng 'w-lay.er MoS, film where only few-layer MoS, shows emis.smn peaks indicating the pres.ence of direct
conﬁi:p ;vhlle abs§n ce of PL peaks in bulk MoS, indicates the indlrg?t ban\dg;ap. These chma?tcrlzation studies
“Pplica:(,ntt?ne] semiconducting nature of prepared MoS, and suitability of few-layer MoS, for photodetection
11::th°f p_holodctcclion
mnr: ISt study with
EC under g

behaviour of prepared MoS, film was examined by performing current-voltage (1-V)
and without illumination, as shown in Figure 9d. It shows current response to the applied

o rk ar?d two different illumination conditions (0.05 and 0.15 mW Cl.ll'l of a white Iight‘ using neon
ph“‘UCurren:l Undt':r Hlumination condition the revers bias Pholocurrcul gra.dufllly increased 'clllv‘d the t.orwnr‘d bias
aliy, . fcn?amcd ncarly constant. High asymmetry in I-V clrlfu'uctenstlc S'llgb‘“‘s the lOfm"¢“°“ of gqod
m"ft‘asc ith“‘“(—‘?lon t-mlwccn n-type MoS, and p-type Si substrate. [he reverse bm-s photocurrent mcreaées with
c(’"dut‘li(,n nsity of incident light as larger number of photogenerated cﬁurgc carriers are relsulte‘d. In th|§ study,
Mechanismg of MoS, based p-n junction photodiode was discussed on the basis of band diagram,

i} Mpy
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shown in figure 9e. Under reverse bias, the photogenerated charge carriers are separated by built-in electric field
and are collected by electrodes to result in increase in photocurrent.
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Fig. 9. (a) SEM images of few-layer MoS, (b) Raman spectra of both MoS , and inset is the vibrational modes. (c) PL spectra of both MoS , (d) I-V

characteristics under dark and illumination condition, (e) A schematic band diagram for S/MoS, heterojunction. (Adapted with permission
Sfrom"*!l. Copyright 2019 American Chemical Society)

In forward bias condition, the photogenerated electro-hole cannot move due to the unfavourable band bending and
hence, insignificant change in photocurrent is observed. The photoresponsivity (R) of this device was examined

using following equation 3.
R=1
Ps (3)
where Pinc is the incident power density, S is illuminated area of the few-la

The R~0.1413 A W' at -2V was obtained under white I
Si heterojunction device.

yer MoS, and L, is the photocurrent.
ght of power density 0.15 mW cm? for few-layer MoS,/

Recently in another work, we demonstrated the
oriented few-layer (VFL) MoS,, synthesized dir
image of synthesized film suggests the interconne
the substrate. The VFL-MoS, were found to be 5
shows separation around 25 cm between charac
indicating presence of few-layers, The

photodetection application of thermal conducting vertically
ectly on p-type Si substrate 1} Ag shown in figure 10a, SEM
cted network of vertically grown few-layer MoS, with respect to

nm thick and 500 nm of height. Raman spectrum (Figure 10b)
teristic peaks of 2H MoS, (E12g ~ 383 cm' and Alg ~ 408 cmn™),

ndl semiconducting nature of VFL-MoS, was confirmed by PL study, which
indicates two peaks around 681 and 635 nm for direct A and B excitons, respéctively

photodetection study of VFL-MoS, using I-V characteristics in this study is shown i
degree of asymmetry in the I-V curve in dark condition, which suggests formation
at interface. The photodetection properties of the device was observed under green |

as shown in Figure 10c. The
n figure 10d indicating high
of high-quality p-n junction
ight (532 nm). As expected,
46 J.MET. MATER SC., Vol. 62, No. 3-4,2020
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j|was found that under reverse bias, the photocurrent increases with laser power density because of increased
awgenerated clectron-hole pawrs. The photogenerated charge carriers were separated by the built-in electric
'w\; across P junction and apphed bias before recombination. The photoresponsivity (R) of the device, under
Jumnaton power density of 0TS mW em at -2 Vwas found around 7.37 A W using equation 3. The reverse bias

aracurrent depends upon the incrdent laser power density (Figure 10¢) and it can follow the below equation 4.

1,=CP (4)

Where C 1 constant and a 18 the exponent parameter. The calculated « for the photodiode was around 0.92
adcanng small photocurrent loss. Figure 101 shows the switching ability of the device under laser illumination
L0 mW em” and apphed voltage of -3V. Based on above two studies, we found that vertically oriented few-
over MoS. Si hased photodetector is more efficient than horizontal few-layer MoS /Si, which can be ascribed
1~ the enhanced light absorption due to vertical morphology of the film that enhances the light trapping by
muimnle reflections. An efficient electron-hole separation due to built-in electric field at heterojunction junction
also improves the photodetection capability of prepared MoS,.
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nonlinear behaviour due to Schottky barrier at junction between MoS, and electrodes and rise in photocu"em

was observed with illumination intensity.
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Fig. 1] (ay. AS‘chcnfau't_ reple.\u.ll.aliun 'af the fubricated device, (b) SEM image of the fabricated device. (¢) I-V characteristics of the device under dark
and illumination condition with different luser power intensity. (d) Time dependent Photocurrent of the device at different applied voltage:

(e) Variation ”/. de‘l.tdivify and responsivity with light intensity, (f) Variation of photovoltage with light intensity. Inset is the variation of
photocurrent with light intensity,

(Adapted with permission from™. Copyright 2018 American Chemical Society)

Figure 11d shows the time-dependent photoresponse of device at different bias voltage with different intensitics.
Ihey calculated the response time and found risc and fall time of 74 ms and 115 ms at 3V bias, respectively. They
calculated the photoresponsivity of 117A W ' at 3 V bias for the de

- - | ! vice under incident light intensity of 0.95 mW.
I'hey further investigated the self-photodetection beh

. ve | aviour of the device by measuring responsivity (~0.253 A
W) and detectivity (107 jones) at zero bias. Fipure 11e shows the variation of detectivity and responsivity of

2
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e fabneated device v ithout has with different incident laser power intensitics. They found that both detectivity
and responsiany decreased with increasing incident laser power intensity and suggested that this reduction was
sheenved due to capture of photogenerated charge carriers in trap states. Figure 11f shows the dependence of
shotovoltage on hght mtensity, which suggests that the photovoltage gradually enhanced from 37 to 48 mV when
jght mensity \ aned from 0.95 10 S.60 mW. Inset of Figure 11f shows the variation of photocurrent of the device
with light intensity at zero bras. This curve follows the power law with exponent value around 0.99, attributing
loss trap states at mterface. Mostly MoS, based photodetectors with 2D-2D or 2D-Bulk heterojunctions have
ween studied. In a different Kind of study, Um et al. demonstrated a high-performance 2D-1D photodiode based
an MoS. nanosheets CuQ) nanowire (NW) heterojunction” They prepared CuO NWs on Cu foil via thermal
sudanon at S00°C and exfohated MoS: nanosheets from bulk MoS, via mechanical exfoliation technique. They
fahncated the 2D-1D heterojunction device over SiO /Si surface by transfer processing of MoS, nanosheets
sver CuO NW s and made electrical contacts of Cr (5 nm)/Au (70 nm) on MoS, nanosheets and CuO NWs via
thermal evaporator. The measured thickness of 50 nm for MoS, nanosheets and 150 nm of diameter for CuO
\W < was found. The schematic diagram of the prepared 2D- 1 D heterojunction photodiode is given in Figure |2a
and SEM image of the final device is shown in figure 12b. The [-V characteristics under dark condition of the
neierorunction diode (n-type MoS, nanosheet and p-type CuO NW) is shown in Figure |2c. The observed high
recuficabion was attributed to the fonnatlon of good junction between MoS, nanosheets and CuO NWs. The [-V
charactenstics can be expressed by following equation — 5

=1 [exp(“”) - 1] (5)

q /advV
Wheren = kr(ahu)

Tems| K. T q and n represent reverse saturation current, Boltzmann’s constant, temperature, electronic charge
& ideality factor, respectively. They value of ideality factor was found to be around 1.37 1.¢. higher than |
*Hgecsung presence of some defects or impurities at the junction resulting in recombination current. Figure |2d
"“presents the -V characteristics under dark and different wavelengths (560, 600, 700, and 760 nm) illumination
€ mW incident laser power. The photocurrent clearly depends upon the incident wavelength and the apphied
fEvense bias voltage and device shows the maximum photocurrent under illumination of 600 nm light. ey
“ound that the responsivity decreases with increased incident power, however, photocurrent increases, as shown
' Figure 12¢ [ order to suggest the high-performance activity of prepared 2D-1D heterojunction device. they
“pared the ON OFF ratio with CuO NW MSM device and MoS, nanosheets MSM device under 570 am
.:..mmmm,, at | mW. The examined ON/OFF ratio at different polcnlmls 15 shown n figure 121, indicating

Wghost 4 ue 0f 3500 of ON/OFT ratio for the MoS /CuO heterojunction device at -1V

Mg et <ls0 reported the vernical p- type Svn-type MoS, heterojunction photodetector prepared by mechanically
“lo “aled p- ype MoS fAakes ||.L) studied the etfect of the thickness of MoS on Ph\'lt‘dulutllun behaviour
i Prepared device The schematic diagram of the photodetector device used i this study 1s shown 1n | 1gure
¢ They Lued 1, Au (10 mm 40 nm) electncal contacts created using thermal evaporation wehnique and device
“a

“Minated by the lases light with spot size of 10 pm
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Fig. 12. (a) Schematic representation o

f P-n heterojunction photodetector. (b) SEM image of the fabricated device. (c) I-V carve of heterojunction
under dark condition. (d) Photocurrent of the pre, ared heterojuncti i i ) 760 nm). (¢)
Variation of v f the prep elerojunction under different light of wavelength (560, 600, 700, and 760 nm)

, oloresponsivity at different optical power. (f) Variation of ON/OFF ratio of MoS /Cu0 heterojunction, Cu0
N . 3
"W MSM and MoS 1 Sheet MSM under green light. (Adapted with permission JSrom"®, Copyright 2016 American C/hemical Society)
fgurel llzb shows the cross-sectional TEM mage of prepared Si-Mo$, heterojunction indicating presence
of multi : : ; 1
o yer MoS,. The photoresponse of the heterojunction was studied under the excitation of different
‘avelen i : i
gths of the light (405, 520 and 660 nm) at same Intensity at 0.16 W cm™ and corresponding N

aﬂﬁ'ﬂSUC.lS given in Figure 13c. The p-n junction showed the rectifying diode behaviour in dark current oy

vale of photoresponsjvny e asedr was u.sed. to St?dy the photoresponse behaviour of the dev:iceilz‘:‘;
the increase in TESPONSIVity with incres under echtat.lon of 12 nW at reverse voltage of 5 V. Figure 1.3 S by
considering tha 1 o lmcreasmg reverse bias voltage at different laser power. They explained ! ot
the oxide s e | Vren'l cil t‘>clo.w IV reverse bias passes through native oxide (SiOx), while it 0¢5 (:{as
indicating nearly linear vari; (‘uw‘m bias. They found the power law exponent around 0.89 at 1V rth?fof lof
responsivity and dupe ation in pholocurrent with light intensity. Figure 13¢ and 13f show the variation

| B thicknegs of MoS,. The best performance of the device was Obscr‘,l'e

tor, T'hcy also showed the good switching behaviour of the def’ice ;: a‘g‘?
o 0.5V ang short-circuit ¢ypye, l dcm: haYlng dark current of (3 HA. They observed an open-circmF vo0f5

HW of laser They SIty of 161 mA ¢m2 with the wavelength of 660 nm and intenstty

suggested the trappi . p—
. . PIng mechanism - G o « - ation for 8
performance of (he photodetector devige anism along with high-electric field in the p-n junction

ty with varyin
sed photodetee
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Fig. 13. (a) Schematic diagram of the fabricated device (b) TEM image of Si-MoS, heterojunction (Cross-sectional) (c) I-V characteristics of the

Si-MoS, p-n heterojunction at dark condition and different wavelengths. (d) Variation of photoresponsivity for different bias voltages of
the heterojunction device. The variation of (¢) Responsivity and (f) Detectivity of the device for different MoS, thicknesses. (Adapted with
permission from'®", Copyright 2019 American Chemical Society)
Zhang et. al. reported the different type of MoS,/GaN 2D heterostructure for photodetection application ¢'.
In this work, 2D n-type GaN flake was synthesized via liquid metal printing and surface-confined nitridation
reaction process. In this process, liquid Ga was pushed to slide on poly-dimethylsiloxane (PDMS) film to form
2D Ga,0, over PDMS film. The prepared 2D Ga,0, was further transferred from PDMS to SiO,/Si substrate and
was treated in NH, environment at 800°C for 10 min to grow 2D-GaN flakes. The synthesis process of 2D-GaN
flakes is shown schematically in figure 14a. Further, mechanically exfoliated MoS, was transferred over 2D-GaN
lakes to form heterostructure and conventional photolithography with lift-off process was used to create T/Au
(5/30 nm) electrical contacts. Figure 14b shows the optical image of prepared MoS,/GaN heterostructure based
Photodetector device, A schematic representation of photogeneration of charge carriers in prepared heterostructure
and their separation upon illumination is shown in Figure l4c. Interestingly, in this work authors shO\.ch that
N-lype GaN and p-type MoS, had different band gaps hence phOtogencration of charge carriers was achieved by

Hluminat; .
Umination of both ultraviolet and visible light.

::; l.. v ,Cha,raucrislics were studied under ultraviolet (365 nm) and visible (5:‘3 nml) :liht;:z Stt\‘z:;v:d“t;zlﬁ?r;
rcc‘;fmdl.c ating excellent rectification characteristics and a Ion threshold volmgcr e g' . s d
ication ratjo of 3.4x 102 under 42.5 V bias with ideality factor to be ~2.95. The ideality ‘dCIOI‘ is expecte

' have value between 1 and 2 and the deviation in this case can be attributed to the possible electron-hole
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recombination due to surface states at the heterostructure interface. The photoresponsivity of the device were
found to be 328 and 27.1 A W' under visible and UV light illumination, respectively. They also calculateq
two other important parameter of nanoscale photodetectors, external quantum efficiency (EQE) and specific
detectivity (D).

u under dark
1 « under 532 nm light
—~08{ & under 365 nm light

3
(seuor  01~) Ajandeisq

R N ey )
Voltage (V) Light intensity (mW/cm®)

-+

Fig. 14. (a) Schematic diagram for the fabrication of 2D-GaN flake. (b)
pair generation and their separation. (d) I-V characteristics of
(e) Variation of EQE, and detectivity of the heterojunction with
Chemical Society)

Optical image of the device. () Schematic representation of electron-hole
the heterojunction under dark conditions and with different wavelengths.
light intensity. (Adapted with permission Srom!!l, Copyright 2020 American

Figure 14e shows that EQE and detectivity of the photodetector device decreases with increasing visible light
intensity. They observed similar trend with variation in ultraviolet light intensity. The calculated values of EQE
and D for heterojunction device under 532 nm illumination were obtained around 764% and 2 x 10" Jones,
respectively. However, under 365 nm light illumination, maximum values of EQE and D were achieved to be
92% and 1.7 x 10" Jones, respectively. The reduction of photoresponsivity, EQE and the detectivity at high

power density can be associated with the screening of the internal

field by the excited carriers and presence of
trap states.

Mukherjee er. al. synthesized MoS, nanocrystals with varying dimensions by controlled sonication and
centrifugation process'*®l, They prepared different size of hanocrystals in the range 4 nm to 40 nm and designed
MSM photodetectors using different nanocrystals. They found that the crystal size decreases with increasing
rotation speed of centrifugation, The average diameter of the nanocrystal is around ~4, ~7, ~12, and ~18 nm. TEM
images of 4 nm and 18 nm MoS, nanocrystals are shown in figure 15a and 15b, respecti

photoluminescence spectra for synthesized MoS, nanoc

' e rystals suggesting strong emission with particle size up to
26 nm, while emission peak was found negligible for 4

0nm nanocrystal (inset of figure 15c). The prepared MoS,
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d mocryStals exhibited the emission peaks between 500 and 550 nm and hence authors performed photocurrent

casurement under 514 nm laser. In this work,
meas

X clectrode was used for the fabrica_tion of MSM device and measured symmetric I-V characteristics (Figure
15d) suggests formation of MSM device. The photo-to-dark current ratio of 10? under 514 nm laser illumination
with 0.15 mW cm? power at —2 V bias. The photocurrent increased due to the photogeneration of minority
carriers upon illumination and it saturated at higher bias voltage due to the equilibrium state of carrier generation
and collection rate. Figure 15¢ shows the photocurrent vs voltage graph for prepared MoS, nanocrystals (7,
12,18, 26 and 40 nm) based photodetector devices. As observed, photocurrent increased with increasing size
of MoS, up to 18 nm and decreased beyond this size. The poor photoresponse of smaller size nanocrystals can
be attributed to the presence of trap states and recombination centres because of amorphous fraction of MoS,
nanocrystals. As far as higher particle size than 18 nm is concerned, reduced photodetection efficiency can be
atributed to the decrease in probability of direct transitions. The maximum photoresponsivity of the device
was found around 0.133 A W' at -2V under 514 nm laser excitation for 18 nm MoS, nanocrystal. They also
demonstrated the switching response of 18 nm MoS, nanocrystal based MSM device at -5V (figure 15f) with ON/
OFF ratio of the device to be around 5.0.
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i -TEM image of MoS, nanocrystal of size (a) 4 nm and (b) 18 nm. (c) Normalized PL emission sp ectra from different size MoS, samples. Inset
Is the ¢o,

mpares PL intensity of sices 18 and 40 nm MoS, (d) 1-V curve ofthe fubricated MSM (41=MoB.“ctu) device panicle sce 13 nm. (e)

hotoc : ic g t of MSM device. (. i iSSi
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L Copyright 2015 American Chemical Society)
m‘:]l“:{la/‘ Studied the photoresponse behaviour of multilayer/ monolaye?' MoS, junction**l. The uniform larg? AIEa
s ayer Mosz was synthesized via self-limiting growth appr.oaclT ln_CYD process. Tt-IC p‘repared multilayer
o (:20 :Vas further transferred on prepatterned electrode for devncc.tabrlcatlon as shown in Figure ¥6a. The top
ner shows the optical image of the pristine device with multilayer MoS, and Au electrodes with gap of 10

Mgy
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um. Photoresponse characteristics of pristine device was observed under 532 nm laser light. The power dependent
photoresponse at different laser powers and 3V bias is shown in Fi gure 16b. The laser light at 100 mW ¢m2 gives
the ON'OFF current ratio of about 20 with photoresponsivity around 0.12 A W', A post synthesis treatment with
laser beam was subjected to create micropatterns to make multilayer/monolayer MoS, junction device (inset
of figure 16¢). The monolaver region surrounded by multilayer film was made by high laser power 50 mW, at
scan rate 30 um s The 1-V characteristics for pristine and laser modified devices are shown in Figure 16c. The
photoresponse behaviour was studied using 532 nm laser at different power density. The pristine device showed
symmetnc behaviour while laser modified device indicated certain amount of asymmetry in I-V characteristic with
increased current. The asymmetry in modified device was observed due to increased defect concentration because
of laser treatment. The bandgap engineering and modified built-in potential barrier in multilayer/monolayer
junction device result in its better photodetection behaviour than pristine device. The switching characteristic of
modified device at 3V bias is shown in Figure 16d. The photocurrent of modified device was increased up to 4-5
umes compared to the pristine one under same illumination condition. The improved photoresponsivity (~0.55
A W) of the modified device was obtained due to the created defects via laser modification approach leading
to the mncrease in conductivity. In this work authors could demonstrate the precise control over the thickness of

MoS. resulting in different bandgaps in the same film, which can be used for tuning the optoelectronic response
of the device.
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Fig. 16 (a) The schematic diagram of film transfer of MoS, and the device. (b) ON/OFF current of pristine device under irradiation. (c) The I-V
curves of pristine and modified devices under dark and light. (d) ON/OFF current of laser modified device under irradiation. (Adapted with
permission froa*. Copyright 2014 American Chemical Society)
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T ¢t. al- reported few-layered MoS, based Schottky MSM photodetector with high broadband photogain for

n harsh environments 1, They prepared the large-area MoS, layers with high degree of crystallinity by two-
l}ﬁf llhcmml\;\*is process. Figure 17a shows the AFM image with the height profile of the MoS, film indicating
:;:Ekncss ;m;und 1.9 nm corresponding to three layers of MoS,. They made the Schottky contacts using 100 nm
Aick Au electrode deposited over MoS, via electron beam deposition. Figure 17b shows the schematic diagram of
e prepared MoS, MSM photodetector device, which was examined under 532 nm laser light. The photocurrent
of MoS. MSM device as a function of time is shown in figure 17c.
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MSM device 1o be 70 and 110 ps. respectively (Figure 17d). They obtained the photo responsivity of 0.57 A w-
under the excitation of green laser of wavelength of 532 nm. The photogain of the device was estimated using
the following equation 6-

R =2 = NextGq /i (6)

P w

Where R and Ip are the responsivity and photocurrent of the fabricated device, while P is the illumination power.
The next. G and q represent external quantum efficiency, photogain, and electronic charge, respectively, while
v 1s the energy of the incident photon. They obtained the high value of photogain (~13.3) for the device due
0 the high responsivity of 0.57 A W' and detectivity around 10" Jones. In order to investigate the dynamics of
the photogenerated carriers modulated frequency response was studied at 10 V bias. Photogain was gradually
reducing with the modulation frequency as shown in Figure 17¢. Thermal stability of the fabricated MSM device

was measured in respect of photocurrent to dark current ratio (PDCR). Where PDCR is given by following
eguanon -

PDCR = Yer=ld) (7)

Ig

Where Iph and Id are the photocurrent and dark current, respectively. They studied the variation of PDCR with
iemperature and found that it decreases gradually decrease with temperature as shown in Figure 17f. They found
PDCR 10 be ~1(* at room temperature which remained up to ~10 at 200°C. This few-layer MoS, based MSM

photodetector device with broadband hj gh photogain and fast optical switching paves the way for the development
of optoelectronic devices for harsh environments.

gap of MoS, (172 < x < 221) at different defect concentrations.

oncentrations by tuning the de osition found that under
higher pulse number, thickness of the MoS P pemeterand

gradually increases They iconductor-metal
‘ > ing . . ASCs. prepared a metal-semiconducto
(MSM) structure using the prepared Mosk thin film and two electrodes of Au with thickness of 80 nm as shown
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. 4 | protoearient of the fabricated MsM device under different light intensities is shown it

::ﬁ]ucrc I:xlt; l:td.m.dl:;im;rww nf: photocurrent with increased light illumination pow:; They found the response
phowcun;m \:,;:’"W ::nI;t‘::!:::cuf;liliwf;‘;:10 mw i.lluminulion power. Figure 18d shows the variat{on of
tbe power law with exponen oo 0 nl \;; l:.r?l‘apphcd \/(‘)“'dgCS of 10V and 1V. These photocurrents tolln-n,\.
concentrations (An) increase o 1as and 0.9 for 10V pias. They calculated the change in carmie!
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cc shows the phom"ﬁﬁpnnsivily 0f0.12 x 10* A W-1 at 1V bias. Figure L8t
and responsivity of MSM device with applied voltage under illumination

The photoresponsivig
_ _ ' SIVILY shows the peak value of 10 x 1 ached
IS maximum value at biag voltage o1 2¢ V | oo AW O Photocument dRo

s with the i
cm 'at 19 mW Hlumination, The dev

shows the vanation of photocurreny
power 10 mW.

120 20 0
Z
J. MET. MATER SC., Vol. 62, No. 3-4, =



RECENT ADVANCES IN PHOTODETECTION APPLICATIONS OF TWO DIMENSIONAL...

(n) 10 b
. (b)
08
gu
g“‘ )
02 °
°
004 o °
10 18 20 22
$/Mo Ratio (x)
(c) 1400 @ 2
. Omw  T2mw s i I *
13084 S 1SmwW  28mw 2047 oy
@ VoltagesiV
C10mW - 15mW . Fiting Une of 1V =09
0] » d
— : 4 A 9
ESR T A ; (4 C <
=qsasd 14 ‘Mi : i 3 104
AEEAEA =
180 § A A 6 =088
§ § i i i i R w'*"
19734 . ; !k i A& 0 Fo—— -
.y i - T
q % 100 150 200 ¢« s 2 % P
Time (s
© s, (s) orer () Piri) !
| Vottagest v +] [ Pe1SmW omaw ¥ [
6l * o 0122 120 i'
— J

An (x10' cm?)
®
g
R (MAW)
L. (HA)

:
\

%
-4

+40.085

Fig. 18. (a) Variation of bandgap with the Mo/S ratio x. (b) SEM images of the fabricated device. (c) Time dependent photocurrent of the MSM detector
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with permission from!*, Copyright 2020 American Chemical Society)
Dhyani and Das reported the few-layer MoS, for photodetection using Si/MoS, (p-n) heterojunction and Aw/
MOSZ/Au MSM devicests), They prepared 10 nm thick MoO, on the Si0,/Si substrates by reactive sputtering
and reduced it with sulfur in N, atmosphere at 500°C for 20 min. They patterned the device by lithography
process and created the metal contacts of Cr/Au. The schematic diagram of the fabricated device is shown in
Figure 19a. Figure 19b shows the I-V characteristic of prepared Si/MoS, p-n heterojunction device under dark
and illumination condition. They observed the dark current ~1.8 x 107" at reverse bias of 3 V and photocurrent
enhances by 127 times upon illumination of 560 nm light at SmW cm™. The ideality factor of 2.4 was achieved

due to the presence of interface defect states.

The Figure 19¢ shows the I-V characteristics of the AwMoS./Au MSM photodetector, which shows photo-to-
dark current ratio ~72. They also calculated the photoresponsivity of both the devices within the wavelength
range 350-1050 nm at a bias of 3 V (Figure 19d). Two prominent peaks were observed around 580 nm and 860 nm
for Si/Mos, heterojunction, however, only a single peak was observed at 580 nm for MoS, MSM photodetector.
The peak around 580 is observed due to the absorption of the MoS, film in the visible region, while 860 nm peak
4ppears due 10 silicon substrate. Photoresponsivity was found lower for MSM device (~ 6.8 A W) compared to
SVMOSQ (Pn) heterojunction (~ 8.75 A W) due to the absence of charge carriers of p-type silicon substrate in
MSM devige.
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Fig. 19 (a) Schematic dmfgram of the Si'MoS, p-n junction. |- ¥V characteristics of (b) Si-MosS, heterojunction and (c) AwMoS /AuM SM p h'om dark
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2017 Nature) V curve of SI/MOSI heterojunction device for different time period. (Adapted with permission from
. le -t . . . : . ot [he
The high built-in electric field in Si/MoS, p-n junction also enhances its photoresponsivity. In order 0 te -
iy . . . 1
scalability of p-n junction device, they prepared 20 devices On same substrate and measured the photoresponsrthery
and dark current of those devices (Figure 19e). They found stable performance from different devices: Fu

. - - “y. ‘ a’lr'
they investigated the air stability of the Si/MoS, p-n junction photodetector and observed it for 90 d2¥* lndieS’
Figure 19f clearly shows the stable nature -

. . : s
. _ of prepared p-n junction device. Apart from above discussed ¢ beed
there have been multiple studies on MoS, based photodetectors, performance summary of some of them hav
summarized below in Table | (66-75]
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Table 1 The comparison of figure of merit parameter of different MoS, based photodetectors.

Photodetector wavelseonugrtclf(nm) V(ﬁt[:nzlie((i/) lgf’l‘:::t resll)’l;::i)‘-’ity Ref.
(mW cm?) (AW
“iﬁ’,\rit;sz‘ 1D CuO heterojunction LED 570 2 - 157.6 5
Few-layer V-MoS /Si heterojunction laser 532 -2 0.15 7.37 41
Few-layer MoS /i Neon lamp -2 0.15 0.1413 51
heterojunction white light
MoS. nanocrystal MSM laser 532 -2 - 0.133 56
,\1oSZ P-Si heterojunction laser 532 3 - 117 59
\105; Si heterojunction laser 660 - 12x10° 76.1 60
MoS./GaN heterojunction 532 5 - 328 61
Few-layer MoS, (MSM) laser 532 3 100 0.12 62
Three-layer MoS, MSM laser 532 10 - 0.57 63
Mululayer MoS, MSM laser (2.52 THz 20 - 10 x10° 64
frequency)
Multi-layer MoS,/Si heterojunction 580 3 - 8.50 65
MoS, /a-Si heterojunction 550 1 - 0.21 66
Mulilayer MoS /Si heterojunction laser 808 - 1 0.21 67
Muli-layer MoS /Si heterojunction laser 808 -2 5 0.746 68
Mult-layer MoS /Si heterojunction laser 780 -5 45x10° 23.1 69
P*MOSz/n-Zno 365 5 5.7 24 .36 70
helerojunction
Wj’unction 650 0 6.3x10° 333 A
Mulu‘.'layer Mo$ /GaN laser 405 _ 2 17.2 72
€lerojunction
’F:wrfo(ﬁ,’ﬁ:ie laser 405 _ 8.52x10° 2.5x10° 73
MOS?/EidAj heterojunction laser 635 -1 T 0247 M
MUS’/PbS h;"r ojunction laser 800 I 0.15 4.5x10° 15
FONCLUS]QN
"0 dimengjo,

al materials like M 08, is chemically and environmentally stable in air and hence it can be used for

Practicy) ave particularly summarized synthesis

electronic 4 : icati In this review, we h
nd optoelectronic applications. In T ¥ .
e $for differeng morphologies of MoS, nanostructures along with man ation al.]d d.eblgn of photod.etectors.
) Nt Stygey on MoS_ based p-n junction and MSM devices for photodetection application have been discussed.
eS¢ s1ug; >2 Ses haliiction an -an be used efficiently for photodetection
" Udieg clcurly suggest that monolayer to few-layer MoS, can . ) N .
andp(-)scs' I)"rmelunccs of such devices depends upon the quality and thickness of the film, electrical contacts
A I.IE USource. The band engineering in MoS, can be applied to tune the suitability of such devices for varying
Dpllcauons o : ance opticzllcommunicmions etc.
(e Al

Procegge

ke sensors, night vision devices, surveill
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ATER SC., VoI, 62, No. 3.4, 2020

-



BISHNU PADA MAJEL and ASHISH KUMAR MISHRA

REFERENCES

(!

(2K]

124

B Radisavhevie etal: Ningle-Taver MoS, transistors. Nat. Nanotechnol. 6: 147-150, 2011.
NF Mak ctal: Atomically thun MoS :anew direct-gap semiconductor. Phys. Rev. Lett.105: 136805-4, 2010.

A . E clectronies of two-dimension: Siti ichalcogenides. Nat. Nanotec
Q.H. Wang etal: Blectromies and optoelectronics of two-dimensional transition metal di Jod hnol.
I

HS Nalwa: A review of molybdenum disultide (MoS,) based photodetectors: from ultra-broadband, self-powered to flexible
dovices RSC AGV, 10 3082030602, 2020.

28 Umetal High-performance MoS, CuO nanosheet-on-one-dimensional heterojunction photodetectors, ACS Appl. Mater.
Imterfaces. 80 3303533062 2010,

AN Gem Ko S Novoselov: The nise of graphene. Nat. Mater. 6: 183-191, 2007.

= Caso Neto etal The electronic properties of graphene. Rev. Mod. Phys. 81: 109-162, 2009.

" Lietal Preparanon and applications of mechanically exfoliated single-layer and multilayer MoS, and WSe, nanosheets. Acc.
Chem. Res 47:1067-1073, 2014,

\ Nicolos: etal Liguid exfoliation of lavered materials. Science. 340: 1226419-18, 2013.

M. Cohowalle etal: The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets. Nat. Chem.

$:263-275. 2013

~ Song etal Larpe scale growth and characterization of atomic hexagonal boron nitride layers, Nano Lett.10: 32093215, 2010.

F X etal Ulrafast graphene photodetector. 4: 839-843, 2009.
.\l

L. Tsa: etal: Monolayer MoS, heterojunction solar cells. ACS Nano §: 8317-8322, 2014,

X Wei etal: Photodetectors based on junctions of two-dimensional transition metal dichalcogenides. Chin. Phys. B,
26: 038504038515, 2017.

1A Wilson, AD. Yoffe: The transition metal dichalcogenides discussion and interpretation of optical, electrical and structural
properues. Adv. Phys. 18: 193-335, 1969,

F. Bussessur etal - Encapsulation of polymers into MoS, and metal to insulator transition in metastable MoS,. Chem. Commun.
993 1562-15K5, 1993.

R F Frindiand A D. Yoffe: Physical properties of layer structures: O

ptical properties and photoconductivity of thin crystals of
molyvdenum disulphide. Proc. R. Soc. Lond. A. 273: 69-83, 1963,

Y Yueta High phiase-purity IT'-MoS - and 1] ~MoSe - layered crystals, 10: 638-643, 2018,
5 Das, etal - High performance mululayer MoS transistors with scandium contacts. Nano Lett. 13: 100105, 2013.
Wl Zhang et al Ultrahigh-gain photodetectors based on atomically

2014

thin graphene-Mos$, heterostructures. Sci. Rep., 4: 3826,
5o ) Park etal: Ulwasensitive flexible eraphene based field-effect transistor (FET)-type bioelectronic nose, Nano Lett.
1250625090, 2012

N L, etal Large-area bansparcnt, and flexible infrared photodetector fabricated using p-n junctions formed by n-doping
chemical vapor deposition grown graphene, Nano Lew, 143702 3708, 2014

K Singh, b

Singh, HS. Nalwa: Inkjet printed fanomaterial based flexible radio frequency identication (rfid) tag sensors for the
internet of nano dungs, KSC Ady 7 48597 4%0630. 2017

S K. Knshnan et al

A teview on graphenc-based nanocomposites for
9 KTTK-BEE], 20]9

clectrochemical and fluorescent biosensors, RSC Adv.
WK Chee et al Flexible graphenc-based SUPCICapacitons a review, | Phys. Chem. C, 120:4153 4172.2016

K. Ruan etal Flexble eraphene/silicon heterojunction solar celly, ). Mater Chem. A

b 1437014377, 2015.
WO Yu etal Highly efficient gate-tunable

photocurren ¥
Nanotechnol. ¥ 952-95x 203

cieration i vertical heterostructures of layered materials, Nat.

Y Gong etul - Two-step growth of two-dimensional W, - MoSe, heterostructuges Nano Lett. 15: 6135 6141, 2015.

J MET. MATER SC., Vol. 62, No. 3-4, 2020



T

0 R Chen
B o Lett, 14: 55905597, 2014.
B0 Y. Li etal.: Photodiode-like behavior and excellent photo-response of vertical Si/Monolayer MoS, heterostructures. Sci. Rep.,
T 47186-7194,2014.
Bl A Midya et.al.: Hydrot.her'mal growth of few layer 2H-MoS, for heterojunction photodetector and visible light induced
photocatalytic 2020 applications. J. Mater. Chem. A, 4: 4534-4543,2016.
() C Lj et. al.: Constructing 3d and flexible plasmonic structure for high-performance SERS application. Adv. Mater. Technol.
3. 1800174-1800185, 2018.
(33 B.P. Majee, V. Shrivastav.a and A. -K. Mishra: Surface-enhanced Raman scattering detection based on an interconnected network
of vertically oriented semiconducting few-layer MoS, nanosheets. ACS Appl. Nano Mater. 3: 48514858, 2020.
[34] F.C.Feng et.al.: Synthesis of molybdenum disulfide (MoS,) for lithium ion battery applications. Mater. Res. Bull. 44: 1811-
1815, 2009.
(3] Q. Xiang, J. Yu, M. Jaroniec: Synergetic effect of MoS, and graphene as cocatalysts for enhanced photocatalytic H, production
activity of TiO, nanoparticles. J. Am. Chem. Soc. 134: 65756578, 2012.
[36] S.Mishra, P. K. Maurya, A. K. Mishra: 2H-MoS, nanoflowers with exposed edges for hydrogen producing electrochemical cell.
Mater. Today. Commun. 25: 101270, 2020.
[37] O.L. Sanchez et.al.: Nat. Nanotechno. Ultrasensitive photodetectors based on monolayer MoS,. 8: 497-501, 2013.
[38] Y.H.Leeetal.: Synthesis of large-area mos, atomic layers with chemical vapor deposition. Adv. Mater. 24: 2320-2325, 2012.
[39] K.S.Novoselov et.al.: Electric field effect in atomically thin carbon film. Science 306: 666669, 2004.
[40] A.K. Mishra, K V Lakshmi, L. Huang: Eco-friendly synthesis of metal dichalcogenides nanosheets and their environmental
remediation potential driven by visible light. Sci. Rep. 5: 15718—15726, 2015.
[41] BP. Majee et.al.: Large area vertically oriented few-layer MoS, for efficient thermal conduction and optoelectronic applications.
34 2
J. Phys. Chem. Lett. 11: 1268-1275, 2020.
[42] ;(91 Smith et.al.: Large-scale exfoliation of inorganic layered compounds in aqueous surfactant solutions. Adv. Mater. 23: 3944~
48, 2011.
43 . .
4] s, Bertolazzi, J. Brivio, A. Kis: Stretching and breaking of ultrathin MoS,. ACS Nano 5: 9703-9709, 2011.
[44 .
[ ] P Joensen et.al.: Single-layer MoS,. Mater. Res. Bull. 21: 457461, 1986.
45
[46} G.Eda et. al - Photoluminescence from chemically exfoliated MoS,. Nano Lett 11:511 1-5116, 2011.
S. " ;
2D\flshwanath et.al.: Comprehensive structural and optical characterization of MBE grown MoSe, on graphite, CaF, and graphene.
i Mater, 2: 024007, 2015.
C. . .
) 5 Muratore et ] - Continuous ultra-thin MoS, films grown by low-temperature physical vapor deposition, 104: 261604, 2014.
.G : . i . )
o ) ong B. Li, G. Ye: Direct growth of MoS, single crystals on polyimide substrates, 2D Mater. 4: 021028-6, 2017.
.M. - ) . .
graphe:dccmaf}’, A. T. Hanbicki, J.T. Robinson: Large-area synthesis of continuous and uniform MoS, monolayer films on
50 ) g € Adv. Funct. Mater. 24: 6449—6454, 2014.
-Sun . ; - .
9 5 €. al.: Synthesis methods of two-dimensional MoS,: A brief review crystals, 7: 198, 2017.
" lrasenﬂ:itf ¢t. al. Multifunctional few-layer MoS, for photodetection and surface enhanced Raman spectroscopy application with
5 . Ve and repeatable detectability. J. Phys. Chem. C, 123: 1807118078, 2019.
Nanole:h,::).l dll4 Hydrothermal synthesis of flower-like MoS, nanospheres for electrochemical supercapacitors. J. Nanosci.
153) - 14:7250-7254, 2014
X. Fep e .
: 3633\'3‘284;0N0vcl mixed-solvothermal synthesis of MoS, nanosheets with controllable morphologies. Cryst. Res. Technol.,
[54] » 2013,
S. Migh,
ra p . gty solid st . i i
[ org/l IOi(l)/.~K' Maurya, A. K. Mishra: 2H-MoS, nanoflowers based high energy density solid state supercapacitor, 2020 doi.
%) © 7 Y).matchemphys 2 )
L.z phys.2020.123551.
Cnp - 3 . fale- H .
g L. lhongzhu, and S. Guozhen: Photodetectors based on two dimensional materials: J. Semicond. 37: 091001-11, 2016.
Ly
My

-

RECENT ADVANCES IN PHOTODETECTION APPLICATIONS OF TWO DIMENSIONAL ...

get.al: Electroluminescence and photocurrent generation from atomically sharp WSe,/MoS, heterojunction p—n diodes.

‘MATER
SC., Vo, 62, No. 3-4, 2020



(69]

[70]

(74

[75)

BISHNU PADA MAJEE and ASHISH KUMAR MISHRA

S. Mukhenee et al.: Tunable direct bandgap optical transitions in MoS, nanocrystals for photonic devices. ACS Photonics,

sTo0-ToR, 2015,

AL Avan et al: Realization and electrical characterization of ultrathin crystals of layered transition metal dichalcogenides. J.
Appl. Phys, 101(1): 14307, 2007.

A. Splendiani etal.: Emerging photoluminescence in monolayer MoS,. Nano Lett. 10: 1271-1275, 2010.

X Liuet al: high response, self-powered photodetector based on the monolayer MoS,/P—Si heterojunction with asymmetric
clectrodes. Langmuir, 34: 14151-14157, 2018,

G.H. Shin etal.: Si-Mo§, vertical heterojunction for a photodetector with high responsivity & low noise equivalent power, ACS
Appl. Mater. Interfaces. 11: 7626-7634, 2019.

\. Zhang et.al.: Design and Integration of a layered MoS,/GaN van der Waals Heterostructure for Wide Spectral Detection and
Enhanced Photoresponse, 2020, ACS Appl. Mater. Interfaces. https:/dx.doi.org/10.1021/acsami.0c11021

J.Luet 2l Improved photoelectrical properties of MosS, films after laser micromachining. ACS Nano. 8: 6334-6443, 2014.

D.S Tsai etal. Few-layer MoS, with high broadband photogain and fast optical switching for use in harsh environments, ACS
Nano. 7: 3903-3911. 2013.

Y. Xie etal: Defect engineering of MoS, for room-temperature terahertz photodetection ACS Appl. Mater. Interfaces.

12: 7351-7357. 2020.

V. Dhvani and S. Das: High-Speed Scalable Silicon-MoS, P-N Heterojunction Photodetectors, Scr. Rep. 7: 44243-9, 2017.

M.R.E. Radand S. Sala huddin: High performance molybdenum disulfide amorphous silicon heterojunction photodetector, Sci.
Rep. 3:2345-6, 2013

L. Wang et. al. MoS, /Si Heterojunction with vertically standing layered structure for ultrafast, high-detectivity, self-driven
visible—near infrared photodetectors. Adv. Funct. Mater, 25: 2910-2919, 2015.

J. Guo et.al. Broadband photodetector based on vertically stage-liked MoS, /Si heterostructure with ultra-high sensitivity and fast
response speed, Scripta Mater. 176: 1-6, 2020.

Z. Lou et.al.: High-performance MoS,/Si heterojunction broadband photodetectors from deep ultraviolet to near infrared. Optics
Lett. 42:3337-4,2017.

J. Zhang et.al. High-Performance Ultraviolet-Visible Light-Sensitive 2D-MoS,/1D-ZnO Heterostructure Photodetectors. Chem.
Select. 5: 3438-3444, 2020,

D. Wu etal: Photovoltaic high-performance broadband photodetector based on MoS./Si nanowire array heterojunction, Sol.
Energy Mater. Sol. Cells 182; 272-280, 2018, ' ‘

X. Liu cl‘.al.: Nearly lattice-matched molybdenum disulfide/gallium nitride heterostructure enabling high-performance
phototransistors. Photonics Res. 7: 3] 1-317,2019.

H-5. Ra, D.-H. Kwak and J.-S. Lee: A Hybrid MoS, nanosheet—
Nanoscale 8:1722317230, 201 6.

Z. Xu etal: MoS /Ga As Heterostructure self-drive otodetec with ex remely high d no Ener 2
7 b B cn pl oleC ® 1 el vi ano 3
016 10t tector wit trem ly 18 tect 1y. Nz B8y 3:89 0,

arrays composed of P - structures
with edpe contacts, Nano Lett. 16: 04376444, 2016, P nonlayered Pbs M053 HEfGTOBIIUS

). MET. MATER SC., Vol. 62, No. 3-4, 2020



Journal of Metallurgy and Materials Science, Vol. 62, No. 3-4, July-December 2020, pp.- 127-133
Printed in India, © NML, ISSN 0972-4257

Weakly coupled metal-semiconductor plasmonic nanoparticles in solution

BHASKAR SAHA', SALIL S. VAIDYA?, KAUSTAY BHATTACHARJEE?, BHAGAVATULA L. V. PRASAD"**
'Indian Institute of Science Education and Research, Pune 41 1008, India

*Department of Chemical Engineering, Vishwakarma Institute of Technology,

Pune 411037, India

*Physical and Material Chemistry Division, National Chemical Laboratory,

Pune 411008, India

*Academy of Science and Innovation Research (AcSIR), Ghaziabad, 201002, India.

increase in the intensities do not follow the trends as expected from simple dilution/increase in the concentrations
indicating a plasmonic coupling between them. The same coupling in the mixed state could be seen with respect
to the shift in binding energies of the core-level orbitals of the both the materials, from the XPS spectra. Thus,

the present study exemplifies a facile solution method to tune the LSPR bands in plasmonic nanomaterials for
any potential device application.

Keywords: Localized surface plasmon resonance, nanoparticle, Fermi energy, weak coupling

INTRODUCTION

Boundary between a metal and semiconductor plays a vital role in various interfacia] charge transfer processes
for electronic device applications!". Moreover, light-induced energy transfer in metal-semiconductor
hybrid nanostructures is also the central issue for the photovoltaic®?? and photocatalytic applications!*s!
Investigation on binary nanoparticle assembly of two different sizes and their compactness is important
for various metallurgical purposes®”. In the nano regime, the ‘dielectric confinement’ in the metal leads
‘o highly polarizable localized surface plasmons, and the ‘quantum confinement’ in the semiconductor
eaqs to excitonic clectron-hole pair generation!®. Localized surface plasmon resonance (LSPR) is an
9Ptical phenomenon manifested in a geometrically confined electrically conducting structure in which
frec charge carriers (free electrons or holes) can collectively oscillate in resonance with incoming light™),
Tho}‘gh LSPR is mostly seen in noble metal nanoparticle, semiconductor nanocrystals with appreciable free
E,imzr C0'10611:rati0ns can also display LSPR. This has been excellently demon_strated by Luther et al. in
Mcs irslytshtem[ " Copper-deficient copper chalcogenides aYe p-typ.e SemlCOI‘ldUCtOI'Sl n which the hnghest_ener‘gy
LSpn, e lee.nce band are empty, Tbe free h'oles associated with these unoccu_ple.d SFatcs are responsxAble for
greatc‘r lh"tereslmgly, the spec'tral position of this LSPR peak can be tuned by vcilrfano‘n In copper vacancies; the
Telagjy, toe vacancy Conc.entlv'at.]on, the higher the LSPR frequen(?){. Th.e LSPR arising from SlllCh SleCOI].dllCIOI‘S
e carric,n?ble mcla!s i8 dls?mguished by their absor.puon position in [l-IC NIR spe.ct.ral region (proportional to‘
. ILOI)C‘CI]IMIIO'H, varies 10'°-102' /cm?) 110! wh‘wh can be tuned ?vntl.\ composition a,{\d C?stal]strllctllre of
My anddc.’ while that ig fixed in the visible region (free electron density in the rm.lge IO"-. l()-: /em? )‘ 10 for the
Ompareg t an only be tuned by changing the size- and mgrphology. .Thc low carrier density in semiconductor
0 metal makeg jt sensitive to local electron density fluctuation!!!,

*Cor o T~ o
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Earlier studies have demonstrated that an electron donor or acceptor molecule can m;)dulate' the pQSItI(;n and
wtensity of the LSPR'Y, Therefore. in this work we wanted ‘to see w.hen such a. p as;nomc .se.mlconhuc;m
nanopa;ﬁcle comes in proximity to a plasmonic metal nanopartlc'le by s1mp.le so;utlog p asi r\r]u:;ng,t;v ;t ?r
the photoexcitation could modulate their respective LSPR properties. Suc;h kind o st.u y cap e. € gA dde a.sm
understanding of the underlying photophysical processes for next-generation plasmon%c apphcat.lons.. .ress?ng
this, we ha\-e\ separately prepared monodisperse dodecylamine coated gold nanoparticles by digestive I‘lpenm‘g
process ' and oleylamine coated Cu, S nanoparticles by a hot-injection'n.jethod.['5I Subsequent]y, the organic
dispersion of metal nanoparticles was titrated against incremental addftlon of sen'nconduct‘or nanoparticles
dispersion in the same solvent and monitored the change in their absorption spectra in the entire UV-VIS-NIR

region. The mixture was also analyzed by XPS spectra to see whether the modifications seen in the LSPR spectra
are also reflected in the changes in binding energies or not.

EXPERIMENTAL SECTION
Mazerials

Gold chloride (AuCL, 99%), didodecyldimethylammonium bromide (DDAB, 98%), 1-dodecylamine (DDT,
99%). sodium borohyan'de (NaBH,), oleylamine (99%), carbon disulphide (CS,), 1-octadecene (ODE), cadmium
acetate (Cd(CH,COO).), sodium diethyldithiocarbamate trihydrate ((C2H5)2NCSZNa-3H20), silver nitrate
(AgNO,), coppef iodide—(CuI), were procured from Sigma-Aldrich, Methanol, acetone, and toluene were procured

from Thomas Bakar, India. A]] reagents were used without further purification. Extra pure Mili-Q water was used
in all agueous preparation.

Preparation of DDA capped gold nanoparticles

), LS mL of oleic acid and 6 mL of l-0
necked 100 ml. RB and heated 1o 110°C

The temperature was adjusted 10 the de
the sulphur solution (32 mg of elementa
afier injection, the heating mantle was
temperature. When the reaction solution
methanol, centrifuged at 500 rpm for 3

“ladecene (ODE) was loaded in a three-
'f'or 1-2 h under vacuum (o obtain a clear or pale orange colour solution.
Sired injection temperature (140 -180°C) followed by a fast injection of
I'sulphur + 3 ., of oleylamine + 1 mL of ODE) at 180°C. Immediately
removed, and the solygion cooled Naturally after the injection till room

co.olcd to room lemperature (~30°C), the NCs were purified twice using
Minand re-dispersed in toluene,

Sample preparation Jor UV-yys.
For absorbance study, the ag prepared gold solution was dil
solution was diluted 10 times, with tolyene. All the
with a Cary 300 Cone UV-Vigible Spectrophotomete
hanoparticles, we start Mmeasuring the absorbance

NIR absorption analysiy

uted 40 timeg and the
absorption Spectra were
r. For solution phase int
of pure gold solution ang

aS prepared copper sulphide
fecorded in the UV-VIS-NIR region
eraction study between two different
On to that we adq calculated volume
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of copper sulphide solution in a sequential manner, and measured the change in the absorption spectra after each
sddition. The final binary nanoparticle dispersion sample was isolated and used for TEM and XPS studies.

Sample preparation for transmission electron microscopy (TEM) analysis

ror TEM analyses, we used the diluted gold nanoparticle dispersion (40 times to the stock solution) and the diluted
copper sulphide dispersion (100 times to the stock solution), similar to the procedure used for the absorption study.
The binary nanoparticle mixture was collected from the cuvette after performing the absorption measurements.
TEM analyses were performed using Tecnai-G220S-Twin instrument with an acceleration voltage of 200 kV. 5
uL of each nanofluid droplet is cast on a TEM grid at ambient conditions. The droplet readily evaporates in a
constant area mode within couple of minutes. Subsequent to this, a thin film of solvent remains (resembling a
completely wetting surface) which then dried overnight at the same ambient condition.

Sample preparation for X-ray photoelectron spectroscopy (XPS) analysis:

In this case, we drop-cast the same solutions used for the absorption studies (diluted gold and copper sulphide
dispersion and their mixture), on a properly cleaned silicon wafer and dried at RT before placed it for XPS
measurement on an M/s Thermo Fisher Scientific Instruments (UK) model K o+ instrument.

RESULTS AND DISCUSSION

Absorption spectroscopy analysis

Figure 1a) shows the absorption spectra for DDA capped gold nanoparticles and OlAm/OlAc capped copper
sulphide nanoparticles, where the typical metal LSPR peaks at 526 nm and semiconductor LSPR peak at 1160 nm,
respectively could be clearly seen. The onset of absorption band around 680 nm for copper sulphide nanoparticles
corresponds to the bandgap transition (Eg = 1.82 V). Powder x-ray diffraction (PXRD) measurement
mdicates the composition of the semiconductor nanocrystals to be cubic-phase digenite Cu,,S, (JCPDS no.:
72-1966) (see inset of figure 1a)). The bulk band-gap of Cu, S system is calculated to be around ~1.2-1.5 eV,
d‘{pendmg on stoichiometry!'%). The broad absorption band in the NIR region with a maximum around 1160 nm
anises from the LSPR in copper-deficient Cu, S nanoparticles"?). The position of this peak is highly sensitive to
the concentration of copper vacancy in the material.

To investigatc the nature of the interaction between the two types of nanoparticles, we performed an experiment
Where the metal nanoparticles dispersion was titrated with the dispersion of semiconductor nanoparticles and
systematically measured the change in their absorption spectra. Figure 1b) shows the variation in the absorption
tharacteriggicg of the two systems in thermal equilibrium. A number of interesting features emerged from this
"Sult. 1) The semiconductor LSPR peak appeared considerably blue shifted (around 1060 nm) at the very first
dose of addition in the metallic dispersion, compared to the pure solvent. This can be explained by the change in
the logg) refractive index of the medium at the vicinity of the semiconductor nanoparticles due to the additional
Presence of gold nanoparticles. The LSPR band in this heavily doped semiconductor system is more sensitive
OWards (he perturbation in the local environment than the metallic counterpart. 2) With increasing semiconductor
anopartjc| concentration, the intensity of the characteristic LSPR band gradually increases while the position
S red-shifieq from 1060 nm to 1100 nm. This implies the decrease in free carrier density in the semiconductor
as the change in refractive index in the new solution is
R intensity with no change in absorption maxima.
ected from a simple dilution indicating that the
those of copper sulphide system. The absence

::gtflzlfltl;in the close vicinity 01'.g0ld nanopm:liclcs, o
The dwrcf" ¢ very small. 3) There is a decrease in gold Lj.
e E8S€ N intensity of gold LSPR is more than what is exp

“¢¢ plasmons of gold nanoparticles are indeed coupled with
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of any shift m gold nanoparticle LSPR position could be attributed to the fact that these metal nanoparticles
have high free camer density than semiconductor, therefore the position of its LSPR maxima is less sensitive
10 1ts camier concentration, Nevertheless, the decrease in the gold LSPR intensity and the concomitant redshift
n copper sulphide LSPR maxima. upon each incremental addition of the latter to the former, clearly support
the contention that there 1s some Kind ot interaction between the plasmonic levels between these two types

of nanoparticies through which the two systems attain a Fermi charge equilibrium state, as characterize by an
isosbesnic pont n between the two peaks.

N ) -
@) ¢ X Gold LSPR Copper sulphide (b) 0.40 4 Titration of gold NPs dispersion —— Au_40 dil
l\ 21828 nm LSPR at 1160 nm with Cu, S, NPs dispersion — 150pLCuS
028 e -
020- \ v @Q
3 \_ BN
c Ay - mmn Cuusa
S 0-7s- ™ 3
= T & l‘\:l“' @20) ".63
% o <n < * ?
= 070 3 @) 2
< 1 > E D EK
0.05- \ 0 20 30 40 S0 60 70 80
0.00 - T —
400 600 800 1000 1200 1400 1600

400 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Fig. I: a) Comparison of the absorption spectrum of DDA coated gold nanoparticles and OlAm/OlAc coated copper sulphide

nanoparticles. PXRD pantern of the as synthesized copper sulphide nanoparticle is shown in the inset. b) Change in

absarption spectra upon sequential addition (150 pL at first then 50 uL each time) of copper sulphide nanoparticle
dispersion 1o gold nanoparticle dispersion.

TEM analysis

Figure 2 shows the bright field TEM analyses of the as-synthesized nanoparticles as well as their mixture.
The grayscale images were further processed using an automated image processing tool, namely, Materials
Image Processing and Automated Reconstruction (MIPAR) which could be customized as desired.("
A senies of image processing steps, collectively known as the recipe, have been utilized to identify and extract
valuable information about our features of interest from the respective images. The average size for the DDA
capper gold nanoparticles was calculated 10 be around 8(+3) nm, while that is for OlAm/OlAc coated copper
sulphide nanoparticles 15 found 1o be little higher, around 13(+4) nm. It can also be noted that the particles are

essentially round in shape. Any two particles are always separated by a layer of organic ligands, though remain

invisible under TEM, attached 1o their respective surfaces and therefore, they are not truly in contact with each
other. In mixture, the 1wo types of nanoparticles (metal and semiconductor) appear differently in contrast under

TEM due 1o the difference in their electron densitics.

A gray level mstogram of the image (as shown in the inset) help us to understand the intensity distribution of
the pixels in the image, which was subsequently utilize to cluster each pixel to one of the specified classes (We

his is a powerful way
ayers!'’l. We noted that the gold nanoparticles lay
It becomes easier to calculate individual feature
as difficult to calculate from the original grayscale

image) from each layer (corresponding (o cach type ol nanoparticle system), and the results are listed in the figure
(Figure 2, bottom right corner image).

specified to three, for metal, semiconductor, and background), using k-means clustering. T
of segmenting an image and isolate the features into separate |
on top of the copper sulphide nanoparticles. Afier clustering,
properties (such as area fraction and perimeter fraction, which w
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_——— Au 4f high resolution spectra
a) | Cu 2p high resalution spectra b) u 4lhig

-~ -

> 3

S 8
CuS-Au mixture

c c

@ jJ]

€ E
Pure CuS

930 940 950 960 82 84 8 88 90 92
Binding energy (eV) Binding energy (eV)

Feg. 3 High resolution XPS scan of a) Au 4f orbital and b) Cu 2p orbital, for individual nanoparticles in comparison with their mixture (for
assignment of peaks denoted by different numbers please refer to Table I).

Table 1: List of deconvoluted peaks for Cu-2p and Au-4f orbitals, before and after mixing,

Svstem Before mixing After mixing
Binding energy Orbital (valency) Binding energy Orbital (valency)
932 Cu* (2p,,) 932 Cu*(2p,,)
934 Cu (2p,,) 934 Cu* (2p,,)
942 Cu* (me) —
Cw.S-
yE: 944 Cu* (2p,,) -
OlAm OlAc 952 Cu' (2P|/2) 952 Cu' (zpm)
953 Cu* (2p,,) 954 Cu* (2p,,)
963 Cu* (2p,.) -
84.2 Au (4f Au (4f,_
Au-DDA 85.5 " ::; S
878 Au (4f,,) 88.2 Au (4f,)
89.7

b

& Upon deconvolution the spectrum of pure copper

peaks for Cu* and Cy*, Whereas, few of them were found to be significantly

) icle
(relative 10 NHE), elecirop 1 €18 than the Fermi level energy of gold nanopartic

ransfer could pe expected to t "
i | ake place ' S
XPS results nicely corroborate with the absorption study s o meat o semiconduct

CONCLUSION

Cs of metalljc fleren!

and semiconducting systems using ¢
and phase of (he

e i . TE
as-prepared NCs were characterized using ing
between (he metallic (Au) and semiconductor (¢ A e ki .
o § clor ) plas i it
H(C,,8,) plasmonic Joyels upon simple solution-phase mixiné:

. l‘ S I » 3 2 . ‘llr
Mg e tXPS nlllm.suremcnls Which suggests the shifting of electron dens! "
mm £ 10 coupling between

¢ (Wo energ ‘
. gy levels.
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prospective of titania based photocatalyst for environmental reduction reactions

TRILOCHAN MISHRA®
Functional Material Group, AMP Division, CSIR-National Metallurgical Laboratory, Jamshedpur-831007, India

Abstract : In the last two decade photocatalysis is widely studied so as to evolve a green chemical rout to deal with
the environmental and energy problem faced by the mankind. Among all the studied photocatalysts anatase TiO,
is most attractive even today though limited to UV light absorption in pure form. However, easy availability, high
aqueous stability and nontoxic nature attracted the researchers to go for different possible modifications. Effort has
been made by number of researcher to modify titania through metal, nonmetal doping and mixing with other oxides
and sulphides to engineer the band gap, band potential and delay the charge separation through Z-scheme and
hetero-junction formation so as to achieve the goal of producing stable and highly active photocatalyst for energy
and environmental application. In recent past, various strategies have been tried to extend the solar light absorption
from visible to NIR range by using appropriate material so as to ultimately promote the solar photocatalytic
performance of TiO, based composites. Keeping these in view, present review will discuss the past and present
development in the area of material modification to deal with band gap engineering, heterojunction formation,
required porosity, powder catalyst separation and better charge separation with special objective of improved
environmental reduction reactions. In addition future prospect of these materials has been discussed in details for
new generation researchers. In particular material based on MOFs, two dimensional materials and metal halide
perovskites based titania composites are emphasized for future evaluation to address both air and water pollution.

Key wards: Titania, doped oxide, heterojunction, band potential, Z-scheme, photocatalyst, environmental,
reduction reaction.

INTRODUCTION

Report on photo-induced water splitting by Fujishima and Honda on titania in presence of UV light!" opened the
area of photocatalysis for future environmental and energy application. Till date though a lots of semiconductrs
are available but TiO, is considered as the most promising photocatalyst for large scale application due to its
appropriate electronic band potential, better chemical inertness, high photo-stability and easy market availability 2!,
Ingeneral TiO, acts as an n-type semiconductor because of the presence of oxygen vacancies. For the photocatalytic
reaction semiconductor is required with proper band gap and band potential for appropriate light absorption.
In TiQ, valency band and conduction band are constituted by the overlapping of the O 2p and Ti 3d orbitals,
respectively. In general titania found in the form of anatase, brookite and rutile® having distorted octahedral
Structure (TiO,) with different symmetries ). The band gap of pure rutile, anatase and brookite are 3.0, 3.2
énd 3.3 eV, respectively. Though brookite is reported to be a better photocatalyst than anatase but the stability
IS Questionable ), However anatase form is well studied as photocatalyst because of easy of synthesis, better
therma] stability at least up to 500°C and photocatalytically active than other polymorphs"). Due to the revival of
More interest on the TiO, photocatalyst Fujishima again reviewed ! the subject in 2012 with new prospective for
future application highlighting the importance of different forms including 0D, 1D and 2D titania.

To Mmake TiO2 photocatalyst more attractive for larger application number of researchers extensively investigated
*urface characteristics by various techniques in the last few years so as to provide important insights to the TiO,
phOlOCatalysl in molecular level . All these discussion in recent years revives the importance of the traditional
maFeriaI. As per the basic principle a semiconductor produces electron and hole ip presence of light which can
fac}llitales both oxidation and reduction reaction to address both air and water pollution as schematically presented
N Fig-1,

o
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Fig-1: Schematic presentation of TiO, based photocatalyst for environmental remediation.

Thi0. with conduction band (CB) potential level of -0.3 €V is more negative and hence suitable for the redox reaction
H= H. (0 &V). On the other hand valency band (VB) potential of +2.9eV which is more positive with respect to
0.H.0 (1.23 eV) standard redox potential, makes it suitable for oxidation reactions. Due to its favourable CB
and VB potential level TiO, is capable of splitting water, oxidation of organics and converting CO, to fuel™.
However 1t suffers with the main disadvantage of absorbing in UV light region thus making it inactive for much
desired solar photocatalysis. Moreover, TiO, suffers with the large band gap (3.2 eV) with limited utilization
of solar light (2%) and fast recombination of photoinduced charges which significantly limits the practical
applications. In addition, phase change of anatase to rutile at moderate temperature (500-600°C) resulting in
tbg drastic decrease in photocatalytic activities limits the large scale application of pure anatase as photocatalyst
. Therefore anatase based mixed oxides and hetero-junctions were explored by number of researchers 10
extend the thermal stability and visible light absorption!'?. In this context size and shape of the nanoparticles
also plays an important role in modifying the electronic properties of different semiconductor oxides ™.
This recent review highlights the importance of pure oxide semiconductors, solid solution, heterostructures
including Z-scheme catalyst fabrication for prospective photocatalytic applications. However, if one will look at
the-so.lar light, it is clear that around 46% is contributed by NIR region and hence for proper utilization of solar
radla'uon we reguires materials to absorb in the broad spectrum of visible to NIR s0 as to improve the efficiency-
In thxs regard important strategies (Fig 2) include metal/ nonmetal doping, noble metal deposition, structural
mod?f'icatfon, h‘eterostll'uclure/ heterojunction formation with other semiconductor oxides and sulphides and dye
sensitization with a primary objective of increasing the practical efficiency under solar light through better light

absorption and charge separation. Here we will concentrate on the applicability of different modified catalys®s
for environmental reduction reactions so as to deal with the differ

| ent waste wat ining toxic metal ions and
other anions. er containing to

Fig 2: Important strategies to improve photocatalytic activity of titania based Photocatalyst
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.‘lODlF](‘ ATION OF T1O,

110 based mixed oxides

|mitially titania based mixed oxides are well studied with a objective of anatase phase stabilization and visible light
absorption so as to project titania as a potential solar photocatalysts. Recently a number of critical reviews are
published I with different objectives and applications. Subsequently new innovative approaches are explored
w0 improve the solar light absorption, charge separation and photo-stability of several composites, core shell
«ructures involving Z-scheme and heterojunctions. In our lab we have demonstrated different titania based mixed
ovdes with attractive shape and surface morphology (Fig 3) for enhanced photo-induced catalytic activity under
wisible light. Shape and surface morphology control the much required porosity as demonstrated in spherical
1 nodular shaped materials. Titania and silica mixed oxide has attracted the researchers due to the extensive
application as both catalyst support and active catalyst!'*'*. Due to the similar oxidation state (+4) of both Ti and
Si with similar oxidation state are compactable to each other in the lattice and can easily interlink through oxygen
brdge '*l. Silica lattice at the interface confined the TiO, species in nanoscale preventing from further growth.
In addition, Si*" with smaller ionic radius (0.042 nm) can easily enter into the lattice of TiO, and substitute
the Ti*". Possibly this is one of the cause of high thermal stability of anatase phase in SiO, mixed titania’”.
Moreover. formation of Ti—O-Si hetero bridges gives rise to the Bronsted acidity as silica tetrahedra is chemically
coordinated with the titania octahedral. Ultimately, this also contributes towards enhanced photocatalytic activity
of silica-titania mixed oxides.

Fig-s: Different mixed oxides of titania as photocatalysts. Some of the figures are reproduced from ref (18, 47 & 53) with copyright per mission.

For Photocatalytic activity crystallinity of particular titania phase is a critical factor. In general addition of silica
" Utania enhances anatase phase stability at higher temperature by suppressing phase transformation to rutile

4d therehy maintains the high surface area and surface acidity. Addition of 10-20 wt% silica resulted in the
ce area. Interestingly the spherical shape of the

;‘:‘;b”’l'/ialjon of anatase phase ' up to 900°C with high surt - Corisinaly

Ma and the mixed oxides are retained in a controlled sol-gel synthesis. Surprisingly q ‘
iliatey (e formation of Ti-O-Si bonds thus stabilizing the anatase phase and porous structures leven ..Jt h¥gh
mperaiyre ¢ I the other hand pure titania easily transforms to nonporous rutilc. phusg even at Q(M‘?C calcination
lht"“by dcucabing the photocatalytic activity. Similarly, in the periodic table zirconum and ntnplum belong to‘
”‘f vis E1oup of clements, Moreover, both TiO, and ZrQO, come under n-type scmicomlu‘:lorsﬁhavmg,~ band gap of
iV ang 5.lev 'cSPcctiv’el and cxl,libil clusc:physicochunic'.ll properties. Wide band gap Zr0, with suth.cl.en[
“onducyj, ba y 1.0V and 4.0 V vs NHE, respectively emerges as a promising
Photog | Therefore ZrO, works better in a composite system
acilitates the required reactions. Due to

presence of silica mostly

nd and valence band potential of

al , . ) atl

Whey talysy Particularly for the pollutants degradation. :
¢ I)hotoindugcd electron can transfer from other scnncmlduclor L0

I M
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are synthesized by several methods which include sol-gel '8 2211 apq ¢
precipitation . In sol-gel processes, typical problem arises due to the different hydrolysis and condensation
rates of Zr and Ti alkoxides which gives rise to separate domain formation. In co-precipitation technique
homogencous colloids are formed where zirconia is mostly segregated within the titania matrix. On the other hand,
ZrO. is distributed on the titania surface in case of heterogeneous colloids formation %%, Recently effect of other
semiconductors oxides with TiO., for solar photocatalysis has been reviewed in details (%1 Mostly interfaces of
other oxides like WO.. Cu 0. CeO, or Fe,0, with anatase controls the electronic properties and hence influence
the photocatalytic pmpcrtie.& Therefore it is essential to understand the change in electronic properties of a mixed

this importance TiO.-Zr0, materials

oxides system.

Among all the mixed oxides TiO -WO, ®/and TiO,-CeO, " system is well studied due to some inherent interesting
properties of WO, and CeO.. In particular these oxides when combined with titania exhibit improved photocatalytic
properties under solar light. It is observed that nanosized WO, crystallizes in the form of orthorhombic or
monoclinic phases with TiO,. Presence of different oxidation states, oxygen vacancies and different surface phases
on TiO, creates the variable surface properties .. Moreover monoclinic phase of WO, exhibits band gap of 2.7-
2.8¢V which is ideal for solar light absorption and hence can be used as solar photocatalyst®). In addition defect
chemistry of WO, and CeO, "' make these materials more interesting. Mixed oxides systems are explored with a
objective of better photocatalytic activity because of fast charge recombination on pure WO, and CeO,. Recently
WO. based photocatalysts are reviewed ") particularly in relation to doping and composites formation for various
solar photocatalytic application. In case of TiO,-WO, system surface acidity and size in nanoscale plays a decisive
role for enhanced sunlight absorption and photocatalytic activity. In addition, Schumuki group reported on
unidirectional Ti-W oxide nanotubes grown on TiW alloy through controlled anodization process?®”. Ti-W mixed
oxide nanotubes with as low as 0.2wt% WO, showed improved ion insertion and photocatalytic activity in comparison
to the pure Ti0, nanotubes. Similarly doping of lanthanides can significantly enhance the photocatalytic activity of
TiO, . In a reported result high photocatalytic activity is noticed for Swt% cerium oxide mixed titania material
calcined at 600°C towards selenium reduction. Photocatalytic activity is found to be mainly dependant on the
variable oxidation states like Ce*/ Ce™* rather than only visible light absorption. Moreover, an important role
18 glso played by oxygen vacancy created by the presence of mixed oxidation states 27 Among the lanthanides
ceria and lamhanym ox?de mixed titania is well studied due to some interesting properties like variable oxidation
Shctacslya . T aditon STIO i o g g, e ceria anomatrial s sts 8 70
Ti0O, ** ' having improved pholoc;lalytic acli\ilpdl 1 eb >lb 1o studied s _pho.tocata.lyst "? Combmaflon‘\’wn
Similar] y, photocatalytic activities of TiO. 1% V1 Ca)r: X ;c‘ ob elte.r cha‘rge separation in SrT103-1.“1O2 heterOJunLtul h
better charge separation. On the other hzmzd hematite h:tfli nStramlally proved due o the coupling of 54 throfl;;“
of researchers due 1o its advantages of natural abundan 'b "la”(’“"’ t"ﬂnd' o (~2..¥ V) has attrgcfed th'e att-cn‘ti\’e
photocatalytic and photo-clectrochemical (PEC) Poo. u:T ‘ow-cost, hlgl} stability towards visible light ac ”
o of v o PEC)™ " applications. Coupling of Fe,0, to TiO, has been st
by number of researchers for different applications. Branch she : N k Ll oed by @
. _ | pplications. Branch shaped Fe.O -TiO. nanoc iites synthesized bY
combination of electrospinning and hydrothermal techni P 25, DANOComposIies < ith titania
8] any - : niques were reported recently . Even Bi O, with it
can lfnpn')vcv the photocatalytic activity under visible light with imoroved I ’ : i \ Theretore
scope of designing an inovative mixed oxides with conlmll%j b W”.] mproved H, evolution effictency res
in exploration of new photocatalyst, ed heterostructure and porosity is enormous atP

ent

Doping with metals und nonmetaly

and B $¢

Since the report of Ashi a
shr et al ™! several researcher @ .
eral researcher investigated the doping of nonmetals like S, C. N X
s ca

as 1o extend the light absorp ' fitan] -
casily substitute lht (‘)"‘?smp“(’_"_ b)’llll.uuu 0 visible region. Due to close atomic diameter these element
atoms of ttania latice. Typically, these types of doping results in decreased band 84P and
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changed clectronic properties duc to the contribution of p-orbitals "I In some cases surface doping takes place
resulting in the surface tunctionalisation thereby altering the photocatalytic properties. Sometimes it is difficult
to distingwish the surface and lattice doping of the materials. XPS is the most important tool used to identify the
tvpes of nonmetal doping in oxide semiconductors. Typically Cls, N1s spectra 441 is used to see the type of

doping. Recently Ols spectra also showed the indication of doping and oxygen vacancy resulted from doping
and partial Ti** reduction 7,

In this effort new strategies like plasmonic metals (Au, Ag etc) deposition on TiO, ***|, dye sensitisation and
combination of low band gap semiconductor with TiO, making a heterojunction are extensively tried in last few
vears ™. Recently graphitic carbon doping of semiconductor oxides are reported with tuneable band gape using
coordination polymers. Amount of graphitic carbon in the interface of the oxide controls the band gap . Titania
based nanotubes synthesized by anodisation process is an interesting 1D material as presented in F ig 4. Obtained
tbes are uniform in size and the length can be controlled with anodisation time and choice of electrolyte.
Transinon metal doped TiO, nanotubes also attracted the attention of researchers with increased photo-current and
photocatalytic activity ). In situ chromium doping through anodisation of Ti-Cr alloy increases the crystalinity
and electronic conductivity of the oxide tubes. Non-metal (N) doping on Ti0,-ZrO, mixed oxide improved the
photocatalytic activity due to the creation of oxygen vacancy 7. Formation of Ti’* and oxygen vacancy with
increased porosity is possible when reducing agents like hydrazine is used as nitrogen source. Similarly N and
W doped titania is reported to be highly active for photocatalytic nitrate reduction reaction under visible light
* . This indicates the beneficial effect of simultaneous doping of metal and nonmetal for different applications.

Fig 4: Anodized titania nanotubes (A) side view and (B) top view

Differeny hetero-junctions

In the receny years a lot of hetrojunction based photocatalysts are studied based on Z-scheme ™ and P-N junctions
*0@ 10 improve the solar photocatalytic activity. Titania based heterojunction with more positive valence band
and conductjon band potential than TiO, exhibit better charge separation and photocatalytic activity Y. Typically
low bapg gap semiconductors like Fe;()], WO,, Ag,PO,, BiVO, and Bi,WO,; have been used by number of
Tesearchers 1 create a better hctcroju.nclion system for different photocatalytic applications " However,
MOt of thege efforts are targeted for increased visible light absorption only. On the other hand copper hydroxy
r_’h"bphalc Cu,(OH)PO with libethenite structure is reported to extend the solar light absorption up to NIR range
) s incrming ﬂle‘phol()calalylit' activity. Cu(OH)PO, acts as an n-type semiconductor as reported from
p.hmu_ch’" ical study with optical band gap in the range of 3.4 10 1.52 ¢V ™! Heterojunction based on TiO. -
(vu_.f()li)P()‘ reports the efficicnt photoreduction of Cr(V1) under solar light through better charge separation “’“.‘.
€4S winy narrow band gap (2.4 ¢V) and sufticient negative conduction band potential become a well studied
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solar photocatalyst for practical applications in the field of water splitting and CO, reduction. However, the
poor aqueous stability and high charge recombination rates are the main bottle neck for photocatalytic solar
water splitting application . In a recent report 2 one dimensional CdS-TiO, having core shell structure
synthesized via solvo-thermal method showed improved chromium (VI) reduction under visible light. Therefore,

hetreojunction formation with other stable semiconductors is well studied with increased stability 4%, Ip

particular heterojunction with metal chalcogenides and 2D C\N, 4 are well reported in recent times due to
atalytic reactions. Efficiency of a catalyst also

their improved performance under solar light for variety of phtoc
depends on the shape and size of the material and the type of heterojunction formation which is well controlled
by different synthetic techniques.

Environmental reduction reactions

Initially the photocatalysis process is mostly investigated for organic dye decomposition resulting in colour
removal, purification and decontamination of indoor air, decontamination of soil and destruction of other hazardous
organics such as through oxidation process. In this context photodecomposition of chlorinated organic like
chlorophenol, tricloroethylene in contaminated water has been investigated at different pH by several researchers
using titania based materials like TiO, ", Si0,-TiO, 7, Zr0,-TiO, (63 and CdS-TiO, ! with increased efficiency.
Subsequently researchers extended the applications to environmental reduction reaction.

e Cd?*/Cd
cB 0.3 P Ni2*/Ni
................. Pb2*/Pb
o —
I e Cu?'/Cu
+0.5 b— Pt /Pt
_________________ Ag'/Ag
""""""""" Hg?*Mg
+1.0 |—----mommeeee- AuCl,/Au
----------------- Cr2072.IC|'3'
+1.5 | —
&
VB + + "’2.9 [

Fig 5: Positions of the redox potentials of metallic couples with respect to TiO, at pH = 0.

For efficient photoreduction of any metal ion to metallic form, the energy of the CB electron should be more
negative than the EO (Mn+/M couple). It is well known that these metallic couples are controlled by the pH of
the' solution. Thus pH is important for better reduction reaction efficiency. Redul‘tion ossibility of different
cauon§ is presented with respect to CB and VB of TiO, in Fig-5. It is understood that!™! l:‘(-“ 'lms)hq\'insl redoX
potential more than 0.4 V can possibly be reduced on anatase titania. Accordingl ‘th ] IL l‘ 'td 1‘;:d re:iuctiO“
of dofferent inorganic cations and anions are investigated with a objective ol't\% L - ‘7 10‘ \.‘:‘“ l'Ll a plicatiO“
has been discussed. Even dye sensitized TiO, is also used for Chroinium 0 .L.;OV‘L‘“ «l\‘l”lumo‘\ ! -"}i)bl ¢ light
Fabrication of triphenylamine!”? and tetramethylpiperidin!™ based organic ;n‘ft .uu'u‘\.n u“d‘r‘.yih,-“provﬁ
the photocatalytic efficiency to many fold under visible light, ganic dyes with Ti0, compost= '

Lead and cadmium are most ¢ e o :

most ‘Loml.no‘nly used toxic metal ions usually found in the waste and drinking water
Therefore, removal of these ions is important and mostly "‘d\'m'plim; _ 16 Was]S (IS:S .
based on their reduction potentials (Pb: 0.126 V, Cd: -0.403 v) proce

. W
ss 18 used for the same. Hl““m1
itis very difi L applying
1t1s very difficult to reduce (hese apPY
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itania based photocatalyst. Efficient photoreduction of Pb(II) using Pt-TiO, suspensions ™ was reported. Mostly
reduction process is enhanced in presence of a hole scavenger like organic molecules. Simultaneous oxidation
of nitrobenzene and reduction of Pb*" at pH-6 was demonstrated with the deposition of PbO, . Whereas,
cadmium reduction is only possible in presence of selective organics as hole scavengers. Importance of the hole
scavenger is well noticed as presence of methanol is not capable of reducing Cd to metallic form whereas formate
can do the same . In one of our work importance of mixed oxides for lead and cadmium ions reduction were
demonstrated using Si0,-TiO, and ZrO,-TiO, materials. In particular mixing of 10wt% silica and zironia with
TiO, increases the surface area of the material which ultimately helps in increasing photoreduction activity in
pms'ence of formate under UV light ' ™¥I, Similarly mercury is considered as a serious pollutant (0.005 mg/1)
due to its biological or chemical non-degradability. Presence of other metal ions such as Cr(VI)l7), Fe(III) U8
ete. inhibits the photocatalytic reduction of Hg(Il). In addition presence of hole scavengers increases the Hg(II)
photoreduction activity. Among the hole scavengers presence of EDTA ™ enhances the photoreduction of
mercury in comparison to the methanol, 4-nitrophenol, and salicylic acid.

In wastewater most common selenium species are selenate, selenite and their protonated forms. The toxicity
of Se species is related to their mobile nature and oxidation states. So among the selenate and selinite
Se(VD) is more stable towards reduction and more toxic than Se(IV). Efficient selenium reduction to red
Se(0) on N doped TiO,-ZrO, was reported under visible light “7. Improved efficiency was credited to the
synergistic effect of partial Ti** formation, oxygen vacancy and high surface area. Amal et al also reported the
comparative study on the role of hole scavengers towards photo-reduction of Se ions . However presence
of hole scavenger is essential. Photo-reductions of different aqueous oxyanions which includes nitrate,
chromate, nitrite, bromate, selenate and perchlorate in waste water is reported on TiO, based photocatalyst (30
At the same time photocatalytic reduction of copper ion is only possible in presence of hole scavenger like
EDTA, sodium formate, sodium oxalate or alcohols ! and organic dyes 2. Complete reduction of nitrate
10 nitrogen gas with 94.6% selectivity was reported with Wand N co-doped TiO, material under visible
light ' Tmproved nitrate reduction with formic acid as hole scavenger is credited to the CO," free radical
formation with high reduction potential. Simultaneous photocatalytic reduction of Cu(Il) and Se(IV) using
Spherical binary oxide materials was first time reported by Aman et al®¥), Only formic acid and EDTA are found
0 be better hole scavengers for the reduction process among other organics. A comparative study is reported
using both the hole SCavengers varying reaction time, concentration, pH etc. In independent reaction formic acid
1s f(?und to better hole scavenger for Se(IV) reduction while EDTA is the best for Cu(Il) reduction. However. in
mixture solution both EDTA and formate performs equally in presence of visible light.

‘-z"zilarly chromijum ( V1) is carcinogenic and a lot of catalysts are tried with improved photoreduction in UV
Jés well as visible light -6, In presence of hole scavenger Cr(VI) is reduced to less toxic Cr(Ill) which
;h:::ydrem'oved through precipitation or adsorption. TiOz-Cuz(OH)P.O4 based heltero‘-junct?.r;:ol imTS;ORves Lhe
. add,':j ucuon of Cr(VI) under solar light as Cu,(OH)PO, extend.the light ab§or[1::;(;n tr:)intl. tvng e to ‘.tra‘n‘,e.
ieg o :)hn various new types of catalysts like MOFs ! and halld.C perYosklte ased ti al,u-a,“im‘plo{l:b Z:c
e i ¢ photocatalytic reduction reactions. Possibly these materials will emerge as pro;pe‘un e fa‘ta yls ‘m e
g the a‘qucuus stability and other problems will be solved t.hl.'ough lTTOdlflCthlonS. These nez\) Lﬂt(:l y‘alts are
g hasrbl e (()2 reduction reaction which is the one of the most critical cn.wronmental prgblem. C :-re. uction to
by en well studied in recent time with a objective of improved efficiency to dea.l \.vnth the przlgtlcfll‘prc‘:blenl
drink::;r\lf, the OXyanions arsenate and arsenites are important d‘Qc to thcir high ltox:cl.ty. ﬂng ﬂggljt?lgfy “}t:;
Udey | 7.0 T OF €astern India, Recently total arsenic removal of 3 ppm using an ‘““‘?‘T“t.""eb’ ld 4h : SSy; §
4 el .l'gh' irradiation from aqueous solution was reported . In this coTltcxt tlldn.l'd‘ .a‘sc‘ p (.)fou.lt.a y[;l]s
Celive ang green method is reviewed by Litter highlighting the mechanism and practical applicability ¥,
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Efficient arsenic reduction within two hours of reaction offers the possibility of practical application. Moreover,
titania composites with two dimensional materials like metal chalcogenides *' are important and need proper
evaluation for various photocatalytic applications. In addition to catalysts materials development reactor designing
is also important for practical application. Recent progress on continuous flow based slurry reactors attracted a lot
of researchers towards flow reactor designing ). In this regard a plug flow reactor was designed where hematite
nanomaterials as photocatalysts were used in the suspension .

FUTURE PROSPECTS

Presently, designing of modified titania based photocatalyst is mainly concentrated on doping, mixed oxides
and hetero-structure formation with one dimensional, two dimensional semiconductors. Possible approaches
to enhance solar photocatalytic activity and separation of photocatalysts from reaction mixture are discussed to
provide a future direction in highly efficient photocatalyst design. The TiO, based heterostructure materials is an
important and attractive subject for future development in the area of photocatalysis and photo-electrocatalysis.
However, a breakthrough research is essential for material designing based on z-scheme and heterojunctions
maintaining the required band potential to solve the renewable energy based environmental problems at the
earliest. One need to emphasize on the stability of materials, porosity, sufficient solar light absorption and better
charge separation in heterostructure designing based on binary and tertiary system. This review focused on
the future scope of development and use of low-cost TiO, based material for different reduction reaction in
particular. Photocatalytic removal of different toxic oxyanions needs more investigation with respect to efficiency
and catalytic material deigning. In addition designing of continuous flow reactor is emphasized for practical
application with increased photon and mass transfer. Flow type photoreactors reduces the safety hazards and
simplify the process in large scale in comparison to batch reactors. As far as material is concerned MOFs and
metal halides pervoskite titania composites are emerging photocatalyst which need in depth study with respect
to aqueous stability and appropriate application. In addition titania and two dimensional material composites are
versatile photocatalyst and need extensive research in fine tuning the heterojunction formation for improved solar
photocatalysis towards toxic metal ions, oxyanions and CO, reduction to address both air and water pollution.
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Abstract : Graphene is an allotrope of carbon where carbon atoms ar
rwo-dimensional (2D) plane. Based on the structure, graphene can be
Geim and K. Novoselov successfully isolated free standing monola
methed for the first time in 2004. This discovery won them the
imception experiments had been carried out much before its birth by other eminent scientists. In fact, several
extended experiments have been performed to understand the properties of graphene after its discovery. This

article is a collection of some of the notable pre and post-discovery experiments. In addition, it includes some of
the experiments those have been carried out at CSIR-NML.

¢ attached through sp? hybridization in a
visualized as a single sheet of graphite. A.
yer graphene from graphite by scotch tape
Nobel Prize in physics 2010. However, several

Keywords: Graphene; Bio-polymer; Natural carbon source; Photocatalytic method: Ion-bombardment: Scotch
1ape method

PRIOR TO DISCOVERY

The first study of graphite exfoliation was reported by the German Scientist C. Schafhaeutl in the year 184002,
He mixed graphite in a solution of nitric and sulphuric acid, subsequently boiled to remove these acids from
the solution. He observed that the color of the graphite turned to shiny blue upon reaction with sulphuric and
nitric acid. However, this study was limited to observation only without any conclusion. In the year 1859 British
chemist Sir Benjamin Brodie aimed to investigate the structure, molecular formula and molecular weight of
@aphite by studying the reactivity of flake graphite ™ 4. In the experimental protocol, he heated lamellar graphite
with potassium perchlorate and fuming nitric acid at 60°C for 3 to 4 days and repeated the process 3-4 times
W0 ensure complete oxidation. He concluded the following points; (i) the structure of graphite was uneven and
composed of carbon, oxygen and hydrogen, (ii) the size of crystals in the perpendicular direction from the ground
%as extremely thin and it was not possible to receive any reflection by the thickness measurement instrument,
(1) the ignition of the crystal yielded black residue and (iv) this material was dispersible in pure and basic water.
Based on thege observations, he determined that the molecular weight of graphite is 33. He says that *This Sform
% carbon shoyld pe characterized by a name marking it as a distinct element. I propose to term it Graphon ™.
Su'bseqm:m]y, Frenzel and co-workers studied the structural investigation of those samples reported by Brodie
USing XRD in the year 1934, and they concluded that the intercalation of graphitic layers takes plage during the
“*Periment ), Feyy years later, Staudenmaier modified the Brodie’s synthesis method, where potassium chl.orate
wras.added drop wise to avoid explosion caused by evolution of large amount of gases and ht?at. }n addition,
et o i 150, vs i i e s of i O o s 0 oo .
Clo ;j‘:xlzenmem reduced the release of toxic gases (NO,, Ng?4fetct)hzn reparation of graphile oxide™. This
Methog co : l'“ the year 1957, Hummers reported.a new protocc‘) or ¢ t:)re of sulphuric acid, sodium nirate
. .o'mpnsed of the treatment of graphite with the water-tree mixtu of sup e
" POLaSsium Dermanos y 2 han 45°C. This method took less than two hours o‘r comp

OXidgy; . Ptrmdngdnale at temperature less t . L f int to determine the degree of oxidation;

on of &raphite. The color of the graphite oxide solution was footprint tc ar G¥idation Curent, tists

ghtat high degree of oxidation and green to black hue in the case of poor oxidation. )

" adop i ich is larly known as Hummers
0 y : . : anhi e, which is popularly as
Methq PUVE method for (e conversion of graphite to graphite oxid

furltspo P . )
ndip A
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In fact, some eminent groups had carried out theoretical studies to understand the properties of individual graphite
layer. In the year 1947, P. R. Wallace for the first time calculated the electronic band structure of individyg)
graphite laver™. He reported that in the reciprocal lattice two atoms unit cell constitute the Brillouin Zone with
two conical point at the Fermi surface, K and Ke known as Dirac points while the n-n* band touch at a point,
Besides. the electron energy is linearly dependent on the wave vector near the Dirac point. Therefore, graphene
1s 2 semimetal or zero-band gap semiconductor. Due to this unique band structure charge carrier in graphene
mimic the features of zero mass particles. As a result, the electron mobility in individual graphitic layer is Just
300 times less than the speed of light. However, Mermin-Wagner theorem suggested that 2-D materials are
thermodynamically unstable in any finite temperature %), which discouraged the possibility of the formation of
individual graphitic layer experimentally. Therefore, the study of Wallace remained just as a fundamental study
10 understand the electronic properties of individual graphitic layer. In the year 1962 Boehm et al. reduced the
suspension of graphite oxide into thin lameller carbon using hydrazine, hydrogen sulphide in dilute alkaline
media. This experiment protocol yielded very thin lamellar carbon with small amount of oxygen and hydrogen
“'". In addition. TEM data indicated that the thickness of the thin lameller carbon is around 4.6A with a little
deviaton from the thickness of single layer graphene that is observed in the recent studied i.e. 4A. Though the

TEM dara suffered some serious experimental errors, Boehm concluded that these films contain single carbon
layer.

In 1968 Morgan and Somorjai used low energy electron diffraction (LEED) technique to investigate the adsorption
of organic gas on platinum (100) surface at high temperature ', The LEED data revealed that the organic gas
converted into single and multilayer graphitic carbon sheets. In contrast to the Mermin-Wagner theorem, this
study proposed that platinum surface played an important role to stabilize the single layer of graphitic carbon by
minimizing the free energy. The observed single layer of carbon on platinum surface by Morgan and Somorjai

can be considered to be graphene based on the structural features, even th

1 ough the term of graphene was not
coined by that time. Next, Blakely and co

) -workers reported that the dissolved carbon of transition metals at
hugh temperature converted into single and multilayer of carbon sheets at the surface '¥), In 1975 van Bommel

etal. also observed the formation of single layer graphitic structure at the surface when the single crystal silicon
carbide was heated under ultra-high vacuum at and below 800 °C '), Around the time of 1980 many reports
rm single and multilayer carbon with graphitic structure came into lime light. Hence to precise the definition
of this material Boehm et al. in 1986 proposed that the single layer of carbon having the graphitic structure

or simply the single layer gf graphite should be called as “graphene” ), In 1997 JUPAC incorporated the
e ks oy s et Tl nd s g o e 47
discussed™* ') Further Kovtyukhova and con:;: FUCtLl.ral relations or other properties Ofmdw_ldual_ layers
Yy o -workers in 1999 made a pretreatment of graphite with H,S0,
5.0, and .0, 1o increase the extent of oxidation ", In the same year, Ruoff’s group attempted to manipulate
5L, The regige o ed .pyrolytic‘: graphitc‘ (HOPG) using AFM tip with the goal to achieve.SiHEI‘
- € 'rc.su le showed that the thickness of prepared graphite was around 200 nm which is eqluvalent
:ob;)(J l:)"crs of graphllc. Later, Kim’s egroup at Columbia studied the prepared Sam-ple from HOPG and could
of ,::Ch.llrjfir\rn:'m;)n up to I‘(fvnm thick graphite by a tip less cantilever of AFM, which is equivalent to 30 |a?/ers
'b .P IL. . mally‘ A. (Jf_l”l and K. Novoselov from the University of Manchester isolated graphene from
Ev;vr:r[::h;r 'uslln;fjmlcrf)mcchamcul method or scotch tape method in 2004 1221 ln‘this method t;,e individual layers
the clcazz:;tm_ol:le';(;?jpl?cI{“{'f‘{ by Uf"uu‘; a Scotch tape. This is also known as peeling off method as it involv;:
HOPG powder s o, J ayu§ n 1o individual layers with the help of a scotch tape. In a typical me[hofit
p €ris pressed in the scotch lape and repeated peeling of the HOPG powder bring it down to a sing (4
n of this process is the application of the normal force for several times © peel
wer. Depending on the extent of cleavage it yielded mono, bi or few layers 8faphene'

0

sheet 1

layer. The underlying mechanis;
off HOPG down 1o single |
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SOME NOTABLE EXPERIMENTS OF GRAPHENE

They transferred the individual layer onto silicon wafer and studied the electronic properties. They observed
anomalous quantum eftect, which is quite similar to those predicted much before theoretically. In addition, they
observed that graphene is a semimetal where the conduction band overlaps with the valence band. The mobility
and concentration of the charge carrier were determined by the field effect and magneto-resistance measurements.
The calculated mobility was 15000 and 60000 cm?*/V.s at 300 and 4 K, respectively. The carrier density was
estimated to be > 10" em. The Royal Swedish Academy of Sciences awarded the Nobel prize in physics for
2010 to A. Geim and K. Novoselov for their groundbreaking experiments of graphene. After that, graphene drew
attention of many research groups worldwide to explore its utilization towards novel and advanced applications

such as opto-electronics. energy storage, photo-voltaic, composite materials, bio-medical, corrosion protection
etc.

BEYOND DISCOVERY

Affter its discovery in 2004, researchers had also attempted to exfoliate graphite via liquid phase exfoliation in
order to overcome the criticality and challenges for the volume production of graphene. The sonication assisted
liquid phase exfoliation method was reported by Coleman’s and Geim’s group separately in 2008 (224, The
process involved dispersion of graphite flake in solvent like N, N-dimethyl formamide, N-methylpyrrolidone
etc. followed by sonication. Solvents were chosen based on whose surface energy is closer to graphite surface
energy. so that the mixing enthalpy will be smaller and exfoliation would be easier. This method also produced
graphene. The underlying mechanism of the process is based on the principle of liquid cavitation, in which the
cavitation induced bubbles in the solution. The bursting of these bubbles generated shock waves on the graphite
surface immediately that led to form the compressive wave. Once the compressive wave spread into the free
wnterface of graphite, a tensile stress wave is reflected back to the body. The generation and bursting of numerous
bubbles generates enough tensile stress on the graphite flakes that led to exfoliate of graphite flake and produce

graphene sheets. This is a much simpler process for obtaining large scale graphene with respect to the mechanical
exfoliation process.

In addition, the remarkable thermal conductivity and mechanical strength properties of free standing graphene
sheet were reported by the eminent groups. Balandin measured the thermal conductivity of a free standing single-
layer graphene at room temperature using a laser based non-contact technique %), In the experiment, the graphene
sheet was suspended over a trench of a Si/Si0, substrate. The heat was induced by focusing the laser light of
excitation wavelength 488 nm at the center of the graphene sheet. The transformation of heat to the Si substrate was
negligible as the thermal conductivity of beneath Si0, layer is ~1 W/mK. Considering air has negligible thermal
conductivity, the following equation was used for determination of the thermal conductivity; aq/et = K¢ VT.ds,
where Q is the induced heat transferred over the time t with the cross sectional area S and T is the temperature.
The thermal conductivity is found to be ~5.3 x 10* W/mK. The high value of the thermal conductivity suggested
that 1t could be an excellent material for thermal management in electronic devices.

Lee etal. measured the elastic and stren gth properties of the monolayer graphene membrane using nanoindentation
Inan atomic force microscope (Model: XE- 100, Park systems)!*!. The diamond cantilevers with tipradiiof 27.5 and
16.5 nm were used for this study. The spring constant of these cantilevers were calibrated with respect to the
reference cantilever. Prior to the nanoindentation experiment, the graphene membrane was scanned by non-
contact AFM mode and the tip was placed within 50 nm of the center. Mechanical testing measurement
Was carried out at constant displacement rate. The acquired data showed no hysteresis loop, indicated the
membrane s highly elastic. The breaking force value from the experimental data was calculated to be
2890 nN when the tip radii 1s 27.5 nm. It was noted that the second and third order stiffness constants are
E* <340 4 50 N m" and D™ = -690 4 120 N m', respectively. The intrinsic strength was calculated using
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the equation; ¢ ** = (F E*"/ 47R)" and the value was found to be 40+4 N m" by considering the thicknegg
of monolaver graphene is 0.335 nm. The Young’s modulus and intrinsic stress were estimated t, be of
E=1.020.1 TPa and oint = 130 + 10 GPa at a strain of e = 0.25. This experiment suggests that graphene isa
strongest material ever known in the universe.

EXPERIMENTS MADE AT CSIR-NML

CSIR-NML published the first report of graphene production in 2012 using lotus flower as a carbon source, |t
was accidental observation made by A. K. Ray. The main intention of the experiment was conversion of NiC|

to Ni nanoparticles by plant as the enzyme of plant has ability to reduce metal ions and form nanoparticlesz.
However. it was an unsuccessful experiment to produce Ni nanoparticles at room temperature. In next plan of
experiments, it was decided to heat the flower petals at temperature more than 1000°C. The obtained product
was characterized first using Raman spectroscopy. The Raman data was surprised to all of us, where 2D peak
was more intense than D and G peaks and the data were well matched with the earlier reported data for graphene
7. After that, we designed several other experiments for the production of graphene in order to understand the
conversion mechanism from the constituent cellulose structure to graphene. In fact, the same kind of Raman data
was observed in the case of conversion hibiscus flower to graphene (Fig.1).

1600 °C/ NiCl,

Ar atm.

Intensity (a.u.)

Hibiscus flower

1000 1500 2000 2500 3000 3500
Raman Shift (om™)

Fig. 1 Experimental protocol and Raman data for the conversion of hibiscus flower to graphene.

We also devised a new experiment for exfoliation of graphene from graphite by photocatalytic reduction e8],
where the yellow color graphite oxide solution prepared by Hummers method was reduced using peanut shaped
a-Fe,O, particles under visible light. The monodispersed particles with bandgap ~ 2.5 eV was efficient to transfer
electrons to the graphite oxide sheet for reduction and exfoliation that led to form large size a-Fe,0; particles

embedded thin graphene sheet (Fig. 2). These particles could also be separated from the graphene sheet by
centrifuged the solution at 10000 rpm.

o-Fe, 05 catalyst

o Visible light
\—/

Graphite oxide solution

a-Fe;0y embedded
graphene sheet

Fig. 2 Experimental protocol for the conversion of graphite oxide solution to graphene sheet by photocatalytic reduction.
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Solution
coated sheet Graphene
coated sheet

Bio-polymer solution

Fig. 3 The schematic representation for the production of graphene coated cold rolled sheet using bio-polymer solution.

Besides, we demonstrated that Ar* ion bombardment could be used for conversion of non-aromatic pyrazoline to
aromatic pyrazole N-ring of hydrazine reduced graphene sheet at room temperature . Such conversion enhanced
the conductivity of the graphene film. In 2014, a simple protocol was developed to produce large area graphene
coating over steel substrates using shellac bio-polymer as a carbon source under a collaborative project with Tata
Steel, Jamshedpur. The existing batch annealing furnace of Tata Steel was used for the conversion of bio-polymer
to graphene over a A4 size cold rolled sheet under the heating conditions of 710°C for 24 hrs in H, atmosphere
(Fig. 3). Subsequent post-treatment of these coated steel products enabled to enhance the corrosion protection
in saline environment. This pioneering work received Tata Innovista Award in 2015 from Tata Sons. In addition,
NML also initiated collaboration with M/s- John Keells, Sri Lanka for the direct exfoliation of graphite using
collagen protein and the produced graphene is suitable for supercapacitor application.

FUTURE ROADMAP AT CSIR-NML

The functional materials group at CSIR-NML is moving towards with the goal of large scale production of
graphene from medium purity Indian flake graphite with high energy storage capacity in the wake of indigenously
developed energy storage materials will play a pivotal role in fulfilling the sustainable vision set by India for
complete mobility to electric vehicle by 2030. Graphite is one of the key materials used in energy storage
applications. Despite India is fifth major producers of flake graphite in the world, existing processed graphite
materials are unsuited for high performance energy storage devices. The major drawback of Indian graphite is that
it contains silica impurity with the average purity of around 90 %. Even after beneficiation of high grade graphite
minerals with modified processing technology by some Indian companies it has been achieved maximum purity
up to 94%, which is again below then the required purity (~99%) for energy storage applications. In addition,
no efforts have been made by Indian industries to improve the energy storage capacity of natural graphite by
devising a new strategy, which further increases the dependency of our electric vehicle manufacturing companies
on other countries for energy storage materials and devices. However, the energy storing capacity of Indian flake
graphite can be enhanced by improving electrical conductivity and surface area through reducing its thickness
along the Z-axis down to few layers and converting the silica impurity to Fe, Co, Ni-silicate functionalized
phases containing redox ionic pairs. Such anticipated functionalized graphene would provide a strong support for
fabrication of high-performance battery and supercapacitor indigenously.
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