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pursuit of materlals with

superior properties

ince inception, Materials Group has been contributing positively in realizing Departmental goals of
clean energy on a wider scale to benefit large swathes of population in the country. Thanks to its
dedicated human resource base, which is equipped with deep understanding of the subject and
technical expertise in using sophisticated microscopic and spectroscopic instruments and
interpreting the data, BARC Materials Group has overcome many technological challenges including
ore dressing, extractive metallurgy, design and development of alloys and their performance
assessments under simulated and after actual service conditions. Outcome of sustained high level
R&D studies in nuclear material science vis-a-vis technology development has certainly placed our country in a
prime position in the world in terms of fission and fusion reactor materials related program.

% [ReD
)

Besides its notable contributions in Nuclear Energy Program ‘from Ore to Core’, Materials Group has also been
working on alternative energy materials like Fuel cells, Lithium ion batteries, Hydrogen storage materials and
various other materials essential for societal and strategic applications. In that respect, the current issue of
Newsletter on two interesting themes - Energy Storage Materials, and Advanced Inorganic and Non-metallic
Materials is a well timed initiative. In each case, the scientists have been able to develop materials with superior
properties for nuclear and specialized non-nuclear applications.

Under the theme Energy Storage Materials, research and developmental activities on energy storage materials
giving special emphasis on new generation Lithium based materials have been discussed. Both experimental
and simulation studies have been covered in this section. Apart from this, the issue also covers recent
advancements in LaNi; alloy as a hydrogen storage material. A scientometric study on energy storage material
related to publications from India has also been documented.

This issue of BARC Newsletter provides a glimpse of R&D work in development of advanced, efficient and
economical energy storage materials for widespread applications in various clean energy programs of the
Department of Atomic Energy. This includes recent advancements in inorganic and non-metallic materials for
various societal applications like development of ceramics (hydroxyapatite), glass (yttrium alumina silicate) and
glass-ceramics for bio-medical and micro device applications, development of new energy efficient materials for
LED and others. Synthesis and applications of carbon based materials like carbon aerogel, silicon carbide fibre
and particulates have also been covered. A special report on United Nations International Year of Glass — 2022
has also been included in this issue.

I hope this document would not only help the domain specialists but also those from other fields of expertise,
especially the young researchers, to develop a brief idea about the front-end research activities in our
department in the areas of ‘Energy Storage Materials, and Advanced Inorganic and Non-Metallic Materials’.

Dv. Vivchanand bain

Director, Materials Group
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A with clean energy
materials

t gives us immense pleasure to bring out this issue of BARC Newsletter issue on two

interesting themes - Energy Storage Materials, and Advanced Inorganic and Non-

metallic Materials. Towards successful implementation of Year 2030 Agenda for

Sustainable Development, adopted in 2015 by all United Nations Member States,

including India, DAE has been collaborating actively on programs associated with
clean energy generation and distribution to ensure access to affordable and sustainable
forms of energy. In this context, development of energy storage materials and devices
indigenously with better service life has taken greater precedence.

Energy storage is considered critical for the sustainability of mankind. Batteries,
capacitors, fuel cells and hydrogen storage materials are ideal candidates for energy
storage applications. Amidst diversified forms of fuels globally, hydrogen has taken the
centrestage and is touted as a prospective candidate for meeting the energy needs of this
century. Hydrogen-fuelled cars have already become a reality. Development of efficient
hydrogen storage materials is vital for developing deployable fuel cells for transport
applications. Such technologies can help reduce carbon footprint as well as address the
consequences of climate change.

Novel inorganic and non-metallic materials, including ceramics and carbon have gained
extensive applications in various programs of DAE. Recent advancements in this domain
are covered sufficiently in this issue of newsletter.

Finally, we would like to express our heartfelt appreciation to the authors for contributing
articles to this thematic issue and also the reviewers, who have meticulously gone through
the content to ensure they come out exceedingly well. We strongly feel the contents of this
issue would ideally motivate young researchers of BARC to take up research activities in
new exciting domains of science and technology in order to address the gap areas as well
as come up with innovations that can contribute positively in department’s efforts to
enable access to clean and sustainable forms of energy.

A Gudarsan Hbhiga Ghesh Prvtesh Geagupia

Chemistry Division Glass & Advanced Materials Division Materials Science Division
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Future Rechargables

Lithium-Sulfur Battery: Present Status and

Future Direction

K. Sandeep Rao, Dipa Dutta Pathak and Balaji P. Mandal*
Chemistry Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA
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ABSTRACT

Lithium-sulfur battery (LSB) is the future of rechargeable batteries as its theoretical specific
capacity and theoretical energy density are much higher than those of conventional lithium
ion battery (LIB). Another advantage of LSBis its relatively lower output voltage (2.1 V) which
provides higher safety margin. However, life cycle, capacity fading and Coulombic efficiency
are found to be serious problems for LSB. Several steps have been taken to improve the
conductivity of sulfur cathode and to slow down the solubility of polysulfides in electrolyte.
Mostly, the sulfur cathodehas been encapsulated by different types of carbon to improve
conductivity of the composite and to hinder dissolution of long chain polysulphides. At the
same time, anode side also has been modified by suitable means like fabricating pre-
lithiated carbon or Ge-C composite. Similarly, research work on electrolyte modification has
also been discussed.

Li-S battery

Introduction

The ever-increasing demand to store electrochemical energy
efficiently spurred the continued research interestin advanced
batteries. The traditional lead acid or nickel cadmium batteries
are found to be insufficient to cater the present needs due to
lower energy density, power density, cycling etc of these
batteries. On the other hand, lithium ion batteries (LIBs) have
many superior attributes which make them a dominating player
in battery market. In addition, conventional LIBs do not suffer
from memory effect. The self-discharge rate of lithium ion
battery is also very low for LIBs (~5% per month)in comparison
to Ni-Cd or Ni-MH batteries. The global reserve of lithium in
earth crust is around 20 ppm which is sufficient to build more
than 12 billion electric vehicles[1]. Therefore, lithium based
batteries have become the central focus of researchers
globally. Even though Li-ion batteries have higher energy
density than sodium ion battery still they are not very suitable
to be installed in electric vehicles. The energy density of LIB can
be 200-300 Wh/kg, which cannot satisfy all the requirements
of upcoming applications like vehicle electrification or high end
electronic application. These new demands have been
prompting the researchers to work on other alternative
rechargeable batteries with higher energy density and longer
life cycle. Among other battery chemistries, Li-S is most
important candidate due to its low cost, high theoretical
capacity (1675 mAh g") with a high theoretical specific energy
of 2600 Wh kg™, on the presumption of the complete reaction
of lithium with sulfur to form Li,S[2,3].

The theoretical capacity of S is more than five times
higher than that of traditional cathode materials based on
transition metal oxides or phosphates. Another important
aspect of Li-S battery is its low operating voltage (~ 2.1 V) which
offer higher safety margin over the high-voltage oxide-

*Author for Correspondence: Balaji P. Mandal
E-mail: bpmandal@barc.gov.in

KEYWORDS: Energy density, Power density, Battery, Sulfur, Cycling, Electrode

basedcathodes (>4.3 V). It becomes more important in case
large pouch cell configuration.

Working Principal of Li-S Battery

Like any other secondary cell, Li-S battery (LSB) also
consists of cathode (where reduction takes place during
discharge), anode (where oxidation takes place during
discharge), electrolyte (through which ions migrates from one
electrode to another internally) and a separator (to avoid
physical contact between two electrodes). The working
principle of a typical Li-S battery is slightly different from
conventional lithium ion battery. In conventional LIBs, lithium
ions move from lithium containing cathode to anode via
electrolyte during charging process and in reverse direction
during discharging process. However, in case of LSB, the cells
are made in charged state and initially discharging is done.
During discharging, lithium ion moves from lithium anode to
sulfur (or sulfur composite) cathode via separator soaked in
electrolyte and reduce S to Li,S via a multi-step, multi-electron
reduction process. In charging process, Li,S gets oxidized to S
and releases Li ions which migrate to lithium anode again via
electrolyte. Interestingly, the reduction of sulfur (S;) to Li,S
takes place in multiple steps.

S, +2Li" + 2e=Li,S,
3Li,S, + 2Li" + 2e = 4Li,S,
2Li,S, + 2Li* + 2e = 3Li,S,
Li,S, +2Li" + 2e = 2Li,S,
Li,S, +2Li" + 2e =2Li,S

Initially higher polysulfides (Li,S,, x=8, 6, 5 and 4) form on
reaction between lithium and sulphur which on further
lithiation results lower polysulfides (Li,S,n=1,2). The higher
polysulfide (Li,S,, x=8, 6, 5 and 4) are highly soluble in organic
solvent (mostly 1,3-dioxolane and 1,2-dimethoxyethane are
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Fig.1: Schematic drawing of Li-S battery.

used as solvent) used as electrolyte in LIB. On the other hand,
the lower polysulfides (Li,S,, 1 < x < 4) are insoluble and hence
remain in solid state. The rate of reaction is faster in initial
phase of lithiation at the solid-liquid interface, however, it is
slower in second step as lithiation takes place on solid Li,S,.
The voltage plateau for first reaction i.e. formation of S,” from
S, via above mentioned steps is observed around 2.3 V with
corresponding capacity 418 mAhg™ (~25% of total capacity).
The lower discharge plateau occurs at 2.1 V (vs Li/Li")
corresponding to subsequent reduction of Li,S, to Li,S,/Li.S,
with a theoretical capacity of 1254 mAhg™*(~75% of total
capacity).

Challenges Ahead

Even though there are myriad of advantages of Li-S
batteries, still the following challenges need to be addressed
before its large-scale applications.

(@) HighResistivity of Sulfurand Li,S.
(b)  Shuttle Effect of Polysulfides.

© Huge Volume Expansion/Contraction during
Lithiation/Delithiation.

(d)  Useof Metallic Lithium Anode.

These problems are related to either electrodes or
electrolyte and suitable modification of these components can
improve the overall performance of Li-S battery. In the following
sections highlight the important research on cathode, anode
and electrolyte materials.

Research on Cathode Materials

Mostly, elemental sulfur is used as cathode material in Li-
Sulfur battery. Sulfur has more than 30 allotropes and the most
common and stable amongst them is cyclic octasulfur (Sg)[4].
The electronic conductivity of elemental sulfur is very low
(10* Scm™), therefore, it needs to be made composite with
conducting material like carbon. Several methods have been
adopted so far by different groups to make sulfur-carbon
composites. Initially conventional carbons or carbon black
were added with sulfur to make it conducting. These carbon
blacks are mostly fabricated by thermal cracking or partial
combustion of carbon precursors, such as natural gas, at
elevated temperatures and in an inert atmosphere or an
inadequate air supply. Graphite, bio-derived carbon are also
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potential members in the list which can also increase the
conductivity of the composite significantly. Typically, sulfur is
vaporized in presence of these carbon hosts and then cooled
down. Zhang et al. suggested to remove the sulfur on the outer
surface in carbon host by heating it[5]. The loading of sulfur
depends on porosity present in the matrix which in turn
dictates the performance of the cathode. The optimal pore size
required for excellent performance in Li-S batteries is not fully
understood. However, a rough guideline might be deduced:
(a) mesoporous and macroporous carbon (pore size more than
2 nm) are good in sulfur loading but poor in cycling stability;
(b) small micropores (less than 0.5 nm) are advantageous in
utilization of sulfur and good cycling stability but it has
limitation in sulfur loading on it; (c) large micropores (i.e. 0.5
nm to 2 nm) are found to be non-suitable for designing the
sulfur-carbon composite[6].

Another candidate with which composite can be made
efficiently is carbon nanotubes (CNT). Cheng et al.[7]
demonstrated loading of elemental sulfur on CNT by crushing
the sulfur powder in ball mill along with CNT. The CNT bundles
were acting as conducting medium in those heavily sulfur
loaded CNTs. Since sulfur particles were on top of the
nanotubes, cycleability of the composite was poor even though
the interconnected CNTs provide a robust conductive network.
The group observed a discharge capacity of around 560 mAhg
', Free standing 3D graphene were fabricated by Papandrea et
al.[8] on which 90 wt% sulfur could be loaded. These
interconnected graphene network ensured superior electronic
conductivity and the pores therein allowed extra loading of
sulfur. The electrolyte also could seep into the structure which
helps in migration of Li ion. However, the structure could also
trap the polysulfides form during lithiation reaction. This sulfur
and 3D graphene composite is capable to deliver a high
discharge capacity of 969 mAh g*. Lu and co-workers
9prepared a self-supported graphene sponges using
hydrothermal reduction followed by freeze dying. The
conductivity of 3D GO sponge is very high and the carbon
network can support the conductivity whereas sulfur can be
incorporated inside carbon pores. The pores present in GO
sponge also ensure electrolyte percolation, which essentially
improve sulfur utilization. Interestingly, the areal mass loading
in this kind of structure is around 12 mg sulfur/cm® which is
more than commercial requirement. In this case high aerial
capacity of the cathode could be achieved. Moreover, the
authors observed slow decay rate (0.08% per cycle at 0.1C)
after 300 cycles. In addition to 3D graphene sponge
researchers are also involved in development of interlayer of
graphitic nitride coated on carbon fibre.

Thereafter, many researchers have reported engineering
of structure of graphene for further improvisation of
electrochemical properties of Li-S batteries. In this context,
nitrogen doped 3D graphene has also been used as host
matrix for sulfur[10]. In addition, to the modification of the
cathode, attempts have also been made to trap lithium
polysulfides (LiPS) on the interlayer of graphitic carbon nitride
(g-C,N,) coated on carbon fiber paper (CFP). The resulting as-
fabricated Li-S battery provided outstanding stability over 400
cycles with a reversible capacity of 1271 mAhg™ at 0.1C. The
capacity fading (only 0.068% per cycle) was found to be much
lower than the self-supporting graphene sponges reported by
Luand co-workers[9].

Conducting polymers like polypyrrole (Ppy), polyaniline
(PANI) are also widely used to fabricate yolk-shell type
configuration. Conducting polymers helps to improve the
electronic conductivity and also act as buffer to compensate
the volume variation during charge-discharge[11].
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Another approach at cathode side is insertion of
graphene-based interlayer to reduce the dissolution of LiPS.
Huge capacity retention could be observed in case of cells
where interlayers have been introduced. It has been
demonstrated by Su et al.[12] that sulfur cathode with high
sulfur loading can show good cycling stability in presence of
interlayers. Sulfur sandwiched between two graphene
membrane is another suitable configuration. One graphene
membrane with sulfur coating acts as current collector and
other graphene layer was deposited on commercial separator.
Sulfur loading on current collector graphene layer was around
70% of total weight. The cell with this configuration delivers
specific capacity of 750 mAh/g at current density 6 A/g which
is 50 times higher than that of cell using aluminium current
collector and polymer separator[13]. It is important to mention
that addition of conductive interlayer increases the overall
performances of Li-S battery, however, the weight of the
interlayer should be considered during calculation of weight of
cathode. The dead mass of inactive component increases the
overall weight of the cathode which leads to decreased sulfur
content in the cathode. Hence, the dimension and density of
the conductive interlayer should be selected judiciously.

Research on Cathode Materials

Mostly, researchers are involved in modification of
cathode material with superior life cycle, higher capacity,
higher loading of sulfur in lithium-sulfur battery. Relatively,
lesser attention has been paid towards anode material of LSB.
Metallic lithium is most suitable choice as anode material for
LSB. However, the issues arising due to formation of dendrite,
formation of SEl layer in first few cycles, volume variation, short
cycle life etc. need to be addressed. There are three important
aspects for stabilization of lithium anode: (1) stabilization of Li-
electrolyte interface (2) a 3D lithium host (3) a lithiophilic
lithium host. A brief introduction to other kind of anode, i.e.
carbon andsilicon has also been given.

The lithium anode reacts swiftly with organic electrolytes
inside the cell, therefore, it needs to be passivated. In order to
do that mostly research is done more extensively in electrolyte
material. Most of the articles focus on variation of components
of the electrolytes or addition of oxidizing agents like
LINO,init[14-16].

In order to stabilize the interface between lithium anode
and electrolyte, addition of lithium nitrate to ether-based
electrolyte is found to be more effective in improving Coulombic
efficiency and cycle life.LiNO, helps to form a passivation layer
on the lithium anode, which prevents further reactions
between lithium and polysulfides. However, addition of LiNO,
does not have much effect in suppression of dendrite
formation. Although it is very difficult to form sufficiently sturdy
passivation layers on lithium anode in liquid electrolytes, a self-
healingelectrostatic shielding mechanism has been proposed
by Ding et al. [17] In this work, additives like Cs/Rb has been
used in the electrolyte which get easily reduced before Li ions
get reduced to Li metal. These lead to lesser amount of
dendrite formation during charge-discharge.

Another approach to modify the anode is introduction of
mechanically stable artificial layers, such as polymer or solid-
state blocking layers[18,19] to block the dendrite penetration.
The interfacial layer suppresses the dendrite formation
probability by reducing the activity of lithium anode. This also
increases the coulombic efficiency. In this way, the dendrite is
physically separated to avoid piercing the separator, however,
the true nature of lithium anode could not be avoided.

Another approach is to use 3D lithium host instead of

planer lithium sheet. Generally, lithium dendrites grow on
lithium surface due to inhomogeneous deposition of lithium
ions on it. In this regard, 3D host copper is found to show
promising behaviour in preventing dendrite growth[20].

Lithium anode undergoes volume variation due to
lithium plating/stripping, and as a result of that the lithium
surface gets pulverized after long cycling. SEI layer on the
lithium surface can take care of the dimensional variation of
the anode; however, during lithiation and delithiation the SEI
layer breaks down which again form in the subsequent cycles.
As a result of that electrolyte gets consumed continuously
which also increases the possibility of dendrite growth. It would
be beneficial to build a host matrix which has excellent lithium
affinity (lithiophilicity) for metallic lithium. Lin et al. introduced
molten lithium inside the rGO layers[21]. It has been observed
that the surface of Li-rGO film does not change with lithium
loading. The volume variation of the anode was also found to
be relatively lower. They also observed that after long cycling,
the cell with planer lithium anode shows a voltage drop due to
short circuit whereas the cell with infused lithium in rGO shows
better stability. Also, the voltage hysteresis arising in the cell
where rGO-Li film has been used is found to be comparatively
lower.

Several alternative anodes have been considered in
recent past in place of pure lithium to reduce the activity of
lithium. For example, Briickner et al.[22] demonstrated that a
sufficiently stable Li-S cell could be fabricated using silicon-
carbon (Si-C) composite as anode. It has been observed that
when the cell is made with sulfur cathode and pristine lithium
anode, the cell was able to achieve reversible cycling for 135
cycles at 167mAg”. However, when the same cathode could
not be cycled at higher current density which might be due to
rapid electrolyte depletion and formation of unstable SEl
layers. On the other hand, the cell with sulfur cathode and pre-
lithiated Si-C shows stability for more than 1300 reversible
cycles with high Coulombic efficiency nearly 99%. Pre-lithiated
carbon is also used as anode in some cells which shows
excellent cycle ability for more than 500 cycles. However, the
pre-lithiated carbon has higher potential compared to pure
lithium which decreases with overall energy density.

Research on Electrolyte Materials

Electrolyte is a very important part of Li-S battery as
carbonate-based solvent is found to be inferior in this case.
However, carbonate base solvent does not cause much
problems in case of short chain sulfur cathode. In case of Li-S
battery, it is observed that ether-based solvents are superior to
carbonate based solvent as dissolution and redeposition of
polysulfides is faster in ether based solvent which enables
better sulfur utilization. However, the formation of polysulfides
cannot be restricted using these ether-based electrolytes. For
optimum performance of LSB there are two important aspects
viz. electrolyte concentration and electrolyte amount
(Electrolyte/Sulfur ratio)

Electrolyte concentration

Dissolution of lithium polysulfides in electrolyte is a
serious problem which not only decreases the specific capacity
but also reduces the Coulombic efficiency. It is expected that
the solubility of LiPS will decrease in presence of highly
concentrated electrolyte due to common ion effect. Astudy has
been carried out by Suo et al.[23] to investigate the impact of
concentration of electrolyte on electrochemical performance
of cells. In their experiment, they used highly concentrated
(7 mol/1) electrolyte and found limited dissolution of LIPS which
results enhanced cycling stability. Also, they observed poor
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Coulombic efficiency of the cell with low concentration of
electrolyte. It is established now that highly concentrated
electrolyte is beneficial for electrochemical performance;
however, it comes with its own set of drawbacks. Firstly, highly
concentrated electrolyte leads to higher viscosity and as a
result of that the cell exhibit lower output voltage. Secondly,
higher concentration also means higher unwanted weight of
electrolyte which ultimately decreases the overall energy
density. Third disadvantage is that the higher electrolyte
concentration is not cost effective.

Electrolyte amount

Itis very important to use optimum amount of electrolyte
to get higher energy density. Lower amount of electrolyte
ensures relatively lesser dissolution of LiPS which increases
the cycle-life. However, lower amount of electrolyte results in
sluggish migration of lithium ion due to poor wetting of
separator. On the other hand, cells with higher E:S (electrolyte
and sulfur) ratio leads to lower gravimetric and volumetric
energy densities. However, cells with excess electrolyte can
improve the overall cycle life because the electrolyte will get
depleted quickly as the depletion of electrolyte is one of the
main reasons for failure of cell. It has been established by
Zheng et al.[24] that E/S ratio should be 20 pl/mg (electrolyte
concentration 50 g/L).

Solid or polymeric gels are also found to be suitable
option to be used as electrolyte. Solid electrolyte is superior to
liquid counterpart with respect to LiPS dissolution, thermal
stability, mechanical stability, non-flammability etc. Mostly,
compositions from Li,S-P,S, solution are chosen as electrolyte
in all solid-state Li-S battery. Nagata et al.[25] have reported
that a cell comprised of carbon/S composite as cathode, Li-In
alloy as anode and Li,S-P,S; solid solution as electrolyte could
be cycled for more than 100 cycles with capacity 1600 mAhg™.

Summary

The issues with Li-S battery have been partially sorted out
so far; however, lot of works needs to be done before this
technology becomes viable for large-scale application. Most Li-
S batteries reported sofar contains cathode with relatively
lower sulfur loadings and excess electrolyte. This leads to cells
having lower energy density and power density which cannot
outperform the existing state-of-the-art LIBs.

Novel conducting materials need to be searched for
better electrochemical performance. Also, the parameters like
sulfur loading, electrolyte to sulfur ratio need to be optimized to
realize higher energy density in LSB. The research on overall
engineering of Li-S battery packaging needs to be emphasized.
In the anode side, more work should be focused towards
suppression of dendrite formation, stabilization of SEI layer
and improvement of safety of lithium anode.
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Solid State Lithium Cell

Development of NASICON based Solid State
Electrolyte for Li-battery Application

Anurup Das*, Madhumita Goswami and Ashok Arya
Glass & Advanced Material Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

Demonstration of coin-type solid state
lithium cell using synthesized LAGP
glass ceramics.

ABSTRACT

All-Solid-State-Lithium Batteries (ASSLBs) are getting attentions because of their promising
high energy density and safety characteristics. These batteries can provide better safety by
preventing the internal short-circuit as compared to currently used liquid electrolyte in
commercial batteries. Among others, inorganic oxide Solid State Electrolyte (SSE), such as,
NASICON based Li,0-Al,0,-GeO,-P,0, (LAGP) has certain advantages over others for use in
ASSLBs. In this work LAGP glass was prepared using melt-quench technique and converted
into glass-ceramics by controlled heat treatment. Phase formation was confirmed using
XRD (X-ray diffraction) and ND (Neutron diffraction). Rietveld refinement analysis was used
for structural analysis using both ND and XRD data. Bottleneck for Li" ion conduction found
to increase on substitution of Al*’'making an easier path for Li* migration. Impedance
spectroscopy was used to evaluate the d.c. ionic conductivity and the value found was
2.48x10*Scm™ at room temperature. Cells were fabricated with LiFePO,(LFP) as cathode
and Li metal as anode. The cell operated successfully giving capacity of 130mAhg™ with
coulombic efficiency of 99% at 0.05C (1C=170mAg") at the initial stage of Li-cells
fabrication.

KEYWORDS: Solid state electrolyte, NASICON, Li-ion solid state battery

Introduction

Lithium ion batteries (LIBs) play important role in recent years
for their applications as energy storage device in various
electronic gadgets. However, LIBs suffer with various
shortcomings: (a) internal short circuit (b) fire or explosion at
high temperature because of the uses of the flammable liquid
electrolyte etc[1]. To avoid all these issues pertaining to
conventional LIBs, ASSLBs are considered as the safest
alternative[2]. ASSLBs have mainly three components:
cathode, anode and solid-state-electrolyte (SSE). The charging
and discharging mechanism is same as LIBs. During the
charging, lithium ion transferred from cathode to anode
through SSE and during the discharge process exactly reverse
phenomenon takes place[3]. SSEs are mainly two types:
organic and inorganic. Despite of several advantages of
organic SSE, it has few drawbacks like narrow temperature
range and poor structural stability, whereas inorganic SSEs
can have improved stability and safety over wide temperature
range. A promising SSE should have high ionic conductivity,
thermal and electrochemical stability. Lithium ions hop from
one stable position to another inside the SSE. Therefore, the
ion diffusion mainly related to the crystal lattice of the SSE. The
ion migration channel can be widened by doping. Among other
inorganic SSEs, oxide SSEs are more environment friendly and
have ease of processing. These kind of materials are mainly
polycrystalline, where the lithium ion migrates through two
regions: grain and grain boundary. The movement is slow
inside grain boundary as compared to the grain. Therefore, the
oxide SSEs should have large and dense grains[4]. Among
other oxides (i.e. perovskite, garnet etc.) Li-based NASICON

*Author for Correspondence: Anurup Das
E-mail: anurup@barc.gov.in
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(NaSuper-lonic Conductor) type materials (LiM",(PO,),, M™:
Ge, Ti, Zr etc.) show high ionic transport properties and find a
potential application in ASSLBs as SSE[5]. In this work we
report synthesis of Li,0-Al,0,-GeO,-P,0,(LAGP) glass ceramics
with right amount of required phases and electrical
conductivity value. The process parameters were optimised for
synthesis of the LAGP glass ceramics and characterised for
thermal, structural and electrical properties for use in Li
battery.

Synthesis of Glass/Glass Ceramics

Glass sample with composition of Li, Al, .Ge, ,P,:Si;,0,,
(LAGP) was prepared by standard melt-quench technique.
Each batch of 100g weight was prepared by taking initial
constituents(Li,CO,, Al,O,, GeO,, SiO,, NH,H,PO,), in the form of
carbonate and di-ammonium hydrogen phosphate
proportionately. The charge was calcined by holding the batch
at decomposition temperature of each initial constituent for
sufficient time. The calcination process was repeated to
ensure complete decomposition after through mixing &
grinding. The calcined charge was mixed and ground properly
and melted in a Pt-Rh crucible at around 1450-1550°C. The
melt was held at the melting temperature for 1-2 hrs for
homogenization and poured on a metal plate. The glass was
annealed at around 400-450°C for 4-6 hrs and cooled down to
room temperature slowly.

Characterization

The annealed glasses were powdered, and differential
thermal analysis measurements were carried out using a
TGA/DTA instrument. Solid glass samples were taken for the
DTA scan to avoid the dependency of crystallization on the
particle size distribution. DTA scans were recorded at the
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Fig.1: DTA scans for LAGP glass sample at different heating rates.

heating rates of 5, 10, 15, 20 and 25K min™. The samples were
scanned up to maximum 900°C. Based on the DTA data, the
glass samples were heated at different temperatures: 600,
650, 700, 750 and 800°C for one hour to convert into glass-
ceramics. Nature of glassy and crystalline phases formed in
the base glass and glass ceramics (GC) samples were
identified using powder X-ray diffractometric technique (XRD)
with Cu K, was used as radiation source. The impedance
measurements were carried out in the frequency range of
1-10°Hz at room temperature. Conductivity studies showed
that the sample heat treated at 700°C for one hour, exhibited
highest value of d.c. ionic conductivity at room temperature
among others. Therefore, further characterizations and cell
testing were carried out on this sample only. For the detailed
structural characterization, neutron diffraction data was
collected with the linear 5-PSD based powder diffractometer at
100MW Dhruva Research Reactor in BARC Trombay in the two-
theta range of 8-135°. Galvanostatic charge/discharge
experimentwas performed using automatic battery analyzer.

Results and Discussion

DTA analysis

Fig.1 shows the DTA scans of LAGP glass sample for
different heating rate. Figure shows onset of a broad
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Fig.3: Experimental (+) and calculated (-) neutron diffraction pattern.
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Fig.2: Simulated and experimental isotherms at 590°C.

endotherm at around 520°C indicating the glass transition
temperature (T,). The endotherm is followed by a sharp and
intense exothermic peak called peak crystallization
temperature (T,) at around 600°C for 5Kmin™. In addition, a
small loop was observed at the middle of the exothermic peak
in the DTA scan which suggests a certain ‘self-feeding’
reaction, in this system. It suggests existence of some
endothermic reaction along with the crystallization process[6].
Using the model free kinetics analysis an isotherm at 590°C
was simulated using AKTS software and compared with the
experimental data. Fig.2 shows the crystallized volume fraction
(x) versus time (t) plot of the simulated and experimental
isotherms. Simulated data obtained almost follow the
experimental data within error.

Joint Rietveld Refinement

Joint Rietveld refinement was carried out with the
collected XRD and ND data using Full Prof software. This gives
us a structural model agreeing with both XRD and ND data
giving us high confidence in the obtained model. Joint Rietveld
refinement was carried out with the model based on the typical
NASICON structure: space group R-3¢c and unit cell parameters
given in ICSD file of pure LiGe,(PO,),. The observed and
calculated neutron and X-ray diffraction patterns are shown in
Fig.3andFig.4.
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Fig.4: . Experimental (+) and calculated (-) X-ray diffraction pattern.
The difference profile is given at bottom. The Bragg positions are
indicated by vertical marker below the observed pattern.

September-October 2022 BARC newsletter 15



research and

Table 1

Molecular formula Li; 5 Algs Ge15 P2 g Sig101o

Molecular weight A17.47u
Spacegroup R-3c
Unit cell parameters .
a 8.2682(9) A
8.2682(9) A
c 20.668(3) A
Volume (unitcell) and Z 1412.14K°, 6
Density (Calculated) 3.42gm/cc
Profile Pseudo-Voigt
Goodnessof fit (X2) 1.87
Ryl ND: 3.35%,2.45%

XRD : 8.56%, 4.41%

The details of various profile parameters and structural
parameters obtained are shown in Table 1. A minor amount
(0.63 wt%) of Li,Ge,O, impurity phase was detected in ND
pattern only during the refinement, along with the major
NASICON phase of 99.37% weight fraction. Simulated
NASICON unit cell and its projection on b-c plane, using the
joint Rietveld refinement, are shown in Fig.5(a) and Fig.5(b).
Here GeO,octahedra and PO, tetrahedra are linked to each
other[7]. Li* ions reside in two positions: M1 (0,0,0) site (6-fold
co-ordination), which is directly located between two
GeO,octahedra and M2(0.07,0.34,0.08) site (8-fold co-
ordination), which is located between two columns of GeO.

lonic Conductivity Studies

Fig.6 shows the variation of electrical conductivity with
frequency at room temperature. From the figure, it is observed
that the a.c. conductivity value varies with frequency in three

different regimes. At lower frequency region, conductivity value
is quite low and there is a gradual increase in conductivity value
with frequency up to the order of 104Hz. Above this region the
conductivity value is almost constant with frequency up to
106Hz. This frequency independent conductivity may
bethought to be due to the long-range transport of existing
mobile Li" ion, and contributed as d.c. conductivity of the
sample. In this region the conductivity is contributed primarily
from the potential relaxation of ion, when the Li" ion hops from
one equilibrium position to a newposition[8].

Further, at higher frequency regime, above 106Hz, there
is a dispersion and the conductivity again increases rather
sharply with increase in frequency. In this region conductivity
roughly increases in a power law fashion and eventually
become almost linear at even higher frequencies. In low
frequency region due to the accumulation of highly mobile
lithium ions at the electrode surfaces, the conductivity is
comparatively low. Considering the electrode polarization at
low frequency region, the a.c. conductivity (o(w)) can be
expressed as [9]:

g(w) = o4, — % + Bw 1)
1+(lm—o)
The real part of the above equation is:
1+(22)" cos(%F)

o'(w) = Gac — (Ogc — 0g) a + Bw (2)

1+z(wio)“m(g)+(wiu)

Where, 0, is d.c. ionic conductivity, o, =0 (0), w,is the frequency
at which full development of polarization occurs, o, B are
constants. Experimental conductivity data was fitted with
equation (2) and shown in Fig.6. The values of the different
parameters, after fitting, are given in Table 2. The value of g, is
found 2.48x10"Scm™ which is higher as compared to other
SSE.

Table 2
248X 10° 2.09X10° 3.03X10° 0.066 4.07 X 10"
(b)

b

Fig.5: (a) Unit cell obtained from joint Rietveld refinement of ND and XRD for LAGP. Li1 atoms reside at the center of the pink polyhedral which is
also known as trigonal antiprism and Li2 atoms situated at the center of the green polyhedra. Blue, violet, green and yellow atoms are Ge, P, 01
and 02 respectively. (b) Projection of the unit cell on bc plane. GeOsoctahedra and PO -tetrahedra are shown in blue and grey colour respectively.

Red, white, green and yellow atoms are Li1, Li2, 01 and O2 respectively.
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Fig.8: LAGP glass ceramics disks of various dimensions
(Diameter: 12mm, Thickness: 0.7mm).

Fig.9: Demonstration of coin-type solid state lithium cell using
synthesised LAGP glass ceramics.

The d.c. ionic conductivities at different temperatures
were also measured to evaluate the activation energy of ionic
conduction (E,). The temperature was varied from 300K to
373K.The relation between o,,and E, is given below:

0. (N =4 exp () 3)

Where, A is the pre-exponential factor and k is the Boltzmann
constant. From the slope of in (o, T) versus 1/T plot the value of
E, (see Fig.7) was calculated.

Cell Fabrication and Testing

Coil cell was fabricated using, LiFePO, as cathode and
lithium metal as anode. The loading of the active material on
cathode was 9.47mgem”. LFP/LAGP/Li cell was assembled
with 2032-coin cell inside argon filled glove-box. Fig.8 shows
the photographic image of the LAGP SSEs in disc forms. The
demonstration of cell testing using blue LED light is shown in
Fig.9 in which the voltage shown in the multimeter is the
‘closed circuit voltage’ in Volt unit.

Fig.10 shows first three cycles of galvanostatic charge-
discharge profiles of LFP/LAGP/Li cell in the voltage range of
2.6 to 4.0V at a constant current rate of 0.05C. The voltage
plateau is nearly at 3.63V for charging and at 3.21V for
discharging of the first cycle at 0.05C.
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Fig.10: The galvanostatic charge and discharge curves of
LFP/LAGP/Licellat 0.05Catroom temperature.
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Fig.11: Cyclic performance of specific discharge capacity and
coulombic efficiency of the cell at 0.05C at room temperature.
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At the first charging cycle, the specific capacity calculated is
154mAhg* which is approximately 90% of the theoretical
capacity (170mAhg") and after that the charge and discharge
capacities are almost fixed at nearly 130mAhg™ (approximately
76% of theoretical capacity). Fig.11 depicts the values of
discharge capacity and coulombic efficiency at different
cycles. The capacity retention up to 20" cycle is almost 100%
which reveals that LAGP can be used in solid state Lithium ion
batteries.

Conclusion

DTA study was used to predict the process parameters for
conversion of glass to glass ceramics. Model free
crystallization kinetics was performed to simulate isotherm of
LAGP glass. This simulated isotherm almost matches with the
experimental one. XRD and ND confirm the formation of
Lithium Germanium Phosphate (LGP), NASICON phase in the
Glass ceramic system. Joint Rietveld refinement of ND and XRD
shows quite accurate structure of the crystal. The predicted
amount of NASICON phase was 99.37% obtained from the
refinement. For its higher ionic conductivity (2.48x10"Scm™), it
can be used as SSE in ASSLBs. The value of activation energy of
ionic conduction (E,) obtained is 0.43eV which is small enough
to provide high ionic conduction in LAGP SSE. Performance of
the solid state cell exhibited a good capacity retention (almost
100%) and coulombic efficiency. The cell showed a stable
voltage of 3.42V.
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ABSTRACT
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Specific energy density and volumetric
energy density illustrates that Li-ion batteries
are ahead of most other battery types

Introduction

Lithium, the lightest metal, has many technological
applications but one of the most commendables is as a
constituent of high energy-density rechargeable Li-ion battery
which was understandably awarded with Noble prize in
2019[1]. The need of rechargeable lithium-ion battery is
further increased to reduce the global warming due to CO,
generated from the burning of fossil fuels as well as to the
large-scale implementation of intermittent renewable energy
conversion devices like wind turbines and photovoltaics. Li
metal may become even more important in large batteries for
powering all-electric and hybrid vehicles which will generate
huge requirement for this metal. The concept of intercalation
electrodes was first discovered by Whittingham in the 1970s,
who invented the first rechargeable Li-ion battery (LIB) using a
Li-Al anode and titanium disulfide cathode[2] and further
extended using lithium cobalt oxide as a cathode by
Goodenough in 1980[3]. Subsequently, a prototype LIB was
developed by Yoshino in 1985 based on the findings of
Whittingham, Goodenough and Yazami[4] followed by a
commercial LIB by a team led by Nishi in 1991. LIBs are
commonly used for portable electronics and electric vehicles
and are increasing in popularity for military and aerospace
applications.

The chemistry, performance, safety and cost vary across
different types of LIBs. Handheld electronics mostly use Li ion
polymer batteries, LiCoO, cathode, and a graphite anode,
which together offer a high energy density[5]. LiFePO,, LiMn,0O,
spinel, or Li,MnO, based Li rich layered materials, LMR-NMC,
and LiNiMnCoO, or NMC may offer longer lives and may have
improved rate capability and are widely used for electric tools,
medical equipment, and many others.

Working Principle of LIB

A LIB works on an advanced principle where Li ions are
used as a key charge carriers (Fig.1). Li atoms in the anode are

*Author for Correspondence: Sk. Musharaf Ali
E-mail: musharaf@barc.gov.in

The present article reports a review on the key materials used for making lithium ion battery.
Five decades of research findings confirm that first principle based density functional
theory (DFT) and classical molecular (CMD) dynamics simulations can play a decisive role
for screening and design of cathodes, anodes and electrolyes. DFT and CMD simulations in
conjunction with machine learning will further boost in the identification and design of next
generation battery which will not be confined to only lithium but to sodium, calcium, zinc and
othersions and thus offers ample scope for future research.

KEYWORDS: Energy density, Power density, Battery, Sulfur, Cycling, Electrode

ionized and separated from their electrons during discharge of
the battery. The Liions move from anode and pass through the
electrolyte to reach the cathode, where they recombine with
electrons and become electrically neutral.

Li ions are small enough to be able to move through a
micro-permeable separator between cathode and anode and
thus LIBs are capable of displaying a very high voltage and
charge storage per unit mass and unit volume. LIBs can use a
number of different materials as electrodes and typically ether
as an electrolyte. LIBs have many advantages over nickel-
cadmium (Ni-Cd) or nickel-metal-hydride (NiMH) rechargable
battery (Fig.2) and most prominent is the highest energy
density (100-265 Wh/kg or 250-670 Wh/L) than any other
battery. Also, LIB can deliver up to 3.6 V, 3 times higher than
that of Ni-Cd or Ni-MH and can generate high current for high-
power applications with relatively low maintenance. LIBs are
not affected by memory effect, a detrimental process where
repeated discharge/charge normally cause a battery to

Cu Al
current current
collector collector

Fig.1: Schematic of Li-ion battery.
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Fig.2: Specific energy density and volumetric energy density
illustrates that Li-ion batteries are ahead of most other
battery types.

‘remember’ a lower capacity and thus offers an advantage over
both Ni-Cd and Ni-MH. LIBs also have low self-discharge rate of
~ 1.5-2% per month and easier to dispose than Ni-Cd batteries
due to non-presence of toxic Cd. Owing to these advantages,
LIBs not only have become the market leader in portable
electronic over Ni-Cd batteries but are also used for some
aerospace applications, notable in the new and more
environmental friendly Boeing 787, where weight is a
significant cost factor. From a clean energy perspective, much
of the promise of Li-ion technology comes from their potential
applications in battery-powered cars. Now, the best selling
electric cars, Nissan Leaf and Tesla Model S, both use LIBs as
primary fuel source.

The major research topics for LIBs include extending
lifetime, increasing energy density and charging speed,
improving safety, and reducing cost[6]. Extensive research are
being carried out in the area of non-flammable electrolytes to
avoid the flammability and volatility of the organic solvents
used in the typical electrolyte that comprise aqueous LIBs,
solid electrolytes, polymer electrolytes, ionic liquids, and
heavily fluorinated systems.

Extensive experiments were performed and are being
performed to have a superior battery than the existing one.
First-principles simulations were also performed to
understand the structural, dynamical and thermodynamical
behaviour of various constituents of the LIB.

Key Battery Properties from Simulations

Atomistic simulations can be used to simulate the
structures and properties of less understood battery materials,
offering deep insight into fundamental processes that are
otherwise difficult to access, such as ion diffusion and
electronic structure effects. Simulations can also predict the
state of charge, state of health, and cycle life of batteries,
coupled with experimental measurements for real-time
evaluation of battery performance. This provides a precise
quantitative assessment about absolute limits for
performance, such as the remaining useful life, optimal fast
charging rate, and risk of short circuits/premature failures, etc.
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The voltage[7], band gap[8], diffusivity[9] and ionic
conductivity[10] are the major properties that are likely to
decide the best battery materials and hence are used to
screen the components of LIB.

Computational Protocols

Theoretical and computational modeling enables us to
fundamentally understand the chemistry and physics of the
components of the lithium ion battery. Primarily, atomistic
models based on DFT[11], molecular dynamics (MD)[12] and
continuum models[13] are being applied. These models can
be used to study a wide variety of battery processes occurring
at different length and time scales, including Li ion diffusion,
dendrite growth, solid electrolyte interphase (SEI) formation/
growth and phase separation. In this article, we discuss
atomistic view of Liion battery using DFT and MD simulations.

First-principles calculations have proven to be quite
successful in predicting and elucidating qualitative trends and
behavior of materials and in some cases have been able to
predict chemical and physical properties to a high degree of
accuracy. The multi-electron Schrodinger equation and the
associated electronic wave functions of a collection of atoms
provide the basic properties such as the equilibrium structure
and total energy. DFT is the most widely studied approach for
solving the multi-electron Schrodinger equation[14].

The electron density, for any molecular system, is a
function of only three spatial coordinates (for a given set of
nuclear positions). The first Hohenberg and Kohn (H-K)
theorem states that the ground state energy of an N-electron
system in an external potential v(r) is a unique functional of its
ground state electron density p(r).

p(r,)=N
[ Y@, %,...%; R,...R,)| dodx,..dx, (1)

The integral of the density over all space equals N. The total
energy can be written as

Elp] = Tlp] + V..[p] + [p(F)V(r)dr~ (2)

In 1965, Kohn and Sham formulated an indirect way of
evaluating the kinetic energy functional thus making the DFT
an efficient method for carrying out rigorous calculations. The
KS method relies on the introduction of a fictitious reference
system of non-interacting electrons that is constructed to have
the same electron density as the system of interest. These
electrons must move in a complex potential that takes into
account the actual forms of electron correlation and the
difference between kinetic energy functional of the reference
system and the real system. The reference system of fictitious
non-interacting particles has a rigorous solution in terms of
single electron wave functions, or molecular orbitals (K-S
orbitals). One can express the kinetic energy exactly for the
reference system as the sum of the expectation value of the
Laplacian foreach “electron”.

N
Tipd =42 <x V| x> @)
Provided that the density of the real system,
p=ps ZZ| X, (,0) |*

Then, the energy functional of the real system is written as:

Elp]=Tq[p] +J[p] +V,,[p]+ Exclp] )
with exchange corelation energy,
Eclp]=TIp] + T[p] +E..[p]-J[p] ()

The exchange-correlation energy includes the error in the
kinetic energy, the correlation effects, and also the correction
for the self-interaction of the electron that has been included
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in the classical Coulomb integral (J). The main challenge in
implementing DFT is to find a good approximation to E_[p].
There are various approximations to calculate E [p], such as
Local Density Approximation (LDA), Generalized Gradient
Approximation (GGA)and hybrid functionals[15]. The well-
known limitation of LDA and GGA functionals is that they
significantly underestimate redox potentials due to the
incomplete cancellation of electron self-interaction errors[16].
Hence, accurate calculations of the voltages of transition metal
oxide electrodes are usually performed using the Hubbard U
extension to DFT, where the U parameter is determined either
self-consistently or by fitting to experimental oxidation
energies[17]. Heyd-Scuseria—Erzern (HSE) functional was
reported to generate acceptable redox potentials without
variable parameters, although at higher computational
cost[18].

Components of Battery: Present Status
Cathode Materials

Extensive atomistic simulations were carried out by
Ceder group on electrode materials[19], specially on cathode.
They reported intercalation voltage for LiCoO,, LiNiO,, LiTiO,,
LiVO,, LiMnO, and LiZnO, compounds and concluded that
metal cation, anion, and structure affect the intercalation
voltage which in turn influence the ultimate voltage
considerably. Later, the calculations were extended to various
lithium-metal oxides, sulfides, and selenides. Further, few
compounds were identified by replacing non-transition metals
with transition metals based on the understanding that oxygen,
rather than transition-metal ions, functions as the electron
acceptor upon incorporation of Li ion as observed in
Li(Co,Al)O,, where the cell voltage was reported to be increased
while decreasing both the density of the material and its cost
due to replacement of Al. They have shown by ab-initio
calculations that Li ion diffusion in layered Li,CoO, occurs via a
divacancy mechanism. Ceder et al further demonstrated that
LDA/GGA methods were not suitable for the determination of
density of states and band gap in LiFePO, and LiMnPO, and
recommended for use of GGA+U instead. Similarly, the Li ion
intercalation potential of LiNiPO,, LiMnSiO,, LiFeSiO,, LiCoSiO,
and LiNiSiO, in the olivine structure, layered Li MO, (M = Co, Ni)
and spinel-like LiM,0, (M = Mn, Co) materials with GGA+U
method was predicted to be more accurate than LDA/GGA
methods when compared with experimental results. A high-
throughput ab initio analysis of phosphates as cathode
materials was screened by calculating capacity, voltage,
energy density, and thermal stability using Perdew-Burke and
Ernzerhof (PBE) functional with GGA. Using DFT under GGA+U
approach they further showed that Li,M,(P,0,),(PO,), (M=V, Mo)
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Fig.3: (a) One dimensional diffusion of Li ion in LiFePO,
(Li:green, Fe:brown, P:silver, O:red) and (b) migration barrier
for Li ion using NEB method.

could potentially generate a specific energy which is higher by
10% over LiFePO,. The performance of Li,,,;M0, ,,Cr,;0, was
evaluated by studying Li ion diffusion in order to design
disordered-electrode with high energy density and
capacity[20]. DFT calculations were performed to explore the
thermodynamics of fluorination in transition metal oxide
cathodes[21] that provide higher capacity than conventional
layered oxides. Starting from fundamental thermodynamics
and phenomenological equations, rigorously derived
theoretical relationships for key battery properties, such as
voltage, capacity, ion diffusivity, and other relevant parameters
were reported. The Liion diffusion in LiFePO, was found to be
one dimensiaonal[22] (Fig.3). The delithiation performance of
disordered-rocksalt Li-Mn-V-0-F was investigated with PBE
and Hubbard U correction[23] using a combination of low-
valence transition metal redox and a high-valence redox active
charge compensator along with fluorine replacement for
oxygen to attain high energy density, capacity and good
reversibility.

The vacancy order-disorder, intercalation voltage
profiles, and voltage-temperature phase diagrams of electrode
materials were conducted employing linearized augmented
plane wave (LAPW) method with the exchange correlation of
Ceperley and Alder[24]. The Li ion migration in Li,TiS, using a
mixed-basis cluster expansion approach was predicted to
occur between adjoining octahedral voids bypassing a nearby
tetrahedral void. The diffusion barriers for Li ion were seen to
be very sensitive to the local structure with lower diffusion
barriers into a divacancy over an isolated Li ion vacancy[25].
The structural changes and voltages of LiMn,0, spinel as a
function of Li content were investigated with DFT-GGA+U[26].

DFT was used to determine the electronic, structural and
electrochemical properties of LiM, ,Mn, ,0, (M =Ti, V, Cr, Fe, Co,
Ni, and Cu)[27]. The inductive effect of different polyoxianions
(X0,),(X=Ge, Si, Sh, As, P) on the Li ion deintercalation voltage
of olivine-LiCo +2X0, , Li,V +40X0, and LiM +2X0, (M= Mn, Fe,
Co, Ni within structure of Li,FeSiO,) was reported. Additionally,
a correlation between the Liion deintercalation voltage and the
Mulliken electronegativity X at the GGA+U level was drawn
which displayed a linear dependence for each structural
type/redox couple[28]. Li-ion and ion-vacancy migration
barriers were evaluated to elucidate the Li/Fe site-mixing
during electrochemical cycling of Li,FeSiO, and its effect in cell
performance[29]. DFT findings on the polymorphs of Li,FeSiO,
and its delithiated products indicate a structural
transformation from the pristine structure to cycled polymorph
and confirmed that ~1.5 Li ions could be extracted from
Li,FeSiO,, representing two redox reactions resulting to high
experimental capacity of over 200 mAh/g, recorded in
experiments[30].

The doping performance, defect chemistry and Li ion
migration in Li,MnSiO, were explored by advanced modeling
and has shown that the most favorable intrinsic defect type
was cation anti-site defect, in which Li and Mn ions swap
positions which affects the intrinsic Li ion mobility and thus the
rate of recharging ability[31]. A DFT study for predictions of
voltages of the Li ion intercalated LiIMSO,F and deintercalated
MSO,F systems (M = Fe, Co and Ni) and Bader’s topological
analysis of the electron density was also earlier reported[32].

Anode Materials

Generally, various forms of carbon or alloys were used as
anode materials. For understanding anode chemistry, first
principles computations were also used extensively. Typically
graphite materials with a layered crystal structure made of
graphene sheets were reported to be the best due to easy
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Fig.4: Diffusion of Li ion within graphite anode.

intercalation with Li ion and therefore used in the batteries[4].
The thermodynamics and kinetics of Li,C, were investigated by
dispersion corrected DFT[33] and shown that the interlayer
interactions are dominated by van der Waals forces. The
structural parameters for graphite intercalated Li compounds
predicted with LDA were found to be well matched with the
experimental results[34]. Energetic evaluation of stacking
structures of Li-graphite intercalation compounds (Li-GICs)
using LDA/GGA was shown to well reproduce the stability of the
structures[35]. Li diffusion in a stage-1 structure of LiC, was
investigated from first principles and transition state
theory[36]. Mulliken population analysis were done to explain
that the interlayer state of LiC, contains significant amount of
2s character of Li[37]. Ab initio computations were conducted
to evaluate the electronic structure of graphite and LiC, and
quantify the mechanism of Li ion diffusion (Fig.4) in highly
oriented pyrolytic graphite[38].

The most common commercially used anode material for
LIBs is graphite, which only has an ideal capacity of 372mAh/g
limiting the energy density of the battery. To increase the
capacity, Li alloys including Si, Sn, Al, Sb, Pb, In, Zn, and Ge
have been considered as possible anodes owing to their low
operating voltage, high volume energy density, and high
theoretical capacity. Among which, the Ge-Li system has a high
theoretical capacity of 1600 mAh/g by forming Li,,Ge, and
relatively high Liion diffusivity at room temperature[19].

Electrolytes

The electrolyte is normally an organic solvent (e.g.,
carbonates or ethers) comprising Li salt[39] which only allows
the migration of Li" ions but prevents the passage of electrons.
Lisaltsinthe electrolyte isadded so that individual Liions don’t
have to make the complete journey from the anode to the
cathode to complete the circuit. As ions are kicked out from the
anode, other Li ions in the electrolyte, near the electrode
surface, can easily be intercalated into the cathode. The
reverse happens during recharging. The electrolyte solution
must have a high ionic conductivity (at least 0.1 mS/cm with
>1 mS/cm) coupled with low electronic conductivity. The
electrolyte is subject to both low and high extrema in alkali
chemical potential, being in contact with both cathode and
anode at the same time. The nature of electrified
electrode/electrolyte interfaces, i.e., the existence of any
reactions, the products formed, and ionic transport across
interface has been the focus of major studies.

The most common electrolytes are solutions of Li salts
(LiPF,, LiCIO, and Lithium bis (trifluoromethanesulfonyl) imide,
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LiTFSI) in a mixture of solvents such as 1:1 ethylene carbonate
(EC): dimethyl carbonate (DMC) which usually exhibit high Li"
ion conductivities (~1-10 mS/cm) with good electrochemical
stability up to 4.5 V. The types of electrolytes can be liquid,
polymers, amorphous or crystals and can be divided into two
broad classes: “liquid electrolytes”, which encompasses liquid
and polymer, and “solid electrolytes”, which encompasses
amorphous and crystalline phases. First-principles
computational techniques have been used heavily to the study
of electrolytes.

Liquid Electrolytes

Computational studies of liquid electrolytes have
focused on electrochemical stability and the reactions that
occur at the electrode/electrolyte interface. The existence of
strong ion-solvent interactions means that the electrochemical
window of the electrolyte is not simply determined by the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels for isolated
components[40] although it was a frequently used
approximation for high-throughput screening[41]. Explicit
modeling of the Li salt and solvent mixture demands
simulation boxes containing thousands of atoms. Hence, MD
simulations using atomistic force fields are often used to
obtain realistic liquid structures mostly for the commonly used
EC/DMC solvent with or without LiPF salt[42].

Recently, super-concentrated aqueous electrolyte
solutions, known as the “water-in-salt” (WIS) electrolytes[43]
are emerged to mitigate the solvent decomposition by
controlling the free water molecules. It was shown thata LiTFSI-
(H,0), WIS electrolyte was stable up to 3.0 V, well beyond the
oxidation potential of water. DFT calculations reported that the
Li,(TFSI)(H,0), aggregates become unstable at a much higher
potential (2.9V versus Li ion) compared to an isolated TFSI
anion (1.4V)[43]. Ong et al[44] investigated the
electrochemical stability window for room temperature ionic
liquids (RTILs) using a combination of classical MD and DFT
simulations. Besides finding that explicit modeling of the RTIL
structure yields much better agreement with experimentally
measured electrochemical windows compared to simplified
gas phase or polarizable continuum model calculations. The
computed equilibrium structure of Li-TF2N system and
diffusion of Li ion using molecular dynamics simulations are
displayedin Fig.5.

Many computational studies have focused on
poly(ethylene oxide) (PEO) and related polymers blended with
Li salts, but the performance of such electrolytes are generally
limited by poor low-temperature conductivity due to the
unfulfilled requirement of segmental chain motion for ion
transport[45].
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Fig.5: (a) Snapshot of Li ion-TF,N system that acts as electrolyte in
Li ion battery and (b) Mean square displacement of Li ion using
CMD.
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Fig.6: Relaxed structure of a) LiGe,(PO,), and b) LiAlGe,(PO,), .

Solid Electrolytes

Although solid electrolytes have been known for
decades, they have enjoyed a resurgence of interest during the
past decade with an increased emphasis on thermal safety as
alkali-ion batteries move beyond consumer electronics to
automotive and grid energy storage applications.

There are different types which include Li super ionic
conductor (LISICON) type Li,,Zn-(GeO,),[46], perovskite-type
LiLa,,, ,TiO,(LLTO)[47]and Ligarnets, Li,Ln,M,0,, (x=5-7,M =
Te, W, Zr; Ln = lanthanides)[48]. Among sulfides, thio-LISICON
LGPS family Li,_ M,_PS, (O<x<1; M = Si, Ge, Sn)[49], and
Na,PS,[50] and its analogues were reported. Extensive
computational studies have been reported on the sulfide solid
electrolyte because ionic conductivity of the sulfides tends to
be higher than the oxides indicates adequate diffusion
statistics can be accessed within reasonable AIMD simulation
time[51]. Further, the recent explosion in the number of newly
discovered crystalline sulfide superionic conductors in both Li-
ion and Na-ion chemistries have given rise to many
computationally driven discovery and optimization efforts.
Among the most promising SEs to emerge in recentyears is the
Li,,GeP,S,, (LGPS) family of superionic conductors with ionic
conductivities exceeding 10 mS/cm. Shortly after its reported
discovery by Kamaya et al [49] computational works by Mo,
Ong, and Ceder provided much needed insights into the
diffusion mechanisms and electrochemical stability of the
LGPS superionic conductor as well as potential avenues for
further optimization. The high conductivity of the LGPS family,
as well as Li,P,S,, glass-ceramic has been attributed to their
body-centered cubic-like anion framework, which allows direct
hoping of Li ion between adjacent tetrahedral sites with low
activation barrier. Using this design principle, Richards et al.
identified a new lithium superionic conductor Li,Zn,_PS, (x =
0-0.75) with room temperature Li*-conductivity predicted to
be >10 mS cm [52]. However, the LGPS was observed to
produce toxic H,S gas when in contact with water which
prompted the use of NASICON-type materials (LiM,(PO,),).
LiGe,(PO,), and LiAlGe,(PO,), are such materials and thus
optimized using DFT (Fig.6).

Summary and Future Directions

First principles atomistic simulations along with simple
and at the same time powerful, phenomenological models
could be useful to complement experimentally measurable
thermodynamic and kinetic parameters. The electrochemical
processes of Liion batteries are in general thermally activated

and thus inclusion of temperature and entropy is very crucial.
Therefore, any first principle-based approach that links to
phenomenological models have to integrate statistical
mechanics. These computational protocols have proven to be
an important complement to experimental studies in gaining
fundamental insights of battery materials. The properties of
battery materials that can be computed from first-principles, is
still incomplete. There are many phenomena where the
connection between electronic structure and the macroscopic
parameters is not well understood. Possibly, least understood
are the atomic and electronic processes that take place at the
electrode—-electrolyte interfaces of Li ion batteries. Combined
in situ experiments and multiscale modeling with electronic
and atomic-level resolution are needed to decode the structure
of the interface and associated kinetic processes.

It is known that charging and discharging of battery
depends on the diffusional motion of Li ion. The Li ion with
mass 6 is known to have higher diffusion than mass 7 and
hence it will be of great academic and technological
importance to explore the isotope effect on diffusion and ionic
conductivity in Liion battery. A critical gap remains in our ability
to simulate materials with chemical accuracy at the meso-
/micro-scales. This is particularly relevant to the
understanding of chemical reactions and transport at the
electrode—electrolyte interfaces as well as within the
electrodes and electrolytes themselves. While recent
developmentsin machine learning interatomic potentials show
promise in relatively simple chemistries, methodological
developments that enable universal application to complex
chemistries and bonding types, especially electron transfer,
are truly needed. In the development of anode side, silicon is
being investigated as an anode material because it can form a
3D cage that has more capacity to absorb lithium ion.
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ABSTRACT

Electrochemical capacitors constitute an important class of energy storage devices that has
been on the forefront of research in materials science in the last decade. The article
presents the overview of recent progress in the field of supercapacitor materials with
special emphasis on electrode materials. Even though the commercial supercapacitors
presently available in market are based on carbon materials, there is a huge impetus on
research on other materials including transition metal-based oxides, hydroxides and
polymers to obtain better energy density. The charge storage mechanisms of different kind
of electrodes along with their advantages and disadvantages and the strategies that are
adopted to improve the capacitive performance have also been discussed. The article
provides the synthesis challenges of the electrode materials with better electrochemical
performance using environmental friendly, facile and low-cost methods for development of
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efficient and cost-effective electrochemical capacitors for energy storage applications.
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Introduction

The development of mankind is instrinsically related to energy
supply and demand[1]. With continuous increase in
technological growth, there has been unprecedented increase
in energy demand as well. This calls for developing efficient,
clean and sustainable sources of energy production, storage
and conversion given the state of non-renewable fossil fuels
which are still the primary energy providers worldwide. This has
prompted the scientific and technical community to focus its
research in the areas of solar, nuclear, hydrogen and other
renewable and sustainable energy forms. However, for the
intermittent nature of energy sources like solar energy there is
a necessity for developing inexpensive and efficient energy
storage and conversion devices. In fact, these devices shall
become absolutely necessary as these renewable energy
technologies become more widespread, and are integrated
into the electrical grid. Among different energy storage
technologies, the role of those based on electrochemical
techniques such as batteries and electrochemical
supercapacitors has been considered paramount in
overcoming fossil fuel exhaustion[2]. Common features among
these two are that the underlying chemical processes take
place at the interface of electrode/electrolyte and the electron
and ion transport occur through different routes. However,
there are certain differences in the charge storage
mechanisms of batteries and supercapacitors that bestows
them with different features and makes them useful for
different purposes. Batteries, like Li-ion batteries were
introduced in 1990 by Sony, following pioneering work by
Whittingham, Scrosati and Armand. They are excellent in terms
of performance, with energy densities up to 180 watt hours/
Kg but they suffer from slow power delivery or uptake (power
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densities), and hence are not much helpful when faster and
higher-power energy storage systems are needed. This is
where the electrochemical capacitors fill in the bridge as they
can be fully charged or discharged in seconds. As a result, their
energy density (about 5 Wh kg™) is lower than batteries, but
they deliver such higher power delivery or uptake (power
density~10 kW kg) and that can be achieved in very short
durations (a few seconds). Hence, they could play an important
role in complementing batteries in the energy storage
applications, such as back-up power supplies to protect
against power disruption and load-levelling. Due to features
such as fast charging, long charge-discharge cycles, and
broad operating temperature ranges, electrochemical
supercapacitors find widespread applications in hybrid/
electric vehicles, electronics, and smart grids. Fig.1 gives the
plots of specific energy vs specific power for various electrical
energy storage devices. The specific power shows how fast one
can go, and the specific energy shows how far one can goon a
single charge.

Strictly speaking, depending on working mechanism,
electrochemical capacitors may be classified as (1) Electrical
Double layer Capacitor (EDLC or supercapacitor) and (2)
Pseudocapacitors. While EDLCs depend on formation of an
ionic double layer at the electrode-electrolyte interface for
electrical energy storage, pseudocapacitors store energy due
to reversible redox reactions based on Faradaic charge
transfer, in which the concentration of redox sites on the
surface of electrodes is a governing factor of the specific
capacitance. Supercapacitors or EDLCs are cheap and widely
available but suffer from low E density. On the other hand,
pseudocapacitors are costly but provide better energy and
power density. From the materials point of view, the materials
used/researched for supercapacitor applications fall in three
main categories: a) Carbon-based materials for electric double-
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Fig.1: Ragone Plot: Power vs Energy Density of different
electrochemical energy storage devices.

layer capacitors (EDLCs): For this class of materials, the charge
storage is due to the electrostatic separation between the ions
of the electrolyte and the high-surface area electrodes; b)
Electronically conducting polymers: These materials store
energy through fast reversible doping/de-doping processes; ¢)
pseudocapacitive transition-metal-based oxides/hydroxides:
These materials store energy by virtue of fast reversible multi-
electron surface redox Faradaic reactions. This is in addition to
the double layer capacitance thatis due to high surface area of
the electrode material. This particular class include materials
that mostly belong to oxides and hydroxides based on
transition-metal, such as MnO,, NiO, CoO,, Co(OH),, and
Ni(OH),[3]. They exhibit rich redox states, which can provide
considerably improved specific capacitance than typical
carbon-based EDLCs. Some of the materials that find
application in electrochemical capacitors based on carbon,
transition metal oxides and hydroxides are discussed in details
inthe following sections.

Carbon based Supercapacitors

Carbon-based materials are well documented as
efficient electrode materials for supercapacitor applications
and till now all the commercial supercapacitors available in
market are based on carbon materials only. The major
advantages of carbon based supercapacitors are possibility of
larger surface area and higher conductivity of carbon based
material apart from their low cost and easy processibility[4].
The major challenge of carbon based super capacitor research
is to increase the energy density keeping the total cost
comparable with the existing one. For that numerous strategies
have been adopted, such as, increase in surface area,
optimization of pore size of carbon electrode materials and
increase of operating voltage by using different electrolyte
materials[5]. It has been reported that the co-existence of
micro and meso pores facilitate the mobility of ions within the
electrode materials because of superior inter pores
connectivity. In recent times, several carbon structures with
interconnected hierarchical pores were synthesized, which
show better electrochemical performances due to high surface
area and optimized diffusion pathway for easy conduction or
movement of ions[6].

Doping of carbon materials with boron (B), nitrogen (N),
oxygen (0), sulfur (S) and phosphorus (P) have tremendous
effect on the supercapacitive properties by increasing the
energy density of carbon based EDLCs[7]. Nitrogen is the most
accepted doping element because of its greater
electronegativity, similar size and easy synthesis methodology.
Primarily, two different synthesis strategies have been adopted
for nitrogen containing porous carbons, viz. (a) post-treatment
of pre-synthesized carbons in nitrogen atmosphere, like
ammonia or urea and (b) pyrolysis of nitrogen-containing
precursors, namely polyaniline, polypyrrole, polyimide,
melamine, polyvinyl pyridine etc for in-situ nitrogen doping[8].
We have synthesized nitrogen doped porous carbon with
hierarchical interconnected pore structure by single step
annealing of EDTA precursor, where the nitrogen doping and
pore diameter were varied by changing the annealing
temperature [Fig. 2]. The optimized sample can provide high
energy density of 9.5 Whkg ™ at a power density of 64.5 Wkg™
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Fig.2: N-doped porous carbon prepared from the pyrolysis of EDTA.
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within a voltage window of 1.0 V with very high capacity
retention[9]. Similarly, Kang et. al. has synthesized hierarchical
interconnected carbon which demonstrated high capacitance
of 268.4 Fg™ confirming the increased ions transport in
presence of interconnected larger micropores and
mesopores[10].

Transition Metal Oxides-based Supercapacitors

The significance of transition metal based
supercapacitor rely on the fact that, due to the existence of
variable oxidation states, they can store more amount of
charge by reversible Faradic reaction near the surface of the
active material, leading to more energy density compared to
the traditional carbon based supercapacitor. The main
difference from the battery material is that in pseudo
capacitor, the change in the oxidation state does not led to the
phase change of the material. The initial reports on the
pseudocapacitor behaviour of transition metal based system
are mostly on ruthenium oxide (Ru0O,) which exhibits high
theoretical specific capacitance value around 1300-2200 Fg ™.
Due to the high cost of RuO, afterwards different systems were
studied and reported including other transition metal oxides,
hydroxides, and doubled layer hydroxides. Apart from that,
recently several derivatives were also studied such as sulfides,
and selenides for their supercapacitive application[11]. The
main research objective of transition metal based
supercapacitor study is the optimisation of synthesis
procedure to get better electrochemical performance by
varying the composition, morphology and structural
parameters by using different synthetic methodologies. The
main advantage here is that the TM based supercapacitors can
be combined with carbon based supercapacitor to make a
hybrid capacitor, which ultimately leads to both higher specific
and current density along with the long term cyclic stability.

The major change storage mechanism of the
pseudocapacitor can be divided in two major categories, the
redox based pseudo capacitance and intercalation based
pseudocapacitance[12]. In the redox based pseudocapacitor
redox reactions typically take place at the surface and near
surface region and the GCD (galvanostatic charge discharge)
curve exhibit triangular shape similar to the EDLC. Typical
electrodes, where these types of mechanisms are seen are
RuO, and MnO,. Here during the charging process the
electrolyte gets absorbed on the electrode and the metal ions
get oxidised to their higher oxidation states. For example, in
acidic medium the Ru(ll) gets converted to Ru(lV), where as
Mn(lll) gets oxidised to Mn(lV). During the discharging the
reverse process occurs. In the intercalation based pseudo
capacitance the electrolyte goes into the voids and also in the
interlayer spacing of the electrode materials and gets
intercalated. A very well known example for that is hexagonal T-
Nb,O, oxide, which in virtue of its layer structure allow Li" ion to
transport within it without any activation barrier [13]. The
reaction occurs duringthe charging process is given by

Nb,O, +xLi" +xe — Li,Nb,0,

The major benefits for these kinds of systems are very
high specific capacitance and energy density due to the
utilisation of the complete bulk material but the application is
limited by poor cyclic stability. Another major drawback is the
poor conductivity of the electrode material where improvement
has been achieved by making composite with carbon. Jiawen et
al. demonstrated that Nb,0,@mesoporous carbon hollow core-
shell nanostructures exhibits an initial reversible specific
capacity of 410Cg™ at 1Ag™* with rate capability of 173C g™ at
50Ag'[14]. Apart from the cation intercalation (Li*, Na"),
perovkite oxide anionic intercalated supercapacitors are also

reported, where O ions gets intercalated. It can be easily
achieved in the aqueous medium and due to higher charge
storage capacity of O ions, these kinds of supercapacitors
show higher charge density[15].

RuO, is considered as the ideal pseudocapacitor
material due to its good electrical conductivity and high power
and energy density. In spite of its excellent electrochemical
properties the material has been rarely used due to its toxic
nature, low abundance and high cost. Apart from that, there
are issues regarding the agglomerations of RuO, nanoparticles
which lead to the decrease in energy and power density of the
system. This problem can be taken care by dispersing RuO,
nanoparticles on carbon surface. Different carbon materials
have been studied for this purpose and it has been found that
the presence of carbon support does not only prevent the
agglomeration of the nanoparticles, but also provides more
active sites by increasing the surface area of the electrode
material and reduces the overall cost. For example, RuO, and
electrospan carbon composite, with very low RuO, loading
concentration, shows excellent pseudo capacitance
performances with high energy density of 22-15Wh kg™ inthe
power density range of 400-4000 W kg '[16]. Han et al. also
established that a solid-state supercapacitors with RuO,/
Vertical Graphene hybrids and polymer gel electrolyte shows
excellent capacitance retention with at least 10,000
cycles[17]. Flexible supercapacitor synthesized by
homogeneously dispersing RuO, nanoparticles on carbon
nano anion (CNO) support by sol gel route shows a high energy
and charge density of 10.62 Whkg* and 4.456 kWkg " with
excellent cyclic stability, where CNO acts both as the electrical
conducting material as well as the support for the oxide
nanoparticles[18].

Though there is commanding advancement on the
supercapacitor work of RuO,, still the toxicity and cost of the
material are found to be the limiting parameters. Development
of cheaper and environmental friendly counter parts with
comparable supercapacitive behaviour with RuO, is in progress
and the most potential material till now is MnO,, due to its low
cost, high theoretical capacitance. The major issue in the
phase pure MnOQ, is its very poor thermal conductivity. Change
in the morphology and structural parameters and making
nanocomposite with other metal oxides and conducting
carbons are some of the routes for the improvements of their
supercapacitive performances. For example, to obtain
nanosize and high surface area materials, Xiao et al. had
implemented salt-templated approach for synthesis of 2D-
MnO, sheets[19].

Mixed Transition Metal Oxide

Mixed transition metal oxides have obtained enormous
significance for psuedocapacitor applications[20]. In the
mixed transition metal oxide the synergistic effect by different
metal ions play a vital role to increase the electron
transportation, which finally leads to higher specific capacity
and conductance.

One of the very interesting and widely explored mixed
oxides of Ni and Co is NiCo,0,, where contribution of redox
properties of both Ni and Co ions, giving rise to excellent
electrochemical behaviour. Different morphological structures
have been synthesized for NiCo,0, and depending on the
morphology vast difference in the supercapacitive
performance are reported. NiCo,0, nanosheets and nanowires
with oxygen vacancy on the surface promote specific
capacitance by facilitation the absorption of OH ion and are
reported to have high specific capacitance (1590 and 1280
Fg*) at current density of 1 Ag"'[21]. Itis important to note that

September-October 2022 BARC newsletter 27



research and

KCl + Metal acetate in ethanol
Supercapacitor Application

Fig.3: Synthesis and supercapacitor application of
Ni,,Co,0 (0.0 < x < 1.0) oxide.

NiO adopts rock salt structure whereas Co,0, crystallizes in a
spinel structure. The structure of the mixed oxide depends on
their calcinations temperature as well as their preparation
method. In general in very low Co content the mixed oxide
stabilizes in the rock salt structure but with increase in the Co
content it forms spinel or inverse spinel structure. In our recent
study we have seen that Ni, ,Co,0 (0.0 < x < 1.0) system
synthesized by salt templated route, formed a biphasic mixture
of fcc and spinel-type phases upon 33 mol% of cobalt-
substitution, but gets converted to single-phasic spinel-type
phase field which continued up to 1200 mol% Co,0,[22]. [Fig.3]
Among the range of composition it has been found that due to
the combined effect of both Ni and Co ions, the Ni,;Co, .0,
exhibits highest specific capacitance of 146 F g™ at 1 A g™ with
97% retention up to 1000 cycles[22].

Apart from the mixed Ni-Co oxides, zinc cobaltites and
copper cobaltites[23] are two emerging electrode materials for
supercapacitor application. The major advantage of zinc
cobaltite (ZnCo,0,) is that it posses good redox activity and
conductivity along with high theoretical specific capacitance
of 2650 Fg™'. Electrode made with urchin-like
ZnCo,0,microsphere prepared by Jadav et al. shows a high
specific capacitance of 677 F g™ at 1 A/g current density[24].
ZnCo,0, nanorods deposited on Nickel-foam via co-
precipitation method exhibits a specific capacitance value of
604.52 F/g[25]. Binder free ZnCo,0, deposited on stainless
steel prepared by the hydrothermal method was reported to
exhibit a specific capacitance value of 593 F/gat 10 mV/s.

CuCo,0,(CCO) also has emerged as one of the potential
material for supercapacitor application as it posses inherently
high specific capacity. But the semiconducting nature of the
CuCo,0, materials is the major hindrance to its
electrochemical application. So for the practical application,
composite with other conductive material or introduction of
conductive skeleton in the structure is needed. Aliovalent
metal ion doping has also been reported to increase the
conductivity by introduction of oxygen vacancy in the structure.
A electrode prepared by core shell nanocomposite of
CCO@CuO synthesized by hydrothermal method and deposited
on flexible stainless steel mesh substrate exhibited a high
specific capacitance of 713 Fg “atacurrentdensityof 11 mA
cm™?, which was higher than that of the individual
components[26].

Layered Double Hydroxides as Supercapacitors

Layered double hydroxides (LDHs) multi-metal clay
materials that consist of layers of metal cations (mostly
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transition metal ions) that octahedrally surrounded by
hydroxyls forming M(OH),(M: M*'/M*'/M*) octahedra[27]. The
layers are positively charged and are held together by charge
balancing negative ions and many a times neutral species like
water molecules. A considerable amount of research is being
dedicated towards LDH materials as pseudocapacitors
because of the following factors:

(1) High redox activities, green and environmentally-friendly
nature and efficient utilization of transition metal atoms that
are dispersed homogeneously in LDH structure.

(2) Easy tunability of cations in the host layers of LDH and
possibility of anion exchange without altering the crystal
structure.

(3) Easy and facile exfoliation of LDH structure into
monolayer nanosheets and possibility of chemical
modification.

Plenty of research studies have been carried out on the
electrochemical behaviors of LDHs in recent years. Most of
these studies focus on the effect composition, structure design
and device assembly[14-19].

The general formula of LDH compounds is
[M,,”'M,*(OH),]A,.". nH,0. There is wide variety of interlayers
anions present in the LDH. The wide tunability option available
for tuning M*/M*" in addition to choosing the interlayer anion,
yields a range of host-guest combinations and nano-
architecture and this provides a huge data set for
electrochemical properties. Thus, there is a lot of scope of
varying the electrical behaviour of these materials by varying
any of the above parameters and hence in the recent years a
tremendous amount of research has been dedicated to this
area. The open two-dimensional structure of transition metal
based LDHs enables highly efficient Faradaic redox reactions
atthe near-surface transition metal sites with fast kinetics.

LDH based on Ni and Co ions have been widely explored
due to their high theoretical specific capacitance of more than
2000 Fg‘1[28]. Electrochemical behavior of Ni, Al and Co, Al-
based LDH have also been widely explored. In case of Ni-Al-
LDH, two redox peaks were observed in the cyclic voltammetry
(CV) curves, as represented by the following reaction:

Ni(OH), + OH,, €= NiOOH+H,0+e

The charge transport inside the material is due to
electron hopping along the layers and “proton transfer” from
hydroxyl attached to Ni*" ions from host layers to electrolyte
solution when the anodic potential is applied. Co-Al-LDH
however shows different behaviour[29]. In order to understand
the effect of M*/M*" ratio on structural and energy storage
response, several studies have tried to adjust the amount of
AI’" in Co-Al-LDH. It has been observed that etching the Co-AL-
LDH with KOH leads to loss of non-electroactive Al and results
in porous morphology that enhances the capacitive
performance[30]. In fact, the synthesis routes are being
modified and controlled to obtain monometallic LDH by making
use of different oxidation states of Ni (Ni*- Ni*- LDH) and
Cobalt (Co*-Co>"-LDH)[31].

It is understandable that LDH containing different
electroactive ions within a single double hydroxide structure
shows better capacitive performance owing to wider inter layer
space and reduced mechanical stress during the
charge/discharge process. Many dually active metal-based
LDHs (e.g. NiMn-LDHs, CoMn-LDHs and CoFe-LDHs)[32] have
also been studied for electrode application of pseudo-
supercapacitors owing to redox activity of both the ions within
the same structure. In such cases, the capacitive performance
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parameters such as specific capacitance, rate performance
and cycling stability are affected by a variety of factors. The
atomic ratio of the cations is one of the biggest influencing
factors that controls not just the crystal phase but also the
morphology, structure and capacitive behaviour. Several
studies have shown the effect of Ni/Co ratio on the morphology
of the Ni-Co LDH [33]. In addition, the content of Co makes the
nanostructures thicker. The thickness has an adverse effect on
capacitive behaviour as larger thickness would limit their
surface area, make lesser surface sites accessible and affect
surface-dependent redox reactions. The ratio of Niand Co ions
also affect the electrochemical behaviour as this determines
the position of redox peaks. In addition, the presence of Co
increases the electronic conductivity because of conversion of
Co(OH), to CoOOH which is more conductive and hence aids
the e transfer during electrochemical process[34]. However,
higher Ni amounts leads to better specific capacitance. Thus,
an optimal ratio of Ni and Co ions is required for designing
efficient layered double hydroxide for this application.
Similarly, a lot of studies have been reported on LDH containing
other electrochemically active ions such as Fe and Mn[35].
Other than manipulating the cations and their ratio in LDH
structures, tuning the anions presentin the interlayer gallery of
LDH is also a strategy employed for designing materials with
enhanced electrochemical behaviour. The ionic movement of
OH ions (from electrolyte) inside the layers of LDH is hindered
that leads to increase in resistance. In order to circumvent this,
many organic anions (sodium dodecyl sulfate) can be
exchanged with inorganic anions such as C0,”, NO* etc. usually
present in the interlayers of LDH leading to increase in the
gallery height that promotes ionic diffusion and lesser ohmic
resistance resulting in superior electrochemical behaviour
such as better specific capacitance and rate capabilities[36].
Sometimes the neutral organic moieties such as ethylene
glycol, glucose etc. are also used for this purpose that have
yielded encouraging results[37]. LDHs belongs to one of the
most technologically promising structural families for
application as electrode materials for electrochemical
capacitors owing to their low cost, facile synthesis and high
theoretical specific capacitance. Due to their inherently
layered structure, possibility of choosing a wide variety of host
metal ions and the ease of exchange of interlayer anions, they
have tremendous potential in energy storage applications.

Conclusion and Prospects

Transition metal-based oxides have been frontrunners for
oxides for energy storage applications. The advantages are
higher relative natural abundance, low production cost, higher
specific capacitance as compared to other candidates such as
carbon-based materials and conductive polymers. There has
been a lot of research in tuning the composition and
concomitant structure to optimise the electrochemical
behaviour. This has direct bearing on redox behaviour exhibited
by the material. In case of layered materials, the interlayer
spacing of the material provides an additional parameter to
control the electrochemistry. Control on nanoarchitecture aids
in improving the capacitive performance as it enhances the
utilization of active sites and promotes fast ion transport. The
biggest roadblock in their large scale application is that they
possess relatively low electrical conductivity which restricts the
charge/ discharge kinetics. A multi-pronged approach is
followed to overcome this problem, which includes synthesis of
electrode materials with nanostructure possessing larger
active surface area, combining with conductive materials (i.e.,
conducting polymers and carbon materials) as well as
employing multiple metals composite with synergistic effect.
Despite a lot of research being carried out in all the aspects of

developing viable electrochemical capacitors, their practical
capacitance and energy densities leave scope for exploration.
The synthesis of electrode materials with good electrochemical
performance by an environmentally friendly, facile and low-cost
method is need of the day for developing efficient and cost-
effective electrochemical capacitors for energy storage
applications.
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Hydrogen Storage Materials

Influence of Transition Metals on Hydrogen
Storage Properties of LaNi, Alloy
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Introduction

In recent years many hydrogen storage materials such as
carbon nanotubes, porous metal-organic frameworks, complex
hydrides, alanates, intermetallic compounds etc., have been
explored extensively[1-2]. However, hydrides of alloys and
intermetallic compounds continue to be the most promising
materials for practical applications[3]. Among intermetallic
compounds the AB5 type are well known for their excellent
hydrogen storage properties like easy activation, fast kinetics,
cyclic stability and moderate plateau pressure[4-5]. LaNi, is
one of the extensively studied systems among AB5 alloys with a
storage capacity of 1.5 wt%. This alloy absorbs hydrogen
rapidly at room temperature without rigorous activation of
surface at high pressure and temperature[6-7]. Besides
hydrogen storage application, this alloy shows excellent
catalytic properties.

Many researchers reported CO, methanation using LaNi,
alloys. The ball-milling of LaNi, powder in a mixture of CO, and
H, gases was found to successfully result in CH, generation[8].
LaNi, type alloys are commercially used as negative electrode
in Ni-MH rechargeable batteries.

The hydrogen storage properties such as reversibility,
desorption capacity, hydrogen storage capacity, and
desorption temperature of the alloys can be further improved
by changing their composition [9] or by elemental modification.
The elemental modification by suitable substitution at La/Ni
sites is expected to tune the hydrogen storage properties of
LaNi, alloy. Researchers have tried partial substitution of
elements like Ce, Zr, Mg, Co, Fe, Mn, Al, Cu and Sn in place of
both elements and investigated the hydrogen storage
propertiesin detail [10-11]. The partial substitution of Co, Fe, Al
and Sn in place of Ni in this alloy is found to improve the
hydrogen storage properties of the parent alloy. For example,

*Author for Correspondence: Asheesh Kumar
E-mail: asheeshk@barc.gov.in

LaNi,Fe alloy is found to have good hydrogen storage capacity among studied AB5 alloy at
room temperature. Effect of partial substitution of Fe by Zr and V in LaNi,Fe alloy on its
hydrogen storage properties has been investigated in detail. Alloys with composition
LaNi,Zr,.Fe,; and LaNi,\V,.Fe,. were prepared by arc melting method and the phase
formation was confirmed by X-ray diffraction (XRD) technique. Hexagonal structure of the
o parent alloy is found to be retained even after substitution. Hydrogen absorption properties
of these alloys as well as the kinetics involved in hydrogen absorption-desorption process
were studied in detail using a Sievert’s type set-up. LaNi,Zr, .Fe,; and LaNi,V, Fe . are found
to absorb a maximum of 1.3 wt. % and 1.5 wt, % hydrogen respectively at room temperature.
The substituted alloy shows improved kinetics than LaNi; alloy at room temperature.

KEYWORDS: Solid state electrolyte, NASICON, Li-ion solid state battery

Sn substitution for Ni in LaNi, alloy enhances the long-term
hydrogen storage stability, and the hydrogen storage capacity
of the alloy reduced only 1.2 % in 1000 cycles[12]. It is inferred
from the studies that hydrogen storage properties and cyclic
stability improved significantly upon elemental modification
[13].

Though itis reported that substitution of Fe for Niis found
to increase the storage capacity of LaNi,Fe to 2.2 wt%[14],
several other studies reported storage capacities in the range
of 1to 1.25 wt.% at room temperature[15-16].

In general, hydrogen absorption capacity of LaNi,Fe alloy
can be enhanced by the substitution of Fe with elements
having higher electron affinity and bigger size than that of Ni.
Substitution of bigger size element increases the c/a ratio of
the hexagonal lattice, and larger value of c/a ratio decreases
the diffusion path length of hydrogen atoms into the unit cell
and reduces the micro strain.

With this background, in the present study elemental
substitution of Fe in LaNi,Fe alloy has been carried out with
bigger atomic size element such as Zr and V, with a view to
improve the hydrogen storage properties of the alloy.

In the present manuscript effect of partial substitution of
Fe by Zr and V in LaNi,Fe alloy on its hydrogen storage
properties have been discussed. The alloys LaNi,Zr, Fe,, and
LaNi,V,Fe,; were synthesized by arc melting of the constituent
elements. The structure of the alloy and their hydrogen
absorption properties have been studied in detail.

Experimental

The studied LaNi,Zr,Fe,, and LaNi,V,Fe,; alloys were
prepared by arc melting high purity constituent elements in a
water-cooled copper hearth under argon atmosphere. For
achieving the homogeneity, the alloy button was turned over
and re-melted 4 times. The crystal structure of the as-cast alloy
was examined by X-ray diffraction (XRD) technique using
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Fig.1b: XRD pattern of LaNi Zr, Fe,, alloy, as cast and
after hydrogenation.

monochromatic Cu Ka radiation. Hydrogen absorption and
desorption studies were done using a Sievert’'s type set up
described in our earlier studies[17].

The activation procedure involved heating of the alloy
under vacuum (10° mbar) for 2 hours at 673 K. Pressure-
composition isotherms were studied at room temperature and
up to a hydrogen pressure of 2 MPa. Kinetic study was done at
room temperature and hydrogen pressure of 2 MPa after one
absorption-desorption cycle. The amount of total hydrogen in
the hydrides was estimated by monitoring change in the
hydrogen pressure during the absorption process. The hydride
sample was surface poisoned before being taken out.
Hydrogen content of the saturated hydride sample was
estimated by complete decomposition of a small amount of the
hydride sample in a pre-calibrated evacuated quartz chamber
described in our earlier studies [17].

Results and Discussion

Crystal structure

Fig.1 (a and b) show the XRD patterns of LaNi,Zr,.Fe,
and LaNi,V, Fe, alloys, before and after hydrogen absorption.
The data confirmed that all the samples are single phase, and
crystallized in the hexagonal CaCu, type structure, (space
group P6/mmm), the same structure as of prototype LaNij.
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Fig.2: Crystallographic arrangements of LaNi; unit cell adopted
from Ref [18].

The unit cell lattice parameters were obtained by least
square fitting. The lattice parameters of both the alloys are
given in Table 1. It can be seen that with the substitution of Vin
the alloy, the lattice parameters “a” and “c” as well as the cell
volume increases. The observation is in line with the
expectation as V (134 pm) has higher atomic size compared to
both Ni (124 pm) and Fe (126 pm). The increase in the lattice
parameter suggests thatV preferentially gets substituted in the
lattice position of Ni. It can also be observed that there is an
increase in the c/a ratio of the hexagonal unit cell after V
substitution.

In Fig. 2, the structure of LaNi, with two different layers of
atomsis shown. The basal plane contains both La and Niatoms
at the 1a and 2c sites, respectively. The intermediate layer
consists of only Ni atoms in 2c sites. After the substitution of V
in the structure, there is an increase in the ¢/a ratio indicating
that the substituent elements preferentially goes in the
intermediate layer and replace Ni atoms in the structure. The
situation is slightly different for Zr substitution. With Zr
substitution, the c/a ratio remains almost same and it is
obvious that in the latter system the basal or both available
nickel crystallographic positions are involved in the
substitution process. It is also clear from the XRD patterns of
both the alloys that the peaks are similar in as cast and
hydrogenated alloys with minor change in peak positions,
which indicates that the hydrides are of the same structure as
the parent alloy with change in lattice parameters.

During the formation of hydrides the hydrogen atoms go
into the interstitial position of the alloy, increasing the lattice
parameter slightly. The strain created during hydride formation
leads to broadening in the X-ray diffraction peaks. As peak
become broader merging take place, leading to removal of
necks.

Hydrogen Absorption Study

The hydrogen absorption and desorption properties of
the alloys were studied at room temperature using a Sievert’'s
type set up. For the construction of pressure-composition
isotherms at a temperature, certain pressure of hydrogen is
introduced in the reaction chamber and the hydrogen
absorption was monitored with pressure drop. After complete
absorption at that dose pressure, same procedure was
repeated until the equilibrium pressure reaches 20 atm.
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Table 1: Hydrogen storage capacity, lattice parameter and unit cell volume ofthe studied alloy.

a(d) |c(Ad) | Uunit c/a Rate of H, | Hydrogen
cell ratio uptake storage
volume (cc/g/min) | capacity (H/M)
1. LaNis 5.017 3.986 86.2 0.7945 22 6
2, LaNi, Fe 5.049 4.015 88.02 0.7952 19 5.4[15]
4. LaNiyVosFegs 5.052 4.022 8828 0.7961 28 6.5
5. LaNigVosFeos 5049 4.014 8800 0.7950 23 5.9
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Fig.3: The pressure-composition isotherm of LaNi,Zr, Fe,,
and LaNi,V, Fe, alloys.

Fig.3 shows the room temperature pressure-composition
isotherms of LaNi,zZr,Fe,, and LaNi,V,.Fe,, alloys. As shown
in Fig.3, alloys LaNi,Zr,.Fe,, and LaNi\V,Fe,; are found to
absorb maximum of 5.9 H/formula unitand 6.5 H/formula unit
respectively at room temperature. The absorption in
LaNi,Zr, Fe,s is close to the hydrogen storage capacity of LaNi,
alloy. In AB5 type alloy total 34 tetrahedral holes are available
for hydrogen storage. But all the holes cannot be occupied
simultaneously due to stability consideration. As per Switendic
Criterion, minimum distance between two H atoms is 2.1 A and
this controls the hydrogen occupancy in holes. Hydrogen
storage capacities of both the alloys are listed in Table 1. The
probable cause for reduction in hydrogen storage capacity of
the studied alloys may be unavailability of suitable interstitial
site. Pressure composition isotherm studies show change in
plateau pressure for both the alloys at room temperature. The
plateau region, in the absorption isotherm of vanadium
substituted alloy is found nearly flat and slightly above 1 bar
pressure which actually suggest that at room temperature
around 1 bar hydrogen pressure will be generated to from the

alloy and at a particular temperature with small change in the
equilibrium pressure hydrogen absorption and desorption can
be carried out. On the other hand, Zr substitution in place of Fe
increased the plateau pressure drastically and LaNi,Zr,Fe,
alloy shows sloping plateau at higher pressure. Unlike the
earlier case, the hydride LaNi,Zr,Fe,;H;, is quite unstable at
room temperature and is not suitable for room temperature
applications. Thus, from the above discussion it can be
concluded that change in chemical composition of LaNi; alloy
affect the thermodynamic stability of the alloy remarkably,
which may or may not be beneficial for the practical
application.

It is also expected that change in chemical composition
would affect the kinetics of hydrogen absorption-desorption.
The hydrogenation reaction of metal/alloy/intermetallic
compound comprises following steps[19]

@) Physisorption of H, molecules on the surface of
alloy/intermetallic compound.

@5 Dissociation of H, molecules into H atoms.

®) Penetration of H atoms from surface into bulk followed by
chemisorption.

®> Diffusion of Hatoms through the hydride layer.
®) Hydride formation atthe metal/hydride interface.

Among the above mentioned processes, the slowest one
would govern the overall reaction kinetics, thus considered as rate
determining step of the hydrogen absorption reaction. When the H
atoms reach the interface (step 5) of metal/alloy/intermetallic
compound (a phase) and hydrides (B phase), a fast reaction
happens leading to the formation of growing hydride layer.

o + H (in B hydride phase) = B (hydride).

The hydrogen desorption reaction follows the above
mentioned steps in a reverse order. Extensive studies have been
carried out on the hydrogenation-dehydrogenation kinetics of
LaNi, alloy by different researchers[20-22]. The activation energy
of hydrogen absorption-desorption of LaNi; alloy can be tuned by
changing the reaction conditions as well as by chemical
modifications. Some of the examples are listed in Table 2. It is

Table 2: Reported kinetic details of LaNi,alloy in different study.

Operating Kinetic model Activation Energy

condition
LaNig 25-40°C JMA 1% order 30 (abs), 40 (des) 20
LaNig 20-50°C Shrinking Core Model 19.65 (abs) 21
LaNi, 40-70°C JMA 1% order 19.5 (abs) 9
LaNig 20-40°C Pressure dependent model  26.4(abs), 39.8 (des) 22
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Fig.4: The hydrogen absorption kinetics of LaNi Zr,.Fe,. and LaNi\V, Fe,, alloys.

found from the literature survey that different types of kinetic
models have been used by researchers to describe the
hydrogenation-dehydrogenation kinetics of LaNi, alloy. These
kinetic models are used to determine the rate constants of
hydrogenation-dehydrogenation reactions from experimentally
obtained kinetic data at different temperatures (T). Finally
activation energy is obtained from the Arrhenius plot of rate
constantvs (1/T).

Like the thermodynamic parameters, the derived activation
energy plays an important role during the engineering design of
metal-hydride systems for different applications. Hence in the
present study, kinetics of hydrogen absorption for Zr and V
substituted LaNi, alloys have also been investigated. The
hydrogenation kinetics for LaNi,Zr, Fe,5 and LaNi,V,.Fe, alloys
have been studied after one absorption desorption cycle. The
hydrogen absorption kinetics of both the alloys is shown in Fig.3. It
is found that hydrogen absorption is fast and it reaches near
saturation value very fast. There is no incubation period before
absorption as clear from the figure.

The alloy LaNi,Zr, .Fe,; absorbs maximum 93% of its total
hydrogen storage capacity within 5 minutes and LaNi,V,.Fe,
alloy absorbs 95% of total hydrogen absorption within same
time period. As mentioned in Table 1 the rate of hydrogen
absorption for V and Zr substituted alloy is faster than the
parent alloy. Hence, it is inferred that hydrogen absorption
kinetics of V substituted alloy is better than that of Zr
substituted alloy.

Conclusions

Hydrogen absorption-desorption properties of
LaNi,Zr,.Fe,s and LaNi,V,Fe,; alloys have been studied. The
maximum storage capacities of 1.3 and 1.5 wt. % are found for
LaNi,Zr,.Fe,; and LaNi,V,.Fe,s alloys, respectively. The
pressure composition isotherm studies show the change in
plateau pressure for both the alloys at room temperature. The
plateau region, in the absorption isotherm of vanadium
substituted alloy is found nearly flat and slightly above 1 bar
pressure, whereas, LaNi,Zr,.Fe, alloy shows sloping plateau
at higher pressure. Hydride of LaNi,V, .Fe, ; alloy is more stable
than LaNi,Zr,Fe, hydride under similar conditions. Hydrogen
absorption kinetics of both (LaNi,V,.Fe,s and LaNi,Zr,Fe,;)
alloys are found to be faster than that of parent alloy. Crystal
structure of the alloy remains unaffected with hydrogen
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absorption and desorption. The LaNi,V,Fe, alloy may desorb
hydrogen easily at ambient condition as plateau pressure of
the alloy is above 1bar.
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Introduction

Energy is captured and stored in devices known as
accumulator or battery for all kinds of potential use. Energy
manifests itself in several forms, including chemical energy,
potential energy, heat from burning of fossil fuels etc. The
development of energy storage technologies has become a
thrust area for scientists, researchers and engineers, globally.
Efforts are underway for identifying highly promising energy
storage materials from a range of potential combinations.
Importantly, the stored energy should ideally be accessible on
alarger scale and also available easily at the point-of-use[1-4].
In the present study, we have applied the popular
Scientometrics approach to analyze both quantitatively and
qualitatively a range of scientific publications and citations to
understand the structural aspects and growth of scientific
research in energy storage materials at global level;
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performance of countries; performance of institutions; and
also understand the eminence of scientists working in this
domain. The study also helped ascertain the information
seeking behavior of scientists, researchers and engineers by
way of identifying the platforms across which scholarly work
is mostly published and the data cited usually in these
works[5-6].

Globally, China, the United States, South Korea, and
Japan lead the list of countries in terms of scientific research
on energy storage materials. As per Scopus database, India is
placed fifth in terms of number of publications, and several
prominent Indian institutions are involved in high quality R&D
on energy storage materials. The present study aims to
scientometrically analyze the Indian journal articles published
during the last 20 years in this interesting field of science and
technology.



study of publications in

lIS¢ Bangalore Anna University Chennai
Central Electrochemical
Research Institute
Karaikudi

[IT Bombay

BHU Varanasi
Tvladras SRM Institute of Science and Technology
Ch '
IIT Kharagpur <l

BARC Mumbai VIT Vellore

Alagappa University Karaikudi

Academy of Scientific and
Innovative Research

NCL P
New Delhi O Pt
[IT Delhi
New Delhi

Source @
Scopus database (2002-2021)

Total number of research papers on Research papers on energy storage materials published by
energy storage materials published by institutes in India in collaboration with foreign institutes.
Institutes in India.

4000 - Cumulative number of publications s 30000
B Number of publications
3500 = ol
- 25000
3000 = 2844 2881 g
» 5
$ 2500 - st 200002
}.“. =]
L 2110 2125 =
) o
2 2000 - - 15000 g
3 £
g 1422 g
€ 1500 = o
3 1166 - 10000 =
4 s
=]
1000 = Jo1 807 864 877 g
o
g 505 5B - 5000
500 V311 330
0 - -0
o [s2] < wn [(e] ~ 9] [e)) o — o [4s] < wn o ~ o0 [e)} o —
o o o o o o o o - - - - - - - ) ) i o o
o o o o o o o o o o o o o o o o o o o
N N o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ o~ N o~ o~ o~ N o~ o~
Year of Publishing
Fig.1: Year-wise distribution of Indian research papers on energy storage materials.
Research Method and Data Collection scientists during 2002 to 2021. The study is restricted to only

journal articles and a total of 28,827 research papers are
found in the Scopus database and these were subjected to
scientometric analysis as per the objectives of the study.

The ‘Secondary Research’ method was adopted in the
present study. Scopus, an international bibliographical
database of references to scientific and research articles with
citation data, was used for eliciting publication records Results and Discussion

pertaining to ‘energy storage materials’ published by Indian  ye,. \ise Trend of Publications: As per Scopus database, a
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Fig.2: Collaboration network of highly-collaborated Indian
Institutes involved in research on energy storage materials.

total of 4,42,452 publications were published during 2002 to
2022 on ‘energy storage materials’. China is placed at the top
amongst the countries with the highest number of research
papers followed by the United States, South Korea and Japan.
India occupied fifth position with a total of 28,827 research
papers published during this period. Chronological distribution
of these papers is depicted in Fig.1. The citations to these
papers have been analyzed and it has been found that the
average to maximum citations is 40 and 3,806 (in case of
review paper).

Indian Research Institutes and Collaboration: Research
papers originating from India on 'energy storage materials' is
predominantly on account of joint collaboration between
several research institutes based within the country. Institutes
in India with over 500 research papers published on energy
storage materials are listed in the Table 1.

The Scopus records were carefully analyzed to
understand the nature of collaboration between the leading
research institutes and various other institutes within the
country as well as with the foreign institutes in the common
domain of energy storage materials. Results showed that
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Fig.3: Highly collaborated countries with Indian research institutes
involved in research on energy storage materials.

3,527 (12.24%) publications out of the total of 28,827
publications have been as a result of joint collaboration
between research institutes situated within the country
whereas 7,579 (26.29%) resulted from international
collaboration.

The collaboration network of few leading Indian institutes
is portrayed in Fig.2. Our analysis showed that the foreign
institutes with which Indian institutes collaborated in a large
way (most-collaborated) are South Korea, the United States,
Japan, Saudi Arabia and China. The number of papers
published jointly with these most-collaborated countries is
presented in the form of a bar graph in Fig.3.

The chronological trend of collaboration among research
institutes situated in India and also with the foreign institutes
are depicted in Fig.4. A linear growth has been observed in the
rate of collaboration among the Indian research institutes and
with the foreign institutes during 2002 to 2021. Average
citations received for internationally collaborated papers is 34
and for non-collaborated papers it is 25. The average Impact
Factor of the journals publishing internationally collaborated
papersis 5.56 whereas for non-collaborated papersitis 4.41.
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Published journals: The study has identified journals preferred
by Indian scientists & engineers to publish their articles on
‘energy storage materials’. The papers are published in 1,391
distinct journals and top ten journals are listed in Table 2 with
number of articles published in them and impact factors. The
average Impact Factor of journals publishing articles on energy
storage materialswas 4.73.

By analyzing the subject categories of journals, it was
found that, maximum number of research papers on energy
storage materials are published in journals categorized as
materials science (25%), followed by engineering, physics and
astronomy 18% each (Fig.5).

Citations and Impact Factors: Citations indicate the impact of
individual publications and impact factor suggests the quality
of journals in which articles are published when the quality
(impact) of published articles are considered. The present
study has analyzed citations of individual articles and impact
factors of the published journals. The citations impact factors
in differentranges are presented in Fig.6 and Fig.7.
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Fig.5: Subject-wise distribution of journals in which scholarly work on
energy storage materials are published by Indian scientists & engineers.
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Fig.6: Indian publications in energy storage materials in different
citations ranges.

Conclusion

The results of the scientometric analyses on ‘energy
storage materials’ provide valuable insights ranging from the
nature and the extent of collaboration amongst the leading
Indian institutes and inter-institutional collaboration globally,
etc. This study may be useful to researchers, science
administrators and policy makers. The extent of collaboration
by Indian scientists & engineers in the field indicates the
societal commitment of them as well as the willingness to
share the models and technology in the field.

A detailed study on contributions of other countries in the field
and a comparison with Indian publications is suggested. The
scope of journals in which articles related to energy storage
materials are published varied from materials science to
engineering, physics and astronomy, chemistry, chemical
engineering, energy indicates the usage of knowledge base
from various subjects for the development of energy storage
materials.
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Applications & Industry Decarbonization

Rupsha Bhattacharyya

he latest series (released in 2021-2022) of the Assessment Reports (ARs) from the three Working Groups

(WGs) of the Intergovernmental Panel on Climate Change (IPCC) has established without doubt the role of

greenhouse gas (GHG) emissions in human induced climate change[1]. Carbon dioxide emissions

reduction across all sectors of the economy and management of residual and unavoidable emissions

from the hard-to-abate sectors through technological and nature-based means is the most critical need of
the hourin our attempts at climate change mitigation.

Most emissions today arise from fossil energy use and industrial processes; therefore, these sectors are
the focal points for practically all emissions reductions initiatives round the world. So, what are the options for
sectoral decarbonization? The illustration presented in the following page tries to highlight some of the mature and
near-mature alternatives as applicable to different sectors. It shows that for the electric power sector, energy
transition means switching to clean/emissions-free sources of electricity generation including renewable
resources, hydro-electricity and nuclear power from the current thermal power generation stations based on coal,
natural gas etc, unless the emissions from the thermal power plants are fully captured and permanently stored
away. For passenger transport (which is a mobile source of carbon emissions), this implies making use of clean
electricity in the shift to electric vehicles from the current dependence on liquid fossil fuels like petrol and diesel.

For many other sectors, the answers are not so straight forward yet. The difficulty lies in decarbonizing certain
sectors such as heavy transport, chemical synthesis industries (such as ammonia, methanol, etc production),
metallurgical processes (such as steel production), glass and cement production. This is because not only do these
sectors depend on fossil fuels for energy, but very often they make use of fossil fuel derived compounds as a raw
material or feed stock to the process.

Therefore, electricity alone will not decarbonize these sectors, low carbon electricity must be used to produce
low or zero carbon materials/energy vectors which can then contribute to decarbonization of these sectors. One
such vector is clean hydrogen (produced by using clean electricity from renewable and nuclear sources and/ or heat
using a carbon free feed material such as water), that has gained massive momentum all over the world. This form of
hydrogen is often described as green hydrogen.

The most developed technique for green hydrogen production today is the electrolysis of water in alkaline
water electrolysers or proton exchange membrane electrolysers, which can make use of any low carbon electricity
source to split water into its constituent elements oxygen and hydrogen.

September-October 2022 BARC newsletter 41



popular

Low carbon heat and
electrification, energy
efficiency and conservation
measures, material
recycling

Alternate building
materials, concrete
recycling, energy efficiency
measures, green building
standards

Electrification, energy
efficiency measures

Manufacturing

Building

energy systems

Healthcare
& education

Dimensions of
Economy-wide
Decarbonization

Electricity
production

Industrial
process heat

Passenger
transport

Freight
transport

Solar, wind, hydroelectricity,
nuclear power grid scale
energy storage

Concentrated solar power,
nuclear heat, hydrogen,
biomas/biofuels with carbon
capture, renewable to
thermal technologies, heat
integrated operation

Electrification of short haul
transport through battery
based vehicles

Electrification, use of
hydrogen/hydrogen

derivatives as fuel
Efficiency improvement in
water networks, water
treatment and recycling

Water

resources

Industrial ) )
raw materials JNCEiOSNIElE i YRISE0

stocks, recycling

Using renewables for
irrigation pumps,
alternate fertilizers

Agriculture
land use
forestry

y,;";'Pa%ons Electrification of mining
machinery, electric transport

of mined materials
Low carbon energy transition options for different se

Energy Considerations in Hydrogen Production and Utilisation

Unlike primary energy sources like coal, crude oil, natural gas which may be designated as fuels, hydrogen
does not occur freely in nature. It is a secondary energy form that has to be produced by using some primary energy
form. Thus itis best designated as an energy vector or carrier and not a fuel. Let us look at the energy considerations
surrounding hydrogen production by electrochemical water splitting and its uses for different applications[2]. This
becomes animportant decision criterion governing the ultimate applications of hydrogen for decarbonization.

The water splitting reaction producing hydrogen and oxygen may be written as follows:

W

H,0 < H,+0.50, AH, =+ 285 ——

H,

Itindicates that the thermodynamic minimum amount of energy required to completely split 1 mol of water to
produce 1 mol of hydrogen is about 285 kJ (all products and reactants being at 298 K, 1 atm pressure). It also
indicates that if 1 mol of hydrogen is burnt with the stoichiometric minimum amount of oxygen (i.e., 0.5 mol of O,),
the maximum heat that may be released is 285 kJ (this is also called the calorific value of hydrogen). These figures
pertain to ideal processes of production or combustion which have infinitesimally slow rates and are therefore
considered ideal.

It is thus evident that in any real system where finite rates of hydrogen production and utilization have to be
accomplished, additional energy greater than 285 kJ would be needed to splita mole of water and energy less than
285 kJ would be obtained from combustion of a mol of hydrogen in oxygen. How much more or less depends on the
system efficiencies and various losses and irreversibilities occurring during the process. For example, a typical
industrial scale water electrolyser has an electricity-to-hydrogen production efficiency of 70 to 75%.

Thus to split water by electrolysis, one needs to spend between 285/0.75 to 285/0.7 kJ (or 380 to 407 kJ of
electric energy) per mol of water split. Then, if one were to burn this hydrogen is a typical fuel cell of 60% efficiency,
one would recover a maximum of 285*0.6 = 171 kJ electricity per mol of H, burnt. If hydrogen is burnt and used to
produce electricity in a gas turbine power plant, even less electricity would be produced since these plants may have
efficiencies of about 45 to 50%.

Thus, the net energy return from hydrogen applications on the energy used for producing hydrogen is always
less than one. Because of these factors, hydrogen is at best an energy carrier or converter and not a fuel. So, its first
uses need to be in non-energy applications and then only energy related applications of hydrogen for
decarbonization should be considered.
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Decarbonization — Role of Hydrogen

Once it is established that hydrogen is a crucial component of the decarbonization journey of a nation, one
needs to consider the best uses of hydrogen (based on thorough evaluation and comparison of possible
alternatives) and thereby identify the priority sectors to be decarbonized by hydrogen. On the basis of alternatives
available for specific sectors and their relative techno-commercial maturity levels today, these uses may be
classified as ‘Essential’, ‘Conditional’, and ‘Avoidable’, as shown in the illustration presented above. The rationale
for such categorization is provided next.

a) Under the ‘Essential’ category in the above illustration, many of the listed applications such as ammonia
production and chemical synthesis, semiconductor and food processing industries already make use of hydrogen
derived from fossil fuels (e.g. by steam reforming technology using natural gas as the feed stock). Therefore in the
hierarchy of uses of hydrogen, these automatically occupy the top places, since they must mandatorily replace fossil
hydrogen in theirapproach to full decarbonization. Low carbon hydrogen is therefore a direct or drop-in substitute for
fossil hydrogen in these industrial applications. These sectors must be supported by adequate policies and
incentives related to hydrogen use in the near term.

The technological alternate for these sectors is to use carbon capture technologies at the point of fossil
hydrogen production so that the emissions intensity is greatly reduced. Such hydrogen is often designated as ‘blue
hydrogen’. But given the fact that carbon capture technologies still need to prove their techno-commercial viability at
scale (vis-a-vis the maturity level already attained by electrolytic hydrogen technologies), this ‘blue hydrogen’ route is
very likely to slow down the net zero carbon emissions journey of these sectors, not to mention keeping the end user
sectors exposed to natural gas price volatility and supply security concerns (given the geo-political situation and
natural gas related energy crisis already facing many countries today).

Therefore electrolytic hydrogen has a very good business case in these sectors already. The challenge would
be to produce and dispatch the renewable or nuclear hydrogen to these end users, because not all these industries
will be able to produce their required quantities of hydrogen at their site itself (which has usually been the case when
using fossil hydrogen - the methane reformers are installed close to the ammonia plant or chemicals complex,
thereby obviating the need for bulk storage or transport of hydrogen).

b) For the sectors under the ‘Conditional’ category in the above illustration, one needs to be cautiously
optimistic about the use of hydrogen. This is because not only will adequate amounts of hydrogen have to be
generated and transported, one would also need additional demand-side hardware (such as hydrogen storage and
fuel cell systems or hydrogen based reduction furnaces for iron ore reduction in steel production) in order to let these
industries make use of hydrogen. For example, in countries (such as India) where the railway system is already S
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electrified, the dedicated production and use of hydrogen (which is ultimately used to generate electricity itself via
fuel cells) is not advised, since it merely serves to introduce additional conversion steps and the associated
inefficiencies in the overall process, along with the need for massive new infrastructure build out. Use of clean
electricity is the most direct route to their decarbonization. In other applications such as small scale distributed
power systems or micro grids, the use of renewable electricity and battery based electricity storage system is a
techno-economically better alternative than the system. In many industrial heat applications, use of renewable
electricity based heat and thermal storage in suitable media may prove to be adequate, without requiring hydrogen
combustion. But in high temperature applications, in the absence of high temperature heat sources hydrogen as a
zero carbon fuel may turn out to be the only viable option. But this too would need some modification in the
hardware, for example in the burners or furnaces which have so far worked on natural gas or fuel oil as the heating
media. Biofuels to substitute fossil fuels has been considered but unless carbon capture is also deployed alongside,
the process will not be entirely carbon neutral.

c) The sectors placed under the ‘Avoidable’ category are currently the least attractive use cases for hydrogen
utilization, given the still high hardware or capital costs for hydrogen production vis-a-vis that of battery based
electricity storage for urban mobility and grid scale energy storage. The relevant alternatives are building hydrogen
fuelling stations versus electric vehicle chargers and currently electric chargers are somewhat more accessible
than hydrogen stations, thereby favouring direct electrification versus use of hydrogen in some transport
applications.

Another such area is the use of electricity driven heat pumps for building heating applications rather than replacing
previously installed oil or gas fired boilers by hydrogen fired ones. Thermodynamically, heat pumps make much
more sense in most geographies with moderate to even severe winters than hydrogen boilers, due to greater
number of conversion steps and corresponding losses at each level, as discussed earlier. Depending on size of the
grid and any potential imbalance, the need for energy reserves can be very different. If hydrogen is used for grid
balancing and long duration energy storage, very large hydrogen storage would be needed in many areas. And these
areas may not have access to underground caverns, etc which have been proposed to be used for large scale
hydrogen storage.

Concluding Remarks

The discussion in the above sections drives home the point that use of hydrogen should not be considered as
the panacea for all the ills of a fossil fuel driven world! There are specific sectors where the use of hydrogen is
mandatory for net zero emissions targets to be achieved, but there are many more sectors which are better served
by direct electrification and electricity storage compared to the alternate hydrogen-hydrogen storage-fuel cell route.
In many of these applications, not only must the supply side of hydrogen be taken care of, substantial revamps and
retrofits on the hydrogen use or demand side will also be required if hydrogen truly has to play a part in their
decarbonization. The maturity of carbon capture technologies may also make some potential hydrogen applications
redundant. In any case, the major prerequisite in both cases is that only low carbon energy forms be used to harness
the electricity and heat that will ultimately go into the production of the hydrogen or for carbon capture process
plants. Use case selection is a very important part of a successful hydrogen economy! That must be supported by
rigorous analysis that looks at near and long term considerations holistically.
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nergy management from the point of view of power generation and distribution has been
driving the power sector till last decade. However, with gears shifted towards efforts to
enhance energy efficiency by incorporating advanced measurement tools, optimization
algorithms and control, SMART energy Management is an emerging and intriguing field for
Electrical engineers. And the Authors of this book introduce a fairly new branch of electrical
engineering in a most simplistic manner supported by case studies to bring out the practical aspects.
The focus of the book is on computational approach to the problem of energy efficiency enhancement,
and it traverses through the topic by espousing data driven approach & in-network processing for
some of the critical energy saving requisites. The harmonious amalgamation of Electrical engineering
concepts & Computational Science methodologies sets it as interesting read for the target audience.

Chapter 1 of the book introduces the concept of smart buildings and smart grid and familiarizes
the reader to computational techniques in energy management. This establishes a platform and
motivates the readerto delve deeper into the field of Smart energy management.

Chapter 2 confers time-criticality and latency requirement for critical real-time monitoring of
Smart Electrical grid by data dissemination and processing. It also provides ephemeral background
information on electrical grid, power flow and grid stability so as the readers belonging to branch other
than Electrical Engineering do not feel left out in distinctly understanding the goals of energy
management. Case study on data dissemination for Bus angle monitoring for Indian Electrical grid
further allows the reader to understand optimization with data driven approach for meeting Quality of
Service (QoS) requirements in a better way.

Chapter 3 is dedicated to energy management systems for modern buildings with a case study
discussing the hardware architecture design, characterization of building loads, communication
protocols and algorithms for inferring the state of building and responding using hybrid sensing.

Chapter 4 explicates solutions and methodologies for achieving thermal comfort in buildings
following a smart cycle of energy management. It elaborates the thermal conditioning requirements,
thermal conditioning resources, challenges for providing thermal comfort and different ways to
approach thermal modeling and thermal characteristics of modern buildings/ building materials. It
presents an adaptive hybrid approach in thermal modeling of spaces and schemes to adapt to
changes in ambient temperature, peak demand and occupancy levels for small, medium and large
building spaces.

Chapter 5 elucidates techniques for the learning based sequencing systems in which occupancy
data can be embedded in schedule based HVAC control systems to derive optimal schedules and
dynamically adaptthe learned schedules to serve as energy efficient systems for smart buildings.

Chapter 6 addresses the need for judicious exploitation of renewable energy resources, in
particular from Solar Energy perspective and methodologies for deriving its full generation potential.
Authors suggest a hybrid approach utilizing Dynamic array reconfiguration as well as Current injection
for full generation potential. Authors present the advantages of the suggested approach with an
example and results of an experimental validation on a prototype system. This makes it easier for the
reader to comprehend the challenges for deriving maximum potential of solar energy under partial
shading and varying insolation conditions.

The last chapter of the book, Chapter 7 discusses energy management during power deficit. It
drives home the point of smarter ways to prevent complete blackouts. Controlled distribution of power,
its frame work, optimization formulation and solution strategies are discussed. The chapter also
discussed Non-intrusive load monitoring for evaluating energy conservation options and influencing
the consumer’s to be energy conscious and grid friendly.

The book takes a pragmatic approach to address key areas in energy management. Some of the
figures and tables may be enlarged to make it more comprehensible in future editions. Being an
emerging field, it is no easy task to cover an ocean of interesting problems of smart energy
management, however authors remains faithful in explaining the issues and methodologies to deal
with few captivating energy issues in the present world scenario. Relevant background material is
exquisitely merged in the form for appendices.

I would recommend this book for practicing engineers working in the field of energy management,
researchers focusing on research trends and optimization algorithms for increasing energy efficiency
and moreover to all electrical engineering graduates who want to learn and enter the field of Smart
energy management being touted as the future of power sector.

By Kumud Singh
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YEAR OF GLASS

n 18" of May 2021, the UN General Council announced that the year 2022 shall
be marked as the International Year of Glass. The prime objective behind this
promising move was to highlight the overarching role of glass on modern science
and technology landscape and its future prospects in mankind’s
pursuit towards environment-friendly materials for achieving sustained economic
progress.

Glass and glass-based materials played a significant part in scientific and technical
breakthroughs in recent times due to its versatility and technical attributes. Right from the
early Bronze era, glass has been an integral part of art, architecture and culture. In the
historical perspective, glass accounted for a major role in packaging industry by virtue of its
inherent chemical inertness, allowing for storage of chemicals without alternation in quality
forlonger durations coupled with several other positive attributes.

Of late, technological advancements helped to enhance the properties of glass viz.,
surface treatment/ modification in order to impart promising characteristics such as self-
cleaning, chemical resistance, controlled optical and heat transmission, electrical
behaviour,and mechanical properties.

In Information & Communication Technology arena, a vital sector of present times, glass
is considered as the backbone, strengthened by a number of innovations, including glass
based optical fibres and photonic components. Thinner and highly toughened crack-
resistant glasses have become an unassailable part of touch screen feature of electronic
gadgets, including mobile phones.

UN International

The development of high quality optical mirrors and lenses brought about a
transformational change in the field of astronomy where it aided researchers’ efforts to
explore the universe more accurately.

The photovoltaics (PVs) and concentrated solar power applications cannot be realized
without the development of suitable glasses. New advancements in glass would contribute
immensely to the development of systems for energy generation to energy storage.

In the highly vibrant domain of nuclear energy, glass continues to be the most |
appropriate medium for containment and disposal of diversified forms of radioactive wastes.

Corrosion-resistant borosilicate glasses are the material of choice for making of COVID-
19 vaccine vials. In medical science, bioglass/ glass ceramics are being used increasingly
because of their ability to integrate with human bone mass resulting in healing of wounds
considerably. In tissue engineering, bioglass has found enough applications to address bone
and skull related issues, etc. Development of glass micro/ nanosphere would aid efforts to |
produce highly efficient life-saving drugs in radiation therapy.

In a nutshell, Glass is one of the most recyclable materials and is suitably poised to
address greenhouse gas emissions to enable a cleaner and better world for future
generations of mankind.

Photo@WikipediJGi

»»» Madhumita Goswami
Materials Group, BARC
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Glass for Affordable Radiotherapy

Development of Yttrium-Alumino-Silicate Glass
Microspheres for HCC Radiotherapy Application

Senthil Kumar, R. S. Nair, A. Dixit, M. G. Sawant, P. Mollick, M. Goswami*, Ashok K. Arya
Glass & Advanced Materials Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

SEM image of YAS glass microspheres

ABSTRACT

“Y-loaded glass microspheres are one of the potential candidate for selective internal
radiotherapy treatment (SIRT) for Hepatocellullar carcinoma (HCC). We report here the
indigenous development of the Yttria loaded alumina silicate (YAS) glass microsphere of
controlled size for Hepatocellullar carcinoma radiotherapy using Oxy-hydrogen flame
(H,-0,) spheroidization process. The complete flow chart has been formulated by optimising
different process steps for obtaining the YAS glass microsphere of 20-35um sizes and with
100% sphericity. Initial study for optimisation of base glass composition was carried out for
optimum yttria loading and highly leach resistance glass. Efforts were made to set up a
complete facility for flame spheroidization process for synthesis of YAS glass microsphere of
controlled size. For optimised parameters the maximum conversion efficiency obtained was
>99% for Oxy-Hydrogen flame spheroidization process. Additionally to address the issue of
H, gas dependency in flame spheroidization process, Ar-plasma gun for synthesis of YAS
glass was conceptualized, designed and fabricated. The process also shown encouraging
results.

KEYWORDS: YAS glass microsphere, Ytrria loaded glass microsphere, HCC radiotherapy

Introduction

Currently, Hepatocellular carcinoma (HCC) is one of the most
pervasive causes of cancer related deaths worldwide.
Selective internal radiation therapy (SIRT) using a suitable
b-emitting radionuclide is one of the most promising treatment
modality for primary and metastatic hepatic malignancies.
Among other treatments, 90Y-labelled glass microsphere is
most extensively used radiotherapeutics agent for SIRT. Once
administered in the hepatic artery, the microspheres
preferentially lodge in the vasculature of the malignant hepatic
cells and the dose of ionizing radiation get deposited from
*Y [T,, = 64.1h, E(max) = 2.28 MeV] without damaging nearby
healthy tissues (maximum penetration length of beta radiation
from Y is 11mm with mean length 2.5mm). As per reported
data, the life expectancy of a Hepato-cellular carcinoma (HCC)
patient is normally in the range of 2 months to 2 years, which
can be enhanced from one to 5 years by a treatment of 100mg
of labelled YAS glass microspheres. Alumino silicate glass
matrix was chosen because of its higher yttria loading, glass
stability and good chemical resistance. In addition, the
constituents of glass matrix are stable under neutron
irradiation and do not show any additional. radioactive
emission. Commercially, *Y loaded microspheres are available
in two different forms, i.e. *Y-resin microsphere (SIR-sphere,
SIRTEX Australia) and *Y-Glass microsphere (Therasphere,
Nordon, Canada). The loading of *°Y is comparatively higher in
case of glass microspheres with additional advantages higher
of chemical stability. *°Y-labelled glass microsphere
(TherasphereR) is approved by FDA, USA for the treatment of
liver cancer and is available commercially. However, the
prohibitively high cost of commercially available *Y-labelled
glass microspheres severely restricts its utility in countries like

*Author for Correspondence: Madhumita Goswami
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India. Glass and Advanced Materials Division (G&AMD), MG,
BARC, initiated the indigenuous development of Yttria loaded
alumina-silicate glass microsphere with required clinical
characteristic with an economical price. Synthesized *Y-glass
microsphere showed characteristics equivalent/better
compared to imported TherapshereR. The materials has been
successfully characterised after neutron irradiation in
collaboration with Radio Pharmaceuticals Division, BARC and
a limited clinical trial has been taken up in collaboration with
Tata Memorial Hospital, Mumbai. Preliminary results were
quite satisfactory.

Synthesis of YAS Glass Microsphere

Glass preparation

The glass composition based on Al,0,-Si0,-Y,0, system
was chosen from glass forming region of the Al,0,-SiO,-Y,0,
phase diagram (Fig.1) with a criteria of maximum Y,0, loading
and good thermal and chemical resistance glass. Glasses of
optimised composition 40Y,0,-20Al,0,-40Si0, (wt.%) were
prepared by taking high purity initial chemical constituents in
the form of oxides of Al,O,(99.9% purity New Met), SiO, (99.5%
purity, Leico) and Y,0,(99.9% purity, Otto Kemi). The weighing
of each oxide was done with utmost accuracy of +0.002gm.
Precaution were taken to avoid any cross contamination during
preparation process. The glass was prepared using standard
melt-quench technique. All constituents were mixed and
ground thoroughly and kept overnight at 110 °C for removal of
any moisture absorbed during mixing and grinding process.
The batch was heated in a Pt-Rh crucible at 1650°C in an
electrically heated Raising-Lowering (R-L) melt furnace. The
melt was stirred and held for sufficient time at melting
temperature for homogeneous mixing and to remove all air
bubbles to obtain a clear melt. Afterwards, the melt was
removed from the furnace and quenched with an optimum
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Fig.1: Glass forming region of Y,0.-Al,0,-SiO, (YAS) glass system.

condition to obtain cracked small pieces of glasses. The
density of the glass was measured using Archimedes principle
with distilled water as solvent. The density value obtained is
3.42g/cm’.

Feed particle preparation

The glass frits were ground in a planetary ball milling
machine followed by a mortar pestle and transferred into a
series of sieves with lid and collection pan. The sieving and
crushing process are carried out with at most care to avoid
generation of very fine particles and reduce the efficiency.
Manual sieving were done by gentle tapping from top and side
of the sieved frame. Crushing and sieving were done
continuously to collect sufficient feed particles in the required
range. The collection was done for the glass particles in the
range between 20-37um. To speed up the sieving process, an
automated Shieve Shaker unit equipped with 5-6 stacks was
used. Final cleaning of dust particles from the sieved particle
are done using a airjet sieving machine. The feed particles
were pre-heated for sufficient time to remove moisture before
flame spheriodization process.

Particle size analysis of feed particles

Size distribution analysis of feed articles was done using
particle size analyser (Model: ZEPHYR OcchioSA, Belgium)
based on laser scattering technique. About 100-150mg of
particles were taken in water and the solution was agitate to
make the colloidal solution. The particle size distribution was
obtained by diffracting the laser light on these feed particles.
Fig.2 shows the size distribution of the particles. Approximately
85% of particles are inthe range of 15-40um.

Spheroidization of glass particles

The feed particles were converted into glass microsphere
by two process (i) Flame spheroidization (ii) Plasma gun
spheroidization. Details of both these processes are discussed
below.

Flame spheriodization using oxy-hydrogen torch (H,-0,
Torch): The schematic of a Flame spheroidization unit is seen
in Fig.3. In this process, the glassy feed particles are converted
into glass microsphere by introducing them into an oxy-
hydrogen (O,-H, ) flame. Before passing through the flame glass
powder was heated to remove any moisture and agglomeration
and make them free flowing through the feeder. The vertically
placed glass feeder was mounted with two layer of mesh of size
40-50um to control the flow of particles and directed into the
flame. The flame was conditioned by passing H.,:0, ratio 2:1.
The glass particles exposed to the flame melts and
spherodizes due to surface tension and cooled rapidly to
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Fig.2: Particle size analysis of glass feed particles using
laser scattering method.

maintain the sphericity. The flame is directed into a quartz
chamber of approximately one meter long and 100mm dia,
which collects the glass microspheres after expelled from the
flame. Conversion of feed particle into microsphere is >99%
and sphericity is almost 100%. Fig.4(a) shows the optical
image of the feed particles used in spheroidization and glass
microsphere in Fig.4(b) obtained from flame spheroidization
process using the optical microscope (BX60MF5,60M model,
Olympus). The sphericity of the particles is confirmed from
particle size analyser (Model: ZEPHYR OcchioSA, Belgium) and
optical microscope.

Plasma spherodization using argon-plasma spray gun:

To reduce the dependency of O,-H, flame which has lots
of safety issue because of handling of hydrogen gases,
spheroidization using plasma gun has been conceptualized,
designed, fabricated and commissioned. Argon plasma was
generated using microwave power source with a rated capacity
of 2kW. The maximum temperature of the said plasma flame
could achieve 2200°C. The design criteria for the temperature
of the plasma and its flame length has been obtained using
Finite Element Method (FEM) simulation using COMSOL
Multiphysics software (Version 5.6, Year 2000). Simulation
was performed to process the glass particle of cubic shape to
convert it to spherical shape when falling through the plasma
flame under gravity. Based on the simulation results, it takes
about 300 milliseconds to travel through the plasma flame up
to an about 100um to get it spherodized, if the temperature of
the plasmaflameis 2200°C.

The unit has a unique design of gas outlet nozzle through
which argon is passed to develop plasma flame at the tip of the
nozzle. A fluidized bed system attached with this facility
fluidizes non-spherical glass particles which is further being
sucked through an ejector to enter into the plasma flame along

= -—Feed Particles

/
Microspheres

Fig.3: Schematic of flame spheroidization process.
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Fig.5: A simplified schematic of the plasma processing facility attached with fluidized bed and ejector.

with the argon gas as shown in schematic Fig.5. As a result, the
non-spherical glass particles of typical size 20 to 35um gets
spheroidized upon melting (melting point ~1650 °C) followed
by droplet formation due to surface tension. Once the particle
leaves the plasma flame after a travel length of 30mm, it starts
cooling and thus solidified and collected as spherical glass
microspheres. Fig.6 shows a photograph of the commissioned
plasma processing facility in G&AMD.

After several trials experiments, the facility has been
optimized for maximum conversion of feed particle to glass
microsphere. With present facility, conversion efficiency
achieved has been >90% and sphericity >99%. Further
modification are in the process to increase the conversion
efficiency of the process. Fig.6 shows Scanning Electron
Microscopy (SEM) image of the YAS feed particles and the
plasma spherodized YAS particles captured using SEM
instrument, Model Table Top Mini SEM, Korea.

Post synthesis treatment

After spherodization, the glass microspheres were
collected from the quartz chamber and seen under
microsphere for checking any unmelted micropsheres. Then
the microspheres were sorted by sieving to obtain desired size
range of microspheres. Further, the microspheres are
screened using sedimentation technique with a suitable
solvent to remove microspheres with air bubbles/defects. The
glass microspheres are then heated in a furnace to remove
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organic impurities and then cleaned with acetone and dried. In
final stage, microspheres were cleaned in a cold plasma
furnace. Microspheres sphere was observed under SEM and
optical microscope to check for sphericity, size and visible
defects. Size distribution measurement was carried out using
optical image analysis process.

Characterisation of Glass Microsphere

X-Ray Diffractometer study of YAS glass microsphere

Fig.8(a) shows the X-ray diffraction pattern of synthesised
glass microspheres measured using powder X-ray
diffractometric (XRD) technique (Model Bruker 8 tools) with Cu
Ka as radiation source the XRD pattern of synthesised glass
microspheres. Lack of sharp reflection peaks confirm typical
glassy nature of prepared glass microspheres samples. The
characterisation has been repeated for 6 batches to see the
reproducibility of the synthesis process. Fig.8(b) shows the
DTA(Differential thermal Analysis) plot of the glass
microsphere measured using TG/DTA Labsys 1600
instrument, M/s. Setaram. The endothermic shift at 876°C
conform the glass transition temperature and glassy nature of
glass microspheres.

Chemical analysis

To see the intact of glass composition before and after
microsphere synthesis, chemical analysis of six different
bathes of YAS glass microspheres are carried out and results
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Fig.6: Plasma processing setup facility in BARC.

Fig.7: SEM image of (a) feed YAS particles and (b) plasma spherodized YAS particles (inset with higher magnification).

are summarized in Table 1. Analysis was done by ED-XRF
technique (EDXRF spectrometer EX 3600 M, Xenemetrix
Israel), having Rh-anode X-ray tube and in-built acquisition and
analysis software. Results showed no significant changes in
composition of the glass microsphere compared to the base
glass.

Table 1: Compositional analysis of 40Y,0,-20A1,0.,-40Si0, glass
microspheres (wt .%)

40.1 + 2.6 19.4+ 1.3 404+ 1.1
Batch Il 43.2 £ 3.0 18.0+ 1.6 393+ 14
Batch Il 381+ 2 20.54 + 1.3 40.77+ 1.5
Batch IV 40.3+ 1.6 215+ 1.3 41 £ 1.6
Batch V 421+ 2 191+ 1.2 40.5+ 2.3
Batch Vi 385+ 1.5 195+ 1.2 39.7+23

Size analysis of glass microsphere

As laser scattering process required higher amount
(>0.1gm) of sample to see the particle size distribution, size
distribution of sorted glass microsphere was carried out using
optical image analysis process. Optical images were taken on
six different batches of glass microspheres and images were
processed suitably to get maximum number of well separated
particle (Fig.9). Image J analysis software (v1.3.0.x, 2006) was
used for determination of particle size distribution. Statistics of
particle size distributions were shown in Fig.10. More than 96%
of glass microspheres are within the range of 20-35mm with
mean diameter of 32.43um.

Chemical stability study of YAS glass microsphere

The chemical stability/leaching study of sorted glass
microspheres was carried out in aqueous (distilled water) as
well as saline medium at RT per the ASTM standard method.
These medium were chosen as the glass microsphere will be
stored in distilled water and delivered along with saline water.
The ratio of the weight of leachant (distilled/ saline water) and
glass microsphere was fixed at 100:1. The experiments were
carried out in a closed vessel to avoid any loss of water. At
regular intervals, the weight of exposed glass microspheres
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Fig.9: Images processed using analysis software for particle size analysis.

were recorded and weight change was calculated. Small
amount of glass microspheres and leaching solution were
taken out from the vessels after each interval for different
characterizations. The experiments in aqueous medium were
carried out fora maximum of 30 days (> 10t, , of yttrium) and in
saline water fora maximum of 7 days.

There was very minimal or no loss in weight was observed
from the glass microspheres after the leaching experiments

Table 2: Weight loss (gm, £0.002 ) of YAS glass microsphere with
time in aqueous medium.

Sample Initial weight | Final weight | Weight loss

0.502 0.501 0.001

Batch 1 (24hr)

Batch 2 (3 days) 0.455 0.452 0.003
Batch 3 (7days) 0.416 0.411 0.005
Batch 4 (3 days) 0.385 0.373 0.012
Batch 5 (7days) 0.350 0.335 0.015

Table 3: Weight loss (8gm, +0.002 ) of YAS glass microsphere with
time in saline medium.

Sample Initial weight | Final weight | Weight loss

0.105 0.103 0.002

Batch 1 (24hr)

Batch 2 (3 days) 0.742 0.730 0.012

0.053 0.035 0.018

Batch 3 (7days)
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carried out in both aqueous and saline medium. To see any
changes in the surface morphology of the glass microsphere
such as formation pores and their size distribution if any, SAXS
study was carried out on these microsphere. SAXS experiments
was performed using a laboratory based SAXS instrument
(x-ray wavelength A=0.154nm). The sample to detector
distance was ~ 1m. Radial averaged scattered intensities, 1(q)
from each of the samples were recorded as a function of g
(wave vector transfer q=4mnsin0/A, where 20 represents the
scatteringangle).

SAXS result showed scattering from the surface in
nanometric scale, and no internal scattering from the samples,
indicates no pores on the surface of the sample. Fig.11(a)
shows no changes in SAXS pattern. This indicates both the
sample have smooth surface with almost no pores/defects
even after leaching study was done on these samples for 30
days. SEM images of glass microsphere after leaching study is
shown in Fig.11(b). No changes in surface of the spheres also
confirm the chemical stability of the glass microspheres after
leaching study inaqueous medium.

The irradiation study of the glass microspheres were
carried in Druva reactor in collaboration with RPhD, BARC. The
glass microsphere showed required radionuclide purity,
specific activity and chemical stability. The in-vivo study carried
out in wistar showed complete emobilization of activity in the
liver cell. Trial clinical runs were carried out by doctors (Tata
Memorial Centre, Mumbai), confirm efficacy of the material for
HCC radiotherapy.

Conclusion

Composition and glass synthesis process of Yttria loaded
alumino silicate (YAS) glass microsphere has been optimized
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leaching study. (b) SEM image of glass microspheres after

leaching study (intact in size and shape).

with a maximum Yttria loading and optimum chemical stability.
The spheroidization process was fine tuned for 100%
conversion of feed particle to glass microspheres and
sphericity. Glass microsphere of size 20-35um were sorted
with successive sieving. Glassy phase and chemical stability
was found intact after spheroidization. The materials shows
equivalent physical and chemical characteristic as imported
Therasphere material. Irradiation study showed acceptable
clinical characteristics and initial clinical trials carried out by
Doctors showed encouraging result.
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Efficient Drug Delivery

Development of Hydroxyapatite Microspheres
for Biomedical Applications
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Glass and Advanced Materials Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

ABSTRACT

Porous biocompatible microspheres of hydroxyapatite (HAp), are potential candidates for
various bio-medical applications including drug delivery and bone tissue engineering. We
have synthesized porous HAp microspheres with diameter ranging 3-5um consist of
needle/rod shape HAp nanoparticles with an average length of 200nm using spray drying
technique. We have shown that solely by controlling the spray drying temperature the outer
shape of the microspheres can be tuned from spherical to doughnut. Their phase structure
and outer morphology has been studied using X-ray diffraction and scanning electron
microscopy. The absorption of bovine serum albumin protein by the synthesized granules
has been tested as a potential application.

SEM micrograph of as-synthesized
hydroxyapatite nano-particles

Nanoparticles

Introduction

Hydroxyapatite (HAp, Ca,,(PO,)s(OH),), major mineral
component of human bones and teeth plays an important role
in bone tissue engineering such as implant coatings and bone
substitutes and variety of bio-medical industrial applications
including matrices for drug release control etc[1,2]. The close
chemical similarity between HAp and mineralized bone of
human tissue has led to extensive research efforts in synthetic
HAp and based ceramic. These materials have excellent
biocompatibility, osteoconductivity, and osteotransductivity. To
meet the needs of different applications, HAp based bone graft
substitutes are being used in the form of powders,
microspheres, sintered porous blocks, cements, putties and
sponge/foams and as a coating over metallic implants. Among
various morphologies, especially HAp granules has been
proven to be ideal vehicles for drug delivery or scaffold for cell
delivery[3] due to their relatively low cost, broad availability,
good biological properties.

The pore size distribution and porosity of spherical
granules is of major importance for drug delivery and for
orthopedic and dental applications. The main focus is on the
space between the particles. Most granular CaP bone graft
substitutes have a diameter in the range of 0.5 to 5 mm
because blood vessels and cells should be able to invade the
space in between the particles to promote ceramic resorption
and bone formation throughout the defect. Drug delivery is
usually controlled by dissolution, diffusion and surface
interaction, hence precipitated HAp crystals become promising
due to its very large specific surface areas (typically above
50m’/g)[2].

There have been several methods reported in literature
for preparation of HAp microspheres such as microwave
assisted hydrothermal route[4], ion-assisted mineralization
method[5], biopolymer assisted assembly from HAp nano

*Author for Correspondence: Rohini Garg
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rods[6]and glass conversion method[7]. However, these
methods require numerous processing steps and are time
consuming and complicated in nature. On the other hand,
spray drying method[8] offers the inherent flexibility in
operation and allows modification of process parameters
which makes it possible to engineer the powder properties to
predefined specifications, such as microsphere size,
morphology and density. There have been few reports of HAp
microspheres prepared by spray drying[8,9]in literature.

The main objective of this study is to synthesize HAp
microspheres by modifying the spray drying process parameter
i.e. temperature and evaluate the effect of drying temperature
on the outer morphology of dried microspheres. The protein
adsorption by HAp microspheres is investigated using model
protein Bovine Serum Albumin (BSA), which was chosen as a
test protein because of its better stability and availability at
high purity. Details of this work can be obtained from reference
[10].

Method

HAp nanoparticles were prepared by precipitation
method according to the reaction described as follows:

10Ca(NO,), + 6(NH,),HPO, + 8NH,0H — Ca,,(PO,),(OH), +
20NH,NO, + 6H,0 (1)

Under continuous stirring aqueous solutions of 0.2M
calcium nitrate (Ca(NO,),) was gradually added into 0.2M
ammonium hydrophosphate ((NH,),HPO,) solution. Their
stoichiometric ratio Ca/P was kept at ~ 1.67. Temperature of
the water bath was adjusted at 55°C and pH of solution was
maintained at 10 till complete precipitation. The experimental
steps were shown in the flow sheet given in Fig.1. The HAp
nanoparticles were subsequently characterized for phase
purity, size and shape.

HAp microspheres were obtained by drying the HAp
colloidal dispersion solution using LU 228 (M/s. LABULTIMA,
India) spray dryer. The stability of feed mixture was determined
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Fig.1: Flow sheet of experiments.

prior to spray drying by measuring zeta potential (¢) and
maintained at {~49mV at pH~11. Spray drying was carried out
with compressed air at selected air pressure of 2 kg/cm?®
during atomization and flow rate was kept 2 ml/min. The
aspiration rate was kept fixed at 50 m®/h. The final values of
these parameters were obtained after series of experimental
trials. Inthe initial trial of spray drying it has been observed that
large volume of power was not converted into microsphere and
it remained in the form of agglomerated powder chunks. In the
further trials by changing initial slurry concentration and flow
rate of feed, microspheres could be formed but there was huge
agglomeration of microspheres. After various trials spray
drying parameters were optimized for disperse microspheres
in the size range of 3-5um. Later on, in spray drying experiment
inlettemperature was varied at 120°C and 170°C, respectively
to understand the effect of drying temperature on the
morphology of dried granules.

The phase analysis of HAp nanoparticles was carried out
using x-ray diffractometer (D8 discover, Bruker) using Cu K,
radiation (A= 0.15406 nm). Rietveld analysis of XRD pattern
was done using “Fullprof” software for crystal structural
analysis. The morphology of HAp nanoparticles and
microstructure of external surface of spray dried HAp

microspheres was examined using Carl Zeiss Auriga FE-SEM.

Crystallized and lyophilized BSA (Grade A9418, Sigma
Cheme-ical Co.,) protein with molecular weight of 69 kDa and
iso-electric point ~4.74 was used for the protein adsorption
study. Initially, 300 mg Hap granule (S1 sample) was added in
10 ml BSA with concentration of 25 mg/ml and incubated at
37°C for different time schedule from 3h to 96h. The
supernatant solutions were collected for each conjugate after
centrifugation at 800 rpm and kept attemperature 4°C. UV-vis
spectroscopy (Perkin EImer Lambada 35) at 562 nm was used
to characterize the absorbance peaks and BSA concentration
was quantified through the use of a pre-determined standard
concentration-intensity calibration curve. The amount of
adsorbed protein was calculated from solution depletion.

Results and Discussion

Phase analysis

XRD patterns of as-synthesized Hap nano-particles
(Fig.2a) shows broad and overlapped diffraction peaks which
indicate low crystallinity and small crystallite size of nano-
particles. However, broadening and overlapping of Bragg
peaks is significantly reduced after calcination at 800°C.
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Fig.2: (a) XRD pattern of as-precipitated and after calcination at
800°C. Rietveld refinement plots of x-ray diffraction data of HAp nano-
particles (b) as-synthesized dried (c) after calcination at 800°C.
Experimental data, simulated data and difference plots are
represented as open circles, continuous line (red) and continuous line
(blue) respectively. Vertical bar symbol represents Bragg peak
positions.

Calcined XRD pattern is determined to be pure HAp phase by
comparing it with standard JCPDS card (09-432). The average
crystallographic data was determined by Rietveld refinement
of XRD data. Starting unit cell and structural parameters came
from the refinement performed with neutron data by Kay et
al.,[11] for HAp phase. First, scale factor, background, peak
profile (pseudo-voigt function) and lattice parameters were
simultaneously refined, later atomic positions and isotropic
displacement parameters were refined one by one for each
atom. Fig.2 shows the Rietveld plot of HAp powder obtained by
refinement with space group P63/m. The refined lattice
parameters and volume for as-synthesized powder are:
a=b=9.4279(31), ¢=6.8683(25), V=528.70(31), and for
calcined HAp powder a=b=9.4128(2), ¢=6.8755(2) and

56 BARC newsletter September-October 2022

¥

&\ % " ) L
e > N

.-.__." ‘-
B\ ¢

200nm

-
200 nm

Signal A = SE2 EHT = 2.00 kV WD=52mm StageatT= 00° Mag= 10000KX

Fig.3: SEM micrograph of as-synthesized hydroxyapatite
nano-particles.

V=527.56(2) respectively. Error associated with refined
parameters is much higher for as-synthesized powder due to
its low counting rate and presence of nano scale crystallite
size.

Microstructural characterization

SEM micrograph of as-synthesized HAp nano-particles (Fig.3)
suggests that nano-particles have reasonably small poly-
disparity as most of the nano-particles have similar size and
shapes. They exhibit ellipsoidal morphology with ~200nm
length and aspect ratio of ~0.3. The nanometer size of HAp
as-synthesized particles easily explain the presence of broad
and overlapping peaks in XRD pattern shown in Fig.2. It is
observed from the figure that these nano-particles are soft
agglomerates which can be easily dispersable and friable.
Fig.4 shows the SEM micrographs of HAp granules prepared by
spray drying at 120°C (a-b) and 170°C (c) respectively with
diameter 3-5um. HAp granules have spherical morphology
when spray drying is performed at temperature 120°C and
doughnut-like morphology for spray drying temperature of
170°C (Fig.4c).

At lower drying temperature, HAp nano-particles with in a
droplet have sufficient time to redistribute themselves by
diffusion throughout evaporating droplet and yields in a final
arrangement inside an. assembled granule correspondingto a
packing due to random jamming of the constitute particles.
Fig.5 shows schematically the possible mechanisms for the
dense homogeneous sphere. On the other hand, higher drying
temperature accelerates the droplet evaporation and water
(solvent) on the surface runs away quickly. HAp nano-particles
have insufficient time to diffuse from surface to the center of
the droplet and instead accumulate near the drying front of the
droplet and dimpled or doughnut shaped morphology forms
(schematic Fig.5).

BSA protein adsorption on HAp microsphere

Fig.6 exhibits the BSA protein adsorption on HAp
granules at different time interval. It is clearly visible that with
increasing time the concentration of adsorped BSA is
increasing. Their mutual interaction and adsorption behavior is
dependent upon hydrophobicity of individual HAp and BSA
molecule[12].

Conclusions

HAp microspheres of diameter ranging 3-5 um were
synthesized using precipitation method followed by spray



research and

300nm

200nm

Fig.4: SEM micrographs of spray dried HApmicrospheres dried at
drying temperature (a)-(b) 120°C and (c) 170°C.

drying of aqueous solution of precipitate. These microspheres
were consisted of needle/rod shape HAp nano particle of
200nm length. XRD results reveal that as-precipitated HAp
powder was amorphous and calcination at 800°C transformed
itto phase pure HAp with crystalline nature.

It has been shown that morphology of spray dried HAp
microspheres can be simply tuned from spherical to doughnut-
like by solely changing the drying temperature. Adsorption of
BSA protein on spray dried HAp granules is also demonstrated
as a potentapplication.
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Glass-ceramics Phosphor

Development of Ce:YAG Glass-ceramics
Phosphor for White LED Application

P. Nandi*, M. Goswami, Ashok K. Arya
Glass & Advanced Materials Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

ABSTRACT

We report here successful synthesis of Ce:YAG glass-ceramic phosphor with improved
thermal characteristics compared to polymer based phosphor used in conventional white
LEDs. Composition of the base glass and subsequent heating schedule were fine tuned for
optimum concentration of Ce:YAG phosphors with proper microstructure and optical
properties. Understanding the crystal growth kinetics in the glass was essential to predict
the time-temperature parameters for the required phase concentration. Isothermal
predictions were derived and then applied to convert the glass to glass-ceramics by thermal
activation. XRD analysis confirmed the development of single phase Ce:YAG phosphor
crystals in glass-ceramics powder samples. Surface crystallization of ~50um of phosphor
layer was observed from the Scanning electron microscopy (SEM) study. Glass-ceramics
disk with desired optical quality was prepared to demonstrate generation of the white light.

Demonstration of white light generation

using Ce:YAG glass-ceramics phosphor KEYWORDS: Glass, Glass-ceramics, Phosphors, White LED

Introduction

Conventional white LED devices has Ce:YAG (Y,Al,0,,) phosphor
crystals dispersed in polymer matrix, and placed in front of a
blue LED source. The blue light is partially absorbed by
microscopic Ce:YAG phosphors and converted to yellow light
which additively mix up with unabsorbed blue to generate white
light. The working principle is shown schematically in Fig.1. The
drawback of polymer matrix is that they degrade due to
junction temperature of the semiconducting light emitting
diode during continuous operation and thermal cycles, thus
the performance quality decrease over time and usage. An
improved thermal stability using Ce:YAG glass-ceramics
phosphors were proposed in the literature[1-4]. Glass-
ceramics is a material having crystalline phase embedded in a
glass matrix. Starting from Ceria doped Yttria-Alumina-Silica
(YAS) base glass one can derive the Ce:YAG glass-ceramics
phosphor with suitable heat treatment. The advantage is they
are thermally stable and have almost no degradation upon
thermal cycles. There are reports about compositional
dependence, structure property correlations, microstructure
evolution and luminescent properties of Ce:YAG phosphor
crystals in YAS glasses[1-4]. Crystallization kinetics of YAS
glass compositions and evolution of mixed crystalline phases
like Mullite (Al Si,0,,), Crystoballite and Y-disilicate (Y,Si,0,) are
reportedin literature[5-7].

In this work, we focused on fabrication and
characterization of a glass compositions which can be
devitrified into a single phase Ce:YAG glass-ceramics
phosphor. Further, to optimize the white light generation, we
systematically studied the phosphor crystal growth kinetics,
microstructure and photoluminescence spectra. Knowledge of
crystallization kinetics is important for controlled
devitrification, which was extracted from non-isothermal DTA

*Author for Correspondence: P. Nandi
E-mail: pnandi@barc.gov.in

data. Crystallization kinetics and isothermal predictions were
simulated for YAS glass using non-iosthermal data and AKTS
software. This study helped us to develop the Ce:YAG glass-
ceramics phosphor with required concentration,
microstructure and photoluminescence for the demonstration
of awhite LED.

Glass Synthesis

Ce0, doped Y,0,-Al,0,-SiO, glasses were prepared with
varying compositions. The aim was to derive the desired
Ce:YAG phosphor phase in the glass matrix. Most of the time
there were mixed phases like Y,Si,0,, Al,Si,0,, and Y,AlLO,, in
the glass-ceramics depending on the initial glass composition
and heat treatment schedule. After several iterations glass
composition 45.1Y,0, - 31.8 Al,0, - 21.4 Si0O, - 1.7 Ce0, (wt %)
suitable for the glass-ceramics phosphor was optimised. To
prepare the glass, constituent oxides were weighed and mixed
thoroughly. Each batch were melted in Pt-Rh crucibles at

Unabsorbed Blue +

I'Blue LED |

Fig.1: Schematic highlighting the working principle of white LED.
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Fig.2: Polished YAS glass disk(a) and glass-ceramics phosphor(b).
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Fig.3: DTA plot of YAS glass powder at five different rates of heating.
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Fig.4: Isothermal predictions of the reaction progress(a) with
time(min) at four temperatures (T °C).
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~1650°C and held for two hours for homogeneous mixing
before quenching the melt into a cylindrical mold. The same
composition of the glass was prepared several times to check
the repeatability and also to prepare glass cylinders in
diameter range 10mm to 50mm. Prepared glasses were
annealed at appropriate temperature to remove the thermal
stresses. The glasses were cut into disks and polished before
crystallization. Photographs of transparent and bubble free
glass disk (left) and the yellow glass-ceramics (right) after
suitable isothermal heat treatmentare shown in Fig.2.

Thermal analysis

The differential thermal analysis (Labsys-SETARAM) was
used to record the thermal changes of glass powder for five
different heating rates: 5, 10, 15, 20 and 25°C per min shown
in Fig.3. The data shows the glass transition (T,) at around
875°C followed by exothermic peak in the temperature range of
1050-1200°C, indicating crystallization of glass. Because of
high T,, the glass-ceramics phosphors are thermal stable and
not degrading as compared to polymer based phosphors at
LED working temperature. The DTA data was used to derive the
crystallization kinetics parameters by isoconversional method
asreported elsewhere[8].

The isoconvertional principle is that reaction rate (do/dt)
at a constant reaction progress (a) is only a function of
temperature (T). The activation energy E(x) was calculated
without any particular form of the reaction model f(x). That is
the reason it is also called ‘model free’ kinetics principle.
Activation energy (E) of crystallization at reaction progress
(o = 0.5) estimated 659 kJmol™. No specification of the
reaction model f(a) is necessary for the kinetic prediction since
the product term {A(x) f(x)} considered constant, which was
also experimentally extracted along with E(x) from the
isoconvertional data analysis. Then it is possible to simulate
kinetic predictions at isothermal temperature (T) as given
below.

J‘“ do

“ {A (o) f (a))e

t. =

Four isothermal predictions of our interest simulated
from above equation shown in fig.4. For fixed conversion
o = 0.8, calculated time prediction for isothermals at 1160°C,
1140°C, 1120°C and 1100°C are approximately 1.4, 2.7, 5.7,
and 12.9 min, respectively. Accordingly the glass samples were
baked at isotherms for different holding times, for different
fraction of crystalline phase. The yellow colored glass-ceramics
disk (Fig.2) was obtained by isothermal heating at 1120°C for
~5min.

Glassy/ Crystalline phase and microstructure analysis

X-ray diffraction of base glass and glass-ceramics
powder are given in Fig.5. The characteristic broad hump
confirms the amorphous nature of the glass sample. The
diffraction pattern of glass-ceramics shows the crystalline
peaks and a broad hump in the background at around 25-35
degrees indicating the residual glass. All the crystalline peaks
can be attributed to cubic YAG as compared to JCPDS card
#33-0040. Thus it confirms that single phase Ce:YAG
phosphors present in the glass-ceramics sample.

The microstructure of glass-ceramics surface as
observed under scanning electron microscope. Dendrite like
crystal growth was observed on the glass-ceramics surface
shown in Fig.6. These microscopic dendrites grew uniformly in
glass matrix acting as yellow phosphors. Polishing quality of the
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Fig.5: XRD pattern of as prepared YAS glass(red) and
glass-ceramics phosphor(blue).
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Fig.6: Micrograph of Ce:YAG dendrite at glass-ceramics surface.
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Fig.7: The illuminated glass-ceramics(inset) and the white light
spectra as recorded by the PL spectrometer.

Fig.8: White light dispersed by a compact disk grating to
create the rainbow.

surface before crystallization was important parameter to
control the microstructures. Fine polished surface has less
nucleation, hence shows less number of dendrite compared to
the rough polished surface. Surface nucleation was
particularly helpful to control the crystal growth only on the
surface, therefore their optical properties suitable for
generation of white light.

Optical properties of glass-ceramics phosphors

The photoluminescence experiments were done to test
the optical quality of the material. The glass-ceramics sample
shown in Fig.7 was illuminated against a blue LED. The
spectrum was recorded in spectrometer (FLS 980-Edinburgh
Instruments) using the remote fibre optic probe, and PMT
detector. Two peaks are observed, one is the unabsorbed blue
peaked at 465 nm and the other one is broad band Ce:YAG
yellow fluorescence, ranging from 500 to 700 nm with a peak
maximum at 570 nm as shown in Fig.7. The color co-ordinates
of the spectrum found at (0.37, 0.39) which is nearest among
the prepared samples to the theoretical white point at
(0.33, 0.33). It was evident from the study that using
appropriate heating schedule one can fine-tune the phosphor
concentration, thickness and color of the resultant spectra.
A device was assembled for white light generation using a
commercially available blue light source and our laboratory
made Ce:YAG glass-ceramics phosphor. The white light was
again diffracted by a CD grating to disperse the light into
rainbow colors shown in the Fig.8. This confirms the presence
of red, green, and blue colors primarily required for white light
spectrum.

Conclusions

We have developed an unique glass composition that
can be converted to single phase Ce:YAG glass-ceramics
phosphor. Processing parameters like, time and temperature
dependent crystallization rate, polishing quality,
microstructure and thickness of evolving phosphor layer are
optimized to generate the white light. Isothermal predictions
were used to crystallize the glass. Ce:YAG glass-ceramics with
conversion factor (~ 0.75) was obtained by isothermal heating
at 1120°C for ~5 min, found to generate the desired optical
properties. XRD analysis of glass-ceramics confirms the
evolution of Ce:YAG phase. Microstructure evolution showed
surface nucleation and dendrite like growth of phosphor
crystals, making ~50 um thick phosphor layer. A device was
setup using blue LED to demonstrate the white light generation
using our laboratory made glass-ceramics phosphor.
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Photostructurable Glass for Microdevices

Development of Ag-Ce Doped Photostructurable
Glass Ceramics for Microdevice Application

Richa Mishra*, M. Goswami, Ashok K. Arya

Glass and Advanced Materials Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

ABSTRACT

In recent years glassy materials for micro devices fabrication are acquiring much attention
over other materials for its excellent properties such as optical transparency, chemical
inertness, thermal and electrical insulation, biocompatibility as well as ease of
manufacturing. In this work we have utilized photolithography for micro structuring of glass.
Ag and Ce doped Lithium Alumino Silicate glasses of composition (wWt%):74Si0,-6Al1,0,-
15Li,0-5X (X=other additives) were prepared by melt quench technique and exposed to UV
light for conversion of Ce> to Ce" and Ag" into Ag’ metallic state for preferential
nucleation/growth of metasilicate phase. XRD was used for phase identification in the heat
treated glasses. DTA data revealed a lower crystallization temperature (T,) at around 610°C
for UV exposed glass as compared to unexposed base glass which is at around 627°C. UV
Visible spectra confirm conversion of Ce** to Ce* ions in exposed glass samples. In the
samples heat treated at nucleation temperature Ag agglomeration was confirmed from the
band position at around 430nm. Heat schedule was optimized for the crystallization of
Lithium metasilicate phase on UV-exposed glass. Activation energy calculation showed
lower value after exposure under UV-light. The developed metasilicate phase was selectively
etched in dil. HF for fabrication of micro devices. Different micro-patterns up to 200u could

be successfully prepared.

Glass Discs after UV Exposure and Heat Treatment
(Scale: 0.2 to 1 mm diameter of holes)

KEYWORDS: Photostructuralable glass ceramic, Microdevice, LAS glass ceramics,

Crystallization kinetics

Introduction

Microfluidic devices find wide spread applications in various
fields in the form of micro reactors, micro needles, micro
sensors etc. These provide better thermal hydraulic and fluidic
properties due to their large surface area to volume ratio than
conventional devices[1]. They also provide large catalytic
surface area and uniform temperature distribution which is
most valuable for a number of reactions. Surface to volume
ratio is key requirement in various applications and varies
inversely with characteristic length. As characteristic length
reduces surface to volume ratio increases and at micron size
domain this value is significantly high owing to very small
characteristic length. Small size of devices makes it portable
and hazardous intermediates can be prepared insitu rather
than storing them at isolated places. These can be fabricated
using variety of materials such as metals, semiconductors,
polymers, glasses, ceramics, etc[2]. Glass based micro devices
have certain advantage over semiconductors and metals,
thanks to its high/beneficial transparency in visible range,
better thermal and electrical insulation, good corrosion
resistance, biocompatibility[3]. As compared to polymer based
micro devices the glass based devices are much more
thermally stable and corrosion resistance and can withstand at
higher pressures. In many places these materials are used as
alternate to silicon based micro devices. Since glasses are
isotropic in nature which makes these suitable for
microstructuring in any direction in comparison to
semiconductor such as Silicon. Different methods are reported

*Author for Correspondence: Richa Mishra
E-mail: richa@barc.gov.in

for manufacturing of microdevices with complex shapes such
as wet etching, dry etching, laser fabrication, sand blasting,
mechanical machining, etc. Preparation of complex
microstructures with high aspect ratio using mechanical
methods is comparatively difficult due to poor machinability of
glasses[4]. Photolithography is one of the popular and simplest
methods for preparation of complex and high aspect ratio
micro structures in glasses. Photostructurable glasses based
on ternary Lithiumalumino silicate (LAS) system with small
amount of Ag and Ce can be patterned with micrometer
accuracy over large areas without use of photoresist[5].

In this study we report, fabrication of micropatterns/
microstructures on the glass by using photolithography. Ag and
Ce doped Lithium alumino silicate glasses were prepared and
characterized for selective growth of metasilicate phase. This
phase has higher solubility in dil. HF than the base glass
making them suitable for micro structuring. In this
composition, Cerium is added to increase the glass
photosensitivity and silver oxide to enhance the crystallization
of the glass[6,7]. Micropattering down to 200 micron scale
were carried out on these glasses using this process.

Methodology/ Synthesis

Ag and Ce-doped LAS glasses of composition (wt.%):
74Si0,-6Al1,0,-15Li,0-5X (X=other additives) were prepared by
melt-quench technique. Melting was carried in the
temperature range of 1550-1600°C followed by annealing to
remove thermal stresses. Cerium was used to provide the glass
photosensitivity and silver oxide addition enhanced the
photosensitivity of glass. All prepared glasses were
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transparent and bubble free. The glass samples were cut into
thin pieces, polished and exposed under UV light at wavelength
around 312nm (corresponding to Ce®" absorption) for varying
time periods (5 min to 4h). Based on the information by DTA
data, heat treatment schedule optimization was carried for
selective crystallization of Lithium metasilicate (Li,SiO,) phase.
A two stage heat treatment was carried out on these polished
and exposed glasses. In the first stage, sample was heat
treated at nucleation temperature (in the range of 470-480°C)
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Fig.3: UV-Vis transmission spectra of unexposed and
exposed Glasses.

in which formation of silver agglomerates is expected. In the
second stage, sample was heat treated in the temperature
range 500-550°C for required time period, for growth of Lithium
metasilicate phase on silver agglomerates. To prepare pattern,
glass piece was masked with a metal having desired pattern,
UV exposed for pattern transfer, and then heat treated for Ag
agglomeration and growth of Li,SiO, phase. Finally this phase
was preferentially dissolved in the 5-10% HF acid to leave the
patterned glass.

Characterization

Differential thermal measurements (DTA) were
performed on unexposed and exposed glass powder to
determine glass transition temperature and shift in peak
crystallization temperature using TG/DTA apparatus (Model:
LABSYS). DTA experiments with varying rates of heating
(10-25Kpm) were carried for activation energy calculations.
XRD measurements were carried out to confirm the
amorphous nature of the annealed glasses and to identify the
crystalline phases in the exposed and heat treated glasses
using Bruker D8 X-Ray Diffractometer.

UV-VIS spectrophotometer (Model V-670, M/s. JASCO,
Japan) was used for absorption studies on unexposed and
exposed glass samples, and on exposed and nucleated glass
samples. Exposed and heat treated glasses were etched in dil.
HF acid of different concentrations to dissolve metasilicate
phase fortime period in the range of 60-125 minutes.

Results/Discussion

Fig.1 depicts the DTA plots of unexposed and UV-exposed
glasses with heating rate of 10 Kmin™. Both the glasses show
broad endotherm at around 445°C indicating glass transition
temperature (T,). Data shows a lower exothermic peak
temperature (Tp) at around temperature 610°C for UV-exposed
samples as compared to unexposed base glass with peak
temperature at around temperature 627°C. Non isothermal
crystallization kinetics was carried on exposed and unexposed
glasses by recording the DTA plots for different heating rates
(10-25Kpm). Activation energy was calculated using Marotta
equation whichis as follows,

=__E
In(a) = - At Constant
Here, E is the activation energy for crystallization, R is the
gas constant, T, is the peak of crystallization temperature, o is
the heatingrate (K min™).
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Fig.4: UV-Vis Absorption spectra of UV exposed and
heat treated glass.

Fig.6: (a). Glass Discs after UV Exposure and Heat Treatment
(Scale: 0.2 to 1 mm diameter of holes).

Fig.6: (b). Glass Discs after UV Exposure, HT and Etching in dil. HF
(0.2 to 1 mm diameter of holes).

Fig.6: (c). Glass Discs after UV-Exposure, HT (0.2 mm holes and
0.2 mm line pattern).

Fig.2(a) & (b) showed Marotta plots for calculation of the
activation energy for unexposed and UV-exposed glasses,
respectively. Activation energy of crystallization for unexposed
and exposed glasses were found to be 289kJmol™ and

* Lithium Metasilicate ( Li SiO, )|

-

- P

UV-exposed & Heat treated Glass

Intensity (a.u.)

Unexposed & Heat treated Glass

Annealed Glass
T T T T v T . T v L
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20(")
Fig.5: Merged XRD plots of heat treated, unexposed and
UV exposed glasses.

276kJmol™. This reduction in activation energy after UV-
exposure is due to the formation of silver nanoclusters, which
provide heterogeneous nucleating sites for early growth of
main phase.

Conversion of Ce> to Ce"" state and Ag" into Ag’ metallic
state occurred after UV exposure.

Spectra in Fig.3 shows a broad band at around 305nm
indicative of Ce™ in base glass whereas in case of UV exposed
sample the reduced peak intensity indicates conversion of Ce™
toCe" ions.

Fig.4 represents UV-Vis absorption spectra of nucleated
samples which showed a broad band centered at around
430nm which confirms formation of Ag nanoclusters. These
nanoclusters provide the heterogeneous nucleation sites for
early growth of metasilicate phase in exposed sample, as
compared to unexposed samples and helped for patterning in
the glass.

X-ray diffraction patterns of annealed base glass, heat
treated unexposed and heat treated UV- exposed samples are
shown in Fig.5. XRD pattern of glass sample confirms its
amorphous nature (broad hump in the region of 26~20-30°). It
also showed Lithium metasilicate phase (Li,SiO,) formation in
exposed glass while no phase formation occurred in base
glass/unexposed glass on subjecting to the optimized heat
treatment. Early crystallization of this phase in glass after UV
exposure is responsible for selective crystallization of glass,
facilitating patterning/micro structuring.

Exposed and heat treated glasses were etched in dil. HF
acid with varying concentration up to 10%. As the solubility of
glass ceramic is more in the acid, it etched out from glass
matrix leaving the matrix intactand thus desired pattern can be
formed on the glass surface. Etching rate for metasilicate
phase was found to be ~6um/min. Etching ratio of glass
ceramicto glass was found ataround 10:1in 10%HF.

Micropattering of LAS glass ceramics

Micropattering of different scales up to micron level were
carried out using metal masking. Patterns with lines and holes
up to size of 200p could be prepared successfully with existing
facility. Few photographs of microstructuring on Lithium
Alumino silicate glass doped with Cerium and Silver are shown
in Fig.6.
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Conclusion

Ag and Ce doped LAS glasses were prepared, UV exposed
and heat treatment process were fine tuned for selective
growth of Lithium metasilicate phase. Shift in peak
crystallization temperature in UV exposed samples to lower
side was observed from DTA data. Kinetic analysis showed
reduction in activation energy of crystallization after UV
exposure which also indicates that silver is providing
heterogeneous nucleation sites for early growth of metasilicate
phase. Absorption spectra shows formation of silver nano
clusters in the UV exposed and nucleated samples. Lithium
metasilicate (Li,SiO,) phase formation was confirmed by XRD in
exposed and heat treated glass while base glass showed no
crystalline phase. Etching ratio of glass ceramic to glass was
found ~10:1. Microstructures of dimensions up to 200u could
be prepared in these glasses using photolithography.
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Reinforced SiC Composites

Development of Silicon Carbide Fibre through
Preceramic Polymer route

J. N. Sharma*, P. K. Mollick, Ramani Venugopalan, Ashok K. Arya and Vivekanand Kain
Glass & Advanced Materials Division, Materials Group, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

ABSTRACT

Silicon carbide fibres derived from polycarbosilane (PCS), a precursor polymer to SiC, offer
exceptional opportunities for fabrication of SiC fibre reinforced SiC matrix composites.
These composites are proposed as high temperature nuclear materials due to their
excellent high-temperature fracture, creep, corrosion and thermal shock resistance and
safety advantages arising from low induced radioactivity. PCS was synthesized at kilogram
scale by pressure pyrolysis of polydimethylsilane (PDMS) in a gas induction autoclave in the
temperature and pressure range of 480-500°C and 90-100 bar respectively. PDMS was
synthesised from Wurtz-type reductive dehalogenation of dimethyldichlorosilane with
molten sodium. PCS of different molecular weight fractions were obtained by fractional
distillation. The molecular weight, structure, softening temperature, ceramic yield and
properties of PCS were characterized by measurements of GPC, FT-IR, *H-NMR, TG-DTA-DSC,
Raman and XRD. SiC ceramic fibre was obtained from PCS by melt spinning, cross-linking of
melt-spun fibre by oxidative curing followed by heat treatment of cured-fibre in argon
atmosphere up to a temperature of 1250°C. XRD of SiC fibre indicated presence of 3-SiC

Melt-spun (green) fibre

carbide fibre

Introduction

SiC fibres offer high strength-to-weight ratios and exceptional
thermal stability in harsh environmental conditions. Such
fibres are one of the best candidates as reinforcement for high-
performance ceramic matrix composites due to their high
mechanical properties, oxidation and creep resistance at
elevated temperatures[1-3]. The ceramic derived from polymer
enabled significant technological breakthroughs in
development of ceramic fibres, coatings and ceramics stable
at ultrahigh temperatures (up to 2000°C)[4]. Polymer
precursors represent organo-silicon polymeric systems that
provide ceramics with a tailored chemical compositions and a
crystalline nanostructured organization when subjected to
proper thermal treatment under an inert atmosphere. Yajima
et al. first reported the pioneering work on preparation of SiC
fibre from PCS precursor. PCS, a polymer having silicon and
carbon atoms repeated alternately, was melt spun to obtain
precursor fibre, then cross-linked to render the fibres infusible,
and finally pyrolyzed under inert atmosphere to produce SiC
fibre. The SiC fibre obtained was continuous, having B-SiC
nano-crystallite structure, high tensile strength and young's
modulus[5,6]. Nippon Carbon Company, Japan made the first
commercial SiC fibres under the trade name Nicalon™ . These
fibres have excellent stability up to a temperature of 1200°C,
resistance to acid/base corrosion and oxidation, high tensile
strength and Young's modulus of 2.5-3.2 GPa and 180-300
GPa respectively[7]. Nippon Carbon in collaboration with
Japan Atomic Energy Research Institute, carried further
modifications in fibre processing parameters and developed

*Author for Correspondence: J. N. Sharma
E-mail: jnsharma@barc.gov.in

nanocrystallite as main phase and SEM showed a smooth surface with no visible defects.

KEYWORDS: Polydimethylsilane, Polycarbosilane, Melt spinning, Curing, Pyrolysis, Silicon

SiC fibre which retained its high tensile strength and Young's
modulus up to atemperature of 1800 °C. This remarkable heat
resistance fibre was named as Hi-Nicalon[8]. SiC fibre is an
outstanding reinforcement for various composites, because of
their excellent compatibility with resins, metals and ceramics.
The SiC fibre reinforced SiC composite (SiC,/SiC) is a class of
ceramic matrix composites in which a SiC fibre preform phase
is imbedded in a SiC matrix phase[8]. SiC./SiC matrix
composites are fabricated from fibre wound preforms or fibre
fabric preforms through processes such as, chemical vapour
infiltration (CVI process), preceramic polymer infiltration
pyrolysis (PIP process), reaction sintering process and SiC
nanoparticle slurry infiltration transient eutectic (NITE
process)[9-12]. These composites can be engineered for
specific stress, temperature, life and environmental
conditions. NASA patented SiC,/SiC composites, which can
withstand adverse structural and environmental conditions for
a very long time at temperatures up to 2500°C[13]. Several
fusion power reactor design studies have mentioned the use of
SiC/SiC composites as structural material[14-15]. These
composites offer significant benefits over metallic superalloys,
monolithic ceramics, carbon fibre and oxide/non-oxide
ceramic composites[16-17].

Worldwide, the development and availability of these
composites have been restricted to a few countries only, which
either have the technology to manufacture SiC fibre through
the preceramic polymer route or have free access to it. The key
challenges in the manufacturing technology of SiC fibre is the
large scale production of PCS and PDMS, the melt spinning of
PCS to continuous PCS fibre, curing of PCS fibres by oxidative
activation or electron beam irradiation and pyrolysis of the
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cured fibre to SiC fibre. In relevance to the DAE reactor
programme, SiC,/SiC matrix composites are the most
promising material for Accident Tolerant Fuel Cladding and for
high temperature structural applications, while the PCS itself is
important for SiC coatings on various structural components of
high temperature reactors. In defence and space sector, C,/SiC
and SiC/SiC composites are used as light weight-high
temperature stable structural materials. Recently, DRDO
approached us for their large scale requirements of PCS for
fabrication of C/SiC components through hybrid process
consisting of PIP, CVI & CVD for hypersonic applications.

In this article, the on-going work on development of
continuous SiC fibre through large scale synthesis of PCS, melt
spinning of PCS to green fibre, oxidative curing and pyrolysis of
cured fibre to SiC fibre and their characterization are reported.

Preparation of PCS

Yajima method for synthesis of PCS using PDMS is
followed. Details of synthesis are given as under.

Synthesis of PDMS

PDMS is composed of a Si-Si backbone structure with
methyl substituents attached to the silicon atoms. It is
synthesised by Wurtz-like reductive dehalogenation of
dimethyl dichlorosilane with molten sodium. The synthesis was
carried outin a 10 L round bottom flask fitted with mechanical
stirrer, reflux condenser and addition funnel. 1 kg of sodium
was added with 5 L of xylene and heated up to 110°C under N,
atmosphere, then added 2.45 L of dimethyldichlorosilane
drop-wise by maintaining the temperature in the range of
110-120°C. The reaction mixture was refluxed for 10-12 h. The
product was separated after necessary work-up. PDMS
obtained was 1 kg with a yield of 85%. It is a white powder and
was found to be insoluble in almost all paraffinic and aromatic
solvents. It was characterized by FTIR. IR spectra show
absorptions at 2900, 1400 cm™ for C-H and 1250, 835,750,
690, 635 cm™ for Si-CH..

Synthesis of PCS

1 kg of PDMS was charged in a gas induction
autoclave in argon atmosphere and raised the temperature to
480°C at the rate of 200°C/h. The temperature was
maintained between 480-500°C for 6-10 h. The autogenic
pressure at this temperature was about 100 bar. After
completion of reaction, the reaction mass was fractionated
under vacuum to obtain different molecular weight fractions of
PCS. Autoclave for synthesis and fractionation is shown in
Fig.1.

Fig.1: Autoclave for synthesis of PCS.

68 BARC newsletter September-October 2022

The rearrangement polymerization reaction is written as:

T I
480-500°C
—PS'_T'JT 100 bar —%S'_T n
JHg CH, CH; H
PDMS PCS

Liquid & Gel PCS

Fig. 2 &3: Liquid/gel and solid fractions of PCS.

Characterization of PCS

The formation of PCS is confirmed by presence of
characteristic peaks, Si-H & Si-CH,-Si by FTIR and "H-NMR
(CDCl,) measurements. IR absorptions, as shown in Fig.4, at
2098 cm™ contributed to Si-H, 1016 & 1356 cm™ to Si-CH,-Si,
and 600 to 920 cm™ to Si-CH.. "H-NMR spectra (Fig.5) shows
chemical shiftat 4.26 for Si-H and 0.1695 for Si-CH..

Molecular weight distribution of PCS is measured by Gel
Permeation Chromatography (GPC) using Agilant system,
model: 1260 Infinity, fitted with refractive index detector. THF
was used as eluent and polystyrene as calibration standard.
PCS of number average molecular (M,) in the range of 400 to
500 are low viscous liquid, M,~500 to 700 are viscous liquid
(gel) and M, above 700-800 are solid. Melting points, M, and
weight average molecular weights (M,) of solid PCS fractions
aregiveninTable 1.

Ceramic yield of PCS is obtained by measurement of
weight loss due to thermal decomposition using Mettler Toledo
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Fig.5: "H-NMR of PCS.

Table 1: Melting point and molecular weight information of PCS
fractions.

PCS fractions

Melting points (°C)

<15 (liquid/gel) 400-700 800-1020
118-124 1230 2279
135-141 1300 2619
148-154 1457 2914
174-184 1550 4693
237-250 1647 9000
285-290 1746 9650
>350 1912 11059

TGA/DSC 3+ star system. PCS sample of 285-290°C melting
point fraction was heated up to a temperature of 1250°C ata
heating rate of 10°C/min and argon flow rate of 40 cm®/min.
Polymer to ceramic conversion is completed up to 1250°Cand
ceramicyield obtained was about 75%.

SiC ceramic powder obtained on pyrolysis of PCS was
analysed by XRD (Cu Ka) and Raman spectroscopy. The XRD
pattern shows formation of B-SiC crystallite as major phase
(Fig.6). The peaks at 20 =36°,60°, 72° corresponds to (111),
(220), and (311) diffraction planes of face centered cubic B-SiC
polymorph of SiC. The crystallite size of SiC was found to be
12 nm. Raman spectra (Fig.7) also shows cubic (3C) B-type
crystal structure of SiC powder.
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Fig.6: XRD pattern of SiC obtained on pyrolysis of PCS at 1250°C
in argon atmosphere.
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Fig.7: Raman spectra of SiC obtained on pyrolysis of PCS
at 1250°C in argon atmosphere.

Processing of PCS to SiC Fibre

It mainly consists of three steps: (a) Melt spinning of PCS
to green fibre (b) Curing of PCS fibre by heating in an oxidising
atmosphere to make it infusible (antimelt) fibre and (c)
Pyrolysis of cured fibre in an inert atmosphere to obtain SiC
fibre.

Melt Spinning of PCS

Solid PCS was converted to fibre by extruding the
molten PCS under nitrogen pressure through a ten-hole
spinneret of a melt spinning unit. For winding of fibre, a large
diameter rotating bobbin was placed just below the spinneret.
Prior to spinning, the PCS was heated just above its melt
temperature under nitrogen gas pressure and kept for 1 h for
obtaining uniform molten mass. The temperature was then
reduced to near melting point and fibre spinning started by
increasing the N, gas pressure and by adjusting the winding
speed of bobbin. About 5 m continuous fibre without any
surface defect was obtained. Image of the melt-spun fibre is
shown in Fig.8. Different range of fibre diameters were
produced by varying the spinneret orifice diameter, nitrogen
pressure, winding speed and melt viscosity. Details of spinning
conditions of a typical run are given in Table 2.

September-October 2022 BARC newsletter 69



research and

Table 2: Spinning parameters of PCS of melting point 237-250 °C.

Spinning

Spinneret N,
Temperature | hole diameter| pressure

Winding
speed

Melting point 576.580°c 0.2 mm

5-7 bar 300m/min
237-250°C

Fig.9: Cured PCS fibres.

Oxidative Curing of Green Fibre

Curing step is necessary to make the green fibre
infusible so that it retains the fibrous shape during pyrolysis.
Here curing is carried by slow heating of fibre in a flow of dry air
inan oven. The as-spun fibre was cut into a length of 20 cm and
placed in an air-oven and heated at a rate of 0.5°C/minuptoa
temperature of 200°C. Curing results in surface oxidation of
fibre forming a cross-linked structure which renders the green
fibre infusible. Extent of curing is determined by the gel fraction
of the cured fibre. Gel fraction is the insoluble portion during
Soxhlet extraction of the cured fibre with xylene as eluent at
150°C for 8 h. The gel fraction obtained in the present curing
condition is about 70%. A gel fraction above 50% is sufficient to
make fibre infusible and to retain the fibre shape on further
heat treatment. Image of cured fibre is shown in Fig.9.

Pyrolysis of Cured Fibre

The cured PCS fibre was kept in an alumina boat and
placed into a tubular furnace connected with a high purity
argon gas cylinder and mass flow meter. The temperature of
the furnace was raised to 1250°C at a ramp rate of 5°C/min
and argon flow rate of 100 mL/min. The soaking time at set
temperature was 1 h. The pyrolysis converted the yellowish
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Fig.10: Typical SiC fibre of 10 cm length obtained on pyrolysis
of cured fibre.

Fig.11: Micrograph of SiC fibre.
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Fig.12: A SiC fibre of diameter 15 L.

cured fibre to lustrous black SiC ceramic fibre (Fig.10). XRD of
SiC fibre shows major phase as B-SiC with peaks at 26 = 36°,
60°, 70° for (111), (220) and (311) diffraction lines. SEM
image indicated a smooth surface with no visible surface
defects (Fig.11). Diameter of fibres obtained was in the range
of 14 to 16 u (Fig.12). Measurement of mechanical properties
ofthefibresisin progress.

Conclusions

Kilogram scale synthesis of PDMS, PCS and fractionation
of PCS to different molecular weight fractions and along with
their characterizations has been well established. Processing
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parameters for conversion of PCS to SiC fibre through, melt
spinning of PCS to green fibre, oxidative thermal curing (cross-
linking) of green fibre and finally pyrolysis of cured fibre to SiC
fibore have been optimized. Here, it is to be noted that,
technology for manufacture of continuous SiC fibre is
associated with numerous challenges. Some of the difficulties
encountered during the experiments are: (a) Spinning of
continuous green fibre with uniform diameter and smooth
surface, (b) Spinning of very low diameter (< 20u) continuous
green fibre, (c) Control of oxygen content during thermal curing
of green fibre, (d) Avoiding defects due to shrinkage of fibre
during pyrolysis. All these challenges are being addressed
methodically to realise the goal of making continuous SiC fibre
and SiCf/ SiC composites.
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Carbon fibre coated with SiC

Synthesis of Silicon Carbide Particulate and
Fibre by Reaction-Conversion Method
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ABSTRACT
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FE-SEM micrographs of SiC powder

Introduction

Silicon carbide (SiC) based non-oxide ceramics in different
forms found a wide range of applications - from conventional
low-tech fields like abrasive and heat management (kiln
furniture, heating elements etc.,) to highly sophisticated
applications such as in modern jet engines and electronic
wafers. Indeed, in the structural ceramic field, SiC is one of the
most promising non-oxide materials owing to its high thermal
conductivity, superior oxidation resistance, low thermal
expansion coefficient, excellent wear and corrosion resistance,
high mechanical strength even at elevated temperature, low
creep, high stiffness and chemical inertness[1]. Moreover,
adequate radiation tolerance of SiC[2] makes it a potential
candidate as a refractory nuclear material. This journey began
with the earlier developmental effort for tri-layered isotropic
micro-encapsulated fuel for a high-temperature gas-cooled
reactor[3]. However, the major drawback of monolithic SiCis its
brittleness, which makes this material unreliable, especially in
accidental conditions. A composite of SiC particulate(p) with
SiC fibre(f) provides the solution from such uncertainty due to
its damage tolerance and highly predictable failure properties.
In the aftermath of the nuclear accident in Fukushima, Japan,
in 2011, the renewed interest in SiC(f)-SiC(p) composite as
accident tolerant fuel (ATF) rod material gained interest[4]. Two
major components needed to develop ATF clad are SiC fibre
and ultrafine SiC powder. One of the most cost-effective and
straightforward processes for producing continuous SiCfibre is
the direct conversion of readily available carbon (C) fibre to SiC
fibre[5-7]. In this, ‘C’ reacts with silicon monoxide (SiO) to form
SiC. The gas-solid reaction is given below:

2C+Si0=SiC+CO (1)

SiC has been synthesized by the above mentioned (Eq.1)
gas-solid reaction [8-11]. Same reaction can also provide a
coating of SiC on the C-fibre. Such type of fibre is deemed
superior to the uncoated C fibre due to the former’s better
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A programme has been initiated to synthesize fully converted silicon carbide (SiC) powder
and fully/ partially converted SiC fibre from the carbon particulate and fibre respectively. By
reacting silicon monoxide with carbon (reaction conversion method) at temperature
~150°C, ultrafine SiC powder was prepared. Yield of the process was more than 80%. SiC
produced by this method mimicked the original size and shape of the initial carbon powder.
Fully converted SiC fibre and SiC coated Carbon fibre (partially converted) was also
produced by this method. Indeed this method was optimized and successfully used to
prepare reel to reel SiC coated carbon fibre in 500 meter length.

KEYWORDS: Silicon carbide (SiC), Carbon fibre, Composite

chemical and physical compatibility with metal and ceramic
matrices and excellent oxidation resistance property[12-14].

To realize the accident tolerant fuel cladding concept, a
programme on the indigenous development of SiC fibre has
been initiated recently. In this, the first step was to form fully
converted SiC fibre. Besides, an attempt was also made to
prepare SiC coated carbon fibre in continuous mode. In
addition, the above-mentioned direct reaction, which we
termed as reaction-conversion method, has also been used to
prepare ultrafine SiC powder.

Experimental Procedure

A mixture of silicon (Si) and silicon dioxide (SiO,) ina 1:1
molar ratio was used to generate SiO gas. The mixture was
compacted at a pressure of 150 MPa and placed on an
alumina boat. Both powder synthesis and fibre making were
carried out in protective argon (Ar) gas environment. At
elevated temperature, SiO reacted with C to form SiC. After
several trial-and-error runs, the reaction temperature was fixed
at 150°C. A schematic of the experimental set-up for powder
and fibre synthesis has been shown in Fig.1(aand b).

The phase evolution was studied by X-ray diffraction
(XRD) and Raman-scattering technique. The microstructure of
the synthesised fibre was observed under a scanning electron
microscope (SEM). Elemental mapping was carried out using
the SEM-EDS technique.

Results and Discussion

Conversion of ‘C’ to SiC was carried out in static and
continuous mode in protective Ar gas environment. Well
dispersed ultrafine mixed-phase silicon carbide powder, which
will be used for developing SiC-based structural components
for the nuclear reactor has also been synthesized by this
method. Initially, the time and temperature of the reaction were
optimised for the synthesis of the powder. It was observed that
with an increase in reaction time, the content of un-reacted ‘C’
decreased, and the amount of SiC increased. In the present
study, it was found out that the synthesized SiC was a mixture
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Fig.1: Schematic of reaction set-up for SiC synthesis by gas solid reaction (a) for powder synthesis and (b) 20m long fibre drawing.
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Fig.2: XRD patterns for converted C pellets obtained after
20h holding at 1500°C.

of alpha-SiC (2H-SiC, H stands for hexagonal) and B-SiC (3C-
SiC, C stands for cubic). More than 85% yield was observed for
a reaction duration of 10 h. The flow rate of the carrier gas
directly influenced the formation of SiC polytype. The amount
of 2H-SiC in the end product was more (>10%) when the
reaction was carried out at a higher flow rate of Ar gas. In the
Fig.2, an X-ray diffractogram of SiC obtained after 20 hours of
reaction at higher Ar gas flow rate has been shown. XRD result
reveals the presence of 3C-SiC as a major phase along with a
small fraction of 2H-SiC. Our observation is contradictory to the
result reported by Frolova et al[15], who claimed formation of a
mixture of 3C and 6H SiC as the gas-solid reaction product.
Most importantly, the reported amount of 6H in the reaction
product was significant (>30%)[15]. In the present
investigation, the characteristic reflection for 6H was absent
both in the X-ray diffractogram and Raman spectroscopy data.
Surprisingly, the characteristic XRD peak of 6H-SiC was absent

N\
EHT = 500kVv WD = 5.0 mm Mag = 50.00 K X

_ 20-0 nm
Detector = SE2 —i

Fig.3: FE-SEM micrographs of SiC powder synthesized by
reaction-conversion method.

in the x-ray diffractogram reported in the work by Frolova et
al[15]. We have further confirmed the presence of 2H-SiC in
the reaction product from the Raman study (result was not
included here).

The micrographic feature shown in Fig.3 reveals the
formation of very fine powder (individual particle in size range
of 50-250 nm). Particles were present both as a single entity as
well as in agglomerated form. Broadened nature of 2H-SiC
peak corroborates this finding. The size of the agglomerate was
found to be ~ 500 nm. Most interestingly, the synthesised
powder mimicked the shape and size of the starting carbon
powder. Particle size distribution of the ground powder (result
was not included here) showed a narrow size distribution and
the average size was ~ 300 nm (particle size distribution by
laser scattering method measure agglomerate size).

Reel to reel synthesis of composite SiC fibre (core-

September-October 2022 BARC newsletter 73



research and

Fig.5: FE-SEM micrographs of fully converted (a) B-SiC fibre and (b) a mixture of fully and partially converted hollow core SiC fibre
consisting of 8 and 2H-SiC phases. Diameter of the original carbon fibre (~6-7 micrometer) remained same even after conversion.

carbon with SiC periphery) in different length, starting from 5m
to 500m was successfully carried out in semi-automatic mode
(Fig.4). The fibre, unlike powder had different colour shades-
rainbow, green, bluish, purple, and black. Upon observation
under SEM, it was found out that the thickness of SiC was
almost constant irrespective of different colour obtained.
Hence thickness of in situ formed SiC didn’t decide the colour
of the fibre. The phase composition in the fibre was uniform.
Hence, polytype of SiC was not the deciding factor. Most
probably, the thin SiO, layer formed on the outer surface of the
fibre was responsible for providing different colour shades [6].
This is to be noted that when the experiment was carried out in
static mode, the fibre had shown usual SiC colour (greyish).
Like powder, the major phase present in the fibre was B-SiC.
The x-ray diffractogram also confirmed the presence of
hexagonal polytype of SiC in the fibre. In addition, by optimising
reaction temperature and duration of reaction along with gas
flow rate, fully converted SiC fibre was made. However, fully
converted fibre was more brittle than partially converted fibre
(as observed). Fibre synthesis was also carried out in batch. In
this, fully converted chopped fibre was produced. Micrographs
of different types of SiC fibre produced in-house are shown in
Fig.5. Depending on the reaction temperature and gas flow
rate, the morphology of the fibre varied. Fig. 5(a) shows the
formation of almost fully converted B-SiC fibre when gas flow
rate was slow (amount of unreacted carbon at the core was
negligible). Whereas a mixture of 2H and 3C-SiC was obtained
when the gas flow rate was relatively faster. In the second case
(5(b)), the resultant fibre had a hollow core. SiO reacting with
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carbon formed the SiC at the surface of the C-fibre. At the letter
stage, C diffused out through the barrier layer to react with the
SiO to form SiC. This caused formation of hollow core. The 2D
woven-mat of C has also been successfully converted to SiC
coated 2D C-mat by this method. This mat was used to prepare
SiC-SiC composite.

Conclusions

Reaction conversion is useful in converting carbon to SiC.
This method was successfully applied to synthesize ultrafine
SiC powder from C-black. Morphology, i.e. size and shape of the
starting powder was retained in the final product. Yield of the
process was more than 80%. Reaction conversion can be used
either as a batch process or in continuous mode. Batch mode
has the potential to fully convert carbon fibre into SiC. In
continuous mode, nearly 500m long SiC coated C fibre, where
the average thickness of the SiC was ~ 250 nm was prepared
successfully.
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Novel Avenue for Bio-sensing

Carbon Nanotube Aerogel: Synthesis

and Applications

Kinshuk Dasgupta*, Rajath Alexander, Amit Kaushal, P. T. Rao, S. A. Thakur, Jyoti Prakash
Glass and Advanced Materials Division, Bhabha Atomic Research Centre, Mumbai 400085, INDIA

ABSTRACT

SEM image of Carbon nanotube wool.
Inset a large network of isotropically
oriented nanotubes

Introduction

Carbon nanotube (CNT) has been one of the highly researched
materials amongst the carbon allotropes due to its extra
ordinary strength (>10 GPa), elastic modulus (~1 TPa),
electrical conductivity (equivalent to copper) and thermal
conductivity (equivalent to diamond). Despite its promising
properties, the impact of this material has been limited when it
comes to practical mainstream applications. This issue is
mainly attributed to the loss of its outstanding properties when
scaled-up to macro dimensions. For many years the properties
of the CNT were confined to its nano dimension. The initial
attempt to scale-up carbon nanotubes into a macro-structure
was realized by Bandow et al.[2], who made CNT film/ sheets
by filtration technique producing Bucky-paper. Even though
Bucky-paper was self-standing, a significant loss in properties
was witnessed by the researchers[3,4]. Another
macrostructure of CNT has become attractive amongst the
researchers, named, carbon nanotube aerogel (CNT
aerogel)[5]. CNT aerogel is a self-assembled 3D structure of
long CNTs that was first envisaged by Li et al.[6] using floating
catalyst chemical vapor deposition (FC-CVD) from which CNT
fiber was drawn by direct spinning. This method was able to
retain some of the significant properties of CNTs at macro-
scale. CNT fiber produced from CNT aerogel spinning was able
to get a strength of 5 GPa and electrical conductivity of
5.6 S/cm’[7].

This promising capability of transfer
of properties of the CNT into the macro-
scale has put it back in the spotlight for
practical applications. Some of the
established applications of CNT aerogel

Ar
Spinning r—l
o

Translating the nano-scale properties of individual carbon nanotube (CNT) into a macro-
scale is of immense importance for practical utilization of its exotic properties and has been
a technological challenge since its discovery. However, carbon nanotube aerogel (CNT
aerogel), a self-standing structure of 3-D network of long CNTs, produced by floating catalyst
chemical vapour deposition (FC-CVD), could give some hope of retaining large amount of
exotic properties of CNTs in macro-scale. In this article our efforts towards synthesis of CNT
aerogel have been described. The CNT aerogel has been characterized in detail and further
utilized as flexible capacitors, filters for virus and bacteria and in bio-sensing.

KEYWORDS: Carbon nanotube, Chemical vapour deposition, Microstructure, Sensor

through FC-CVD, till now the process mechanism is not very
well understood.In this article, the synthesis and applications
of CNT aerogel by our group have been discussed.

Synthesis of CNT Aerogel

The synthesis of CNT aerogel was carried out in a
horizontal tubular resistance furnace developed in-house
(schematic is given in Fig.1). Ethanol (purity > 99.9%, Hayman
Ltd, England) was used as the carbon source, ferrocene (purity
>99%, Sigma Aldrich) was used as the catalyst and thiophene
(purity = 99%, Sigma Aldrich) was used as the promoter.
Hydrogen and argon gases (purity > 99.9%, Six Sigma Gases
India Pvt.Ltd) were used as the carrier gases and they provided
aninertatmosphere.

Liquid feed (ferrocene and thiophene mixed in ethanol)
was pumped to the preheater zone maintained at 200°C and
was allowed to be carried in the main furnace with a carrier flow
(mixture of argon and hydrogen) of 1-3 Ipm. Reaction took
place in the main furnace maintained at a high temperature
(1100-1300°C). CNT aerogel was produced through catalytic
cracking of carbon precursor in presence of catalyst. CNT
produced in the form of spinnable sock along with other
gaseous product was continuously drawn in a harvest box.
Snapshot during CNT aerogel formation inside the furnace is
shown in Fig.2a. Depending on the requirement, the product

v
synthesized through FC-CVD are structural LI
composites, electromagnetic shielding,
water purification, ballistics, etc[7,8]. ﬂ
Even though several researchers are Ar
working on the production of CNT aerogel
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Fig.1: Schematic of the experimental setup for synthesis of
CNT aerogel.
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CNT Aerogel
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Fig.2: (a) Snapshot of CNT aerogel formation (b) CNT wool (c) CNT sheet (d) CNT fibre.

could be further collected in the form of wool (Fig.2b), sheet
(Fig.2c) orfibre (Fig.2d) by varying the process parameters.

Computational Fluid Dynamics

The computational of fluid dynamics (CFD) was carried
out using COMSOL Multiphysics software. Weakly compressive
fluid flow condition coupled with heat transfer was utilized for
determining the flow behavior. Theoretically calculated
Reynolds number as per given flow conditions is in the range of
10-30. Hence, a 3-D, steady-state, non-isothermal laminar flow
model was used for study. The governing equations utilized in
the computation are givenin Egs. (1-4):

B +v.(pw)=0 (1)
P%+DU.VU =

Vp+V.u(VuHVu) -2 u(V.u))+og (2

pC,u.V T+V.q, = Q, 3)

Gy =-kV T (4)
Where,

p=Density (kg/m?®), u=Dynamic viscosity (Pa-s),
u=Velocity vector (m/s), p=Pressure (Pa), g=Gravitation
acceleration (m?%/s), C,=Specific heat capacity at constant
pressure (J/ (kgK)), T=Absolute temperature (K), g,=Heat flux
vector (W/m?), k=thermal conductivity (W/(m-K)) Q,=heat
sources (W/m®).

The reactor was operated at atmospheric pressure
condition and at elevated temperature for which the constant
wall temperature was used as the boundary condition for heat
transfer. The open boundary condition was used at the end
ofthe harvest box (outlet to the computation domain).The
boundary conditions at the inlet (flow and temperature) are
specified in the previous section (synthesis of CNT aerogel).

Discretization was carried out usingphysics controlled meshing
option available in COMSOL Multiphysics where 1056648
domain elements, 57574 boundary elements, and 2238 edge
elements were used for the entire domain (reactor tube and
harvest box). Selection of meshing was decided by grid
independence test performed over wide range of meshing
conditions.

The CFD model in this work has been used to predict the
flow field inside the reactor. Fig.3 shows the velocity profile of
the gas phase as predicted by the CFD simulation. It can be
observed that the aerogel formation takes place at the upper
half of the furnace tube. This is due to the backflow of the gas
from the harvest box into the furnace tube through the bottom
half of the furnace tube. The backflow occurs as a result of the
low carrier flow rate utilized to maintain laminar flow to prevent
flow instability. The rotation of the collection rod ensured that
the collected CNT aerogel was symmetrical in shape and the
collection was continuous. Detailed CFD analysis can be found
inanother BARC newsletter article[9].

m/s
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Fig.3: Velocity profile of the gas phase predicted by CFD.
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Fig.4: SEM images of (a) CNT wool and (b) CNT sheet.
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Fig.5: (a) TEM image of SWCNT bundles (b) TEM image of MWCNT (c) Raman spectrum of SWCNT (d) Raman spectra of MWCNT.

Microstructural Characterization

Typical scanning electron micrograph (SEM) of a CNT
wool is shown in Fig.4(a). The inset image depicts a large
network of isotropically oriented CNTs. However, in the CNT
sheetthe CNTs are relatively aligned, as shown in Fig.4(b).

Depending on the processing conditions the CNTs may
be either single-walled (Fig.5a) or multi-walled (Fig.5b), which
can be understood from the transmission electron
micrographs (TEM). It can also be understood from the Raman
spectra[10]. Single-walled CNT produces RBM peak along with
sharp G peak, prominent 2D peak and negligible D peak
(Fig.5c¢). The RBM peak is missing and the D peak is prominent
inthe case of multi-walled CNT (Fig.5d).

Application as a Flexible Capacitor

CNT aerogel derived films were cut into circular shapes
(diameter =2.5 cm). Copper strips were connected to the CNT

Fig.6: Preparation of a flexible capacitor.
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films using silver paste. The copper strips were insulated using
polyimide and epoxy layer. The solid-state electrolyte was
prepared from polyvinyl alcohol (PVA: Sigma Aldrich) and KOH.
Both the electrodes were covered with PVC sheets from
backside. The two CNT aerogel circular films were placed over
each other in such a way that a symmetrical capacitor was
formed. The gistis given in Fig.6.

The effect of bending on the flexible capacitor is shown in
Fig.7. Very low (less than 1%) change in capacitance was
observed even aftera full 180° bend.

Application as a Filter against Virus

Filters have been prepared from the CNT wool (Fig.8a) for
trapping nanoparticles, virus and bacteria. The average pore-
size of the CNT-wool is below 100 nm. The efficacy of CNT-wool
based filter was tested against bacterophage P1, which is a
virus that infects bacteria. The phage P1 has a large
icosahedral head of approximately 55-85 nm diameter
attached to a characteristic long tail of 200-300nm. CNT wool
filters were autoclaved (121°C and 15 Psi, 15 min) for
sterilization and then used for checking filtration efficiency for
P1 phage using the millipore filter assembly using standard
procedure. The CNT wool filter could trap the bacteriophage
with an efficiency comparable to a commercial N95 mask. The
image of the trapped virus in thefilter is shown in Fig.8b.

Application in Bio-sensing

An ultrasensitive label-free biosensor has been prepared
from CNT aerogel, which is capable of detecting DNA
hybridization very rapidly[11]. The multi-directional CNT
embedding into the CNT aerogel electrode demonstrated
linear ohmic and near isotropic electrical properties, therefore
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Fig.9: (a) Electrochemical impedance system for bio sensing and
(b) CNT aerogel electrode (c) conductivity test (d) IV curve
(e) chronoamperometry test of CNT aerogel electrode.

providing ultra-high sensitivity and specificity toward bio
molecules (Fig.9(a-e)).

Using this device, the target DNA hybridization was
detected by a quantifiable change in the electrochemical
impedance, with a distinct response to the single-stranded
probe alone or double-stranded target-probe complex. The
target DNA was specifically detected with limit of detection
(LoD) of 1 pM with a turnaround time of less than 20 minute
(Fig.10(a-c)). Moreover, this system is able to differentiate
between the closely related target sequencesby the distinct
impedance response rendering it highly specific. The detection
mechanism of CNT aerogel electrode works on the principle of
-1 interactions between negatively charged single stranded
DNAand CNT.

Fig.10(a) The detailed sequence of the probe and target
DNA oligonucleotides; Agarose gel electrophoresis showingthe
fluorescent bands corresponding to the perfect match (PM)-
dsDNA and mismatch (MM)-dsDNA and Nyquist plot of all bio-
samples in (b) hybridization buffer (c) stringent hybridization
buffer (with 8% formamide). This is the first study in the
literature, where fabricated standalone bare CNT electrode
without any substrate support, coupled with electrochemical
impedance spectroscopy, has been used for the detection of
DNA hybridization. Altogether, the results show that our system
is fast, sensitive and specific forlabel free rapid direct
DNAdetection, promising a novel avenue for bio-sensing.

Conclusion

CNT aerogel is an exotic material where long CNTs are
self-assembled to form a self-standing 3-D structure. This
material has been produced by FC-CVD process and shaped
into wool, sheet and fibre forms. The flow and the temperature
profiles of the reactor have been simulated using COMSOL
Multiphysics. The CNT aerogel has been characterized by
electron microscopy and Raman spectroscopy. The aerogels
have been used to make (1) flexible energy storage devices, (2)
filters for trapping viruses and (3) bio-sensors with low LoD and
rapid detection time. This wide range of applications is
possible by tuning the structures and the properties of the
CNTsinthe aerogel.
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Minimizing Carbon Footprint

Nanocomposite of Cement and Graphene Oxide:
Impact on Strength Properties and Carbon Footprint
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ABSTRACT

In the present now, need for the high performance of cement-based materials and the call
for energy conservation and environmental protection has attracted immense scientific
attention. Graphene oxide based nanomaterial is promising candidate by virtue of large
specific surface area, excellent physical properties. This paper explores the key role played
by graphene oxide (GO) in the cement concrete at different concentrations of 0.025, 0.05,
0.075 weight% GO of cement respectively. Compressive strength results have proved, a
small quantity of GO is good enough to obtain substantial increase in strength properties of
concrete. The usage of tiny quantity of GO offers a silver lining to reduce the carbon foot print
associated with cement consumption. Graphene oxide based nanocomposite cement has
potentially important role to play to achieve India’s ambitious target to reach net-zero
emissions by 2070 declared at COP 26 (26" UN Climate Change Conference of the Parties
(COP26) atGlasgow, United Kingdom.

Graphene oxide used in preparation
M30 concrete

Introduction

Cement is an extensively used construction material due to the
low cost and high compressive strength. The principal
hydration products of cement are made up of nanocrystalline
regions with the atomic structure resembling tobermorite
and/or jennite[1]. This provides an opportunity to apply nano-
materials and nano-technology in cement-based materials to
modify their structures at the nano-scale and finally improve
their macro-scale properties. The large specific surface area of
the nano-materials can provide nucleation sites for hydration
products. Moreover, the nano-materials can occupy the pores
within cement matrix to provide a dense microstructure. Out of
different options, carbon based nano-materials have gained
importance to be incorporated in cement matrix due to their
low density, high strength and high corrosion resistance.
Carbon nanotube (CNT), a one-dimensional tubular structure
with high aspect ratio, has unique crack-bridging effect to
slowdown the crack propagation within cement composites[2].
Graphene oxide (GO) is a derivative of graphene[3], which can
be viewed as a layer of graphene with grafted oxygen functional
groups. The active functional groups promote chemical or
physical interactions with cement, which can improve the
interfacial bonding with the host materials.

Why Graphene Oxide (GO)? Why not Carbon Nanotube
(CNT) for Cement Composite?

Many researchers found that the addition of CNTs to
cement composite resulted in negligible change in strength or
even a reduction in strength of the composite in some
cases[4,5]. The explanation is by and large associated to the
poor dispersion of CNTs and weak bonding between the CNTs
and the cement matrix. Due to strong vander Waal's attractive

*Author for Correspondence: Kinshuk Dasgupta
E-mail: kdg@barc.gov.in

KEYWORDS: Graphene Oxide (GO), Carbon nanotube (CNT), Cement hydration, Cement
hydration products

forces between particles, CNTs tend to form agglomerates or
bundles which may become defect sites in the composites. The
lack of interfacial areas between CNTs and the cement matrix
reduces CNT's reinforcing efficiency, even though CNTs exhibit
excellent mechanical properties. On the other hand GO being
functionalized with oxygen, can easily make bonds with
cement matrix[6]. The greater exposed surface area of
graphene oxide sheets generates more potential sites for
advantageous chemical or physical interactions, which in turn
improve bonding between graphene sheets and host cement
material.

Potential of Graphene Oxide to Reduce Carbon Footprint

Studies have shown on addition of relatively small
amounts of graphene oxide enhances the strength of standard
concrete; appreciably less cement could be needed to realize
corresponding structural performance, therefore, reducing the
carbon footprint. The additional strength might also reduce the
need for steel reinforcement to enable further reductions in
CO, emissions. University of Cambridge study indicates that if
the addition of graphene oxide results in a 5% reduction of the
Portland cement, the effect on global warming could reduce by
21%[7] another study from the University of Exeter, estimated
that 125g of graphene oxide can decrease the total volume of
cement down to 148kg per cubic metre of concrete (>50 wt%
reduction of cement required for the original strength). With
reference to environmental perspective, that would translate to
total decrease of 446 kg/tonne emissions of CO,[8].

Graphene oxide addition into construction materials
does come with its own implications to the carbon footprint.
Product Carbon Footprint (PCF) calculations consider the
entire life cycle of the product. This means looking into energy
requirements of the raw materials that make up graphene, how
it is manufactured, transported, used and disposed of.
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Understanding the PCF of graphene will help manufacturers to
understand the impact of their product, and enable process
optimisations such that climate neutral products can be
offered, and strong carbon reduction targets can be set[9]. In
most cases, electricity use is the largest contributor to CO,
emission-switching to decarbonised energy sources will
naturally reduce the carbon footprint of the production
methods and any resulting products[10]. For high volume
construction applications there will ultimately need to be a
trade off between cost of graphene oxide production, quality of
graphene oxide and contribution to CO.,.

India’s ambitious target to achieve net-zero emissions,
removing as much carbon dioxide from the atmosphere as is
produced by 2070 has been declared at COP 26 at Glasgow,
United Kingdom[11]. India’s overall cement production
accounted for 294.4million tonnes (MT) in FY21 and
329million tonnes (MT) in FY20[12]. Due to the increasing
demand in various sectors such as housing, commercial
construction and industrial construction, cement industry is
expected to reach 550-600 million tonnes per annum (MTPA)
by the year 2025[12]. Graphene oxide based concrete has
potentiallyimportant role to play to achieve COP 26 target.

Synthesis of Graphene Oxide

The synthesis method utilizes highly oxidative
ingredients for graphite exfoliation. This route follows a fixed
stoichiometry of reactants. The synthesis route is called
improved Hummers method[13], a 9:1 mixture of
concentrated H,SO, /H,PO, (360:40 ml) is added to a mixture
of graphite flakes (3 g). The mixture was stirred continuously
with magnetic stirrer. Then KMnO4 (18 g) is added to acidic
slurry, producing a slight exothermic 35-40 °C reaction. The
reaction mixture is then heated to 50 ° C and stirred for 8 h. The
reaction mixture is cooled to room temperature and poured
onto ice (~400 ml) with 30% H,0, (5 ml). The slurry is
centrifuged (4000 rpm for 4 h), and the supernatant liquid is
decanted until decanted water shows neutral pH. The
remaining solid material is dried in oven for 12 hours ensuring
complete moisture removal. The obtained GO lumps were
crushed via mortar pestle and sieved through mesh to obtain
as GOfine powder.

( Raw materials
| = Cement

« Coarse aggregate
+ Fine aggregate

Mixing of
+ Crushed sand ingredients
* Admixture

+ Water

= GO

Castingin
cubical
blocks &

setting for
24 hours

Table 1: Design mix concrete (M30) ingredients.

Ingredients | Quantity (kg)
Cement 25
Coarse aggregate (20mm) 34.26
Fine aggregate (10mm) 28
Crushed sand 45
Admixture 0.25
Water 10
Water to Cement ratio 0.39

Table 2: Weight % of GO added to M30 concrete mix.

Weight % of GO in concrete mix

0.025% of cement
0.05% of cement

0.075% of cement

Preparation of GO-Concrete

Design mix concrete (M30) was used to prepare GO
based concrete by employing ingredients as listed in Table 1.
GO was added to concrete mix via ultrasonication through
water component of M30 concrete in following percentages as
illustrated in Table 2. Fig.1 shows GO-Concrete nanocomposite
preparation flowsheet. All the raw materials including fine
aggregate (Fig.2a), coarse aggregate (Fig.2b), crushed sand
(Fig.2c), and graphene (Fig.2d). These raw materials are
homogenuously mixed using motorised concrete mixer as

Evaluation
Curingfor?7 of

& 28 days Mechanical
properties

Fig.1: Flow sheet for preparation of GO-Concrete nanocomposite.
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Fig.2: a) fine aggregate, b) coarse aggregate, c) crushed sand, and d) Graphene oxide used in preparation M30 concrete.

Fig.3: a) Motorized concrete mixer, b) Concrete moulds, c) Test
specimen concrete cubes (15 X 15 X 15¢cm), d) Compressive
strength testing unit.

depicted in Fig.3a. The Fig.3b reveals casting moulds to obtain
concrete cubes (Fig.3c.) of size (15 X 15 X 15 cm), these
concrete blocks are cured by immersing in water for 7 and 28
days respectively and are eventually used to evaluate the
compressive strength using testing unitas shown in Fig.3d.

Results and Discussion

Cement strength is based on reactions between H,0 and
the several successive cementitious phases that occur during
hydration. Hydration is what causes cement to set and then
harden; degree of hardening is function of time and relates to
amount of hydration products. Hydration kinetics plays an

important role on the microstructural development and the
final properties of hardened cement composites Cement is a
mixture of solid phases that can react with water to produce
complex products, including CH, C-S-H gels and ettringite (AFt)
as shown in Table 3[14]. The degree of hardening, hydrations
kinetics of concrete is indicative of gain in compressive
strength. Small amount of GO is making sizable gain in
compressive strength properties as illustrated in Fig.4. GO
nanosheets act as the nucleation sites for hydration products
to speed up cement hydration as portrayed in Fig.5. The
highest compressive strength is observed at 0.05 weight% of
GO concentration (Fig.4), at 0.025G0 concentration the
compressive strength is lowered probably due inadequate
nucleation sites for cement hydration products, leading to
porous microstructure. However, at 0.075G0 concentration,
agglomeration of GO occurs thereby GO nanosheets are not
participating as the nucleation sites for hydration products to
speed up cement hydration kinetics.

The surface of GO has many oxygen functional groups
main included of -OH, -COOH and -SO,H as shown in Fig.5. The
C.S, C,S and C,A attach with functional groups preferentially
and form the enlargement points of the hydration
products[15]. The growth points and growth pattern of the
hydration products are both controlled by GO, which is called a
template effect[15]. Scanning electron microscopy (SEM)
analysis further corroborates function of GO in enhancing
concrete strength properties. Interconnect between the layers
of concrete (Fig.6a) is almost non-existent due to zero GO
concentration resulting in lower compressive strength. At
0.025% GO concentration, initiation of inter layer bonding is
observed (Fig.6b), at 0.05% GO concentration, enhanced inter
layer bonding is observed (Fig.6¢) confirming the role of GO
nanosheets acting as the nucleation sites promoting the
growth of hydration products to increase strength properties.
When GO concentration exceeds certain threshold value,
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Table 3: Abbreviated cementitious compounds.

Abbreviated

Compound

Calcium Hydroxide

Calcium Silicate Hydrate C-S-H

formula

Actual formula

2(Ca).OH

Ca0.5i0,.H,0
3Ca0.Al,05
2Ca0.Si0,
3Ca0.Si0,

CaG A|2 (804)3 (OH)12 26H20

Tri -Calcium Aluminate C3A
Di -Calcium Silicate C,S
Tri -Calcium Silicate CsS
Calcium Tri Sulfoaluminate hydrate AFt
(Ettringite)
1 W 1
__ 40- -
S
=
i)
<
© 30 -
»
o
=
(7]
8 20 -
s
£
[=]
(3]
£ 104 -
(]
)]
[
1]
5
0- -
W 1 T 1
M30 0.025%GO  0.05%GO  0.075%GO
M30 M30 M30

Compressive Strength (N/mm°)

401

w
o
I

N
e

10

|7 days i
[ |28 days

M30  0.025%GO 0.05%GO  0.075%GO
M30 M30 M30

Fig.4: Compressive strength of concrete without GO and GO-Concrete at 0.025, 0.050, and 0.075 weight% GO, respectively.

Graphene oxide layer acting as nucleation site for cement hydration product

Fig.5: Schematic illustrating the role of GO acting as nucleation
sites to cement hydration products.

84 BARC newsletter September-October 2022

Cement hydration products

cementdensification.

Conclusion

environmental concerns.
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agglomeration of GO occurs favouring
random structure as indicated in Fig.6d,
hence GO no longer act as seeding sites for

The key role played by graphene
oxide (GO) in the cement concrete has been
investigated at different concentrations of
GO. Compressive strength results have
improved, a small quantity of GO is good
enough to obtain substantial increase in
strength properties of concrete. The usage
of tiny quantity of GO offers a silver lining to
reduce the carbon foot print associated with
cement consumption. Graphene oxide
based concrete has potentially important
role to play to achieve India's ambitious
target to reach net-zero emissions by 2070
declared at COP 26 in Glasgow and mitigate
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Fig.6: (a) SEM image of plain M30 concrete without GO, (b) GO-
Concrete at 0.025 weight% GO, (c) GO-Concrete at 0.05 weight%
GO and (d) GO-Concrete at 0.075 weight% GO.
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doctoral thesis

Radiation chemical studies of lonic
Liquids & Deep Eutectic Solvents

= Synthesis of IV-VI Semiconductor Nanomaterials

Dr. Laboni Das

lonic Liquids (RTILs) are amongst the emerging exotic
solvents being considered as potential alternatives to the
conventional hazardous volatile organic solvents (VOCs).

The Deep Eutectic Solvents (DESs) and Room Temperature

In true spirit of “energy and environment sustainability” the
aim of this thesis has been to explore how much and to what
extent these solvents can act as a potential replacement of
VOCs for utility in the back end cycle of nuclear energy program
(reprocessing and waste management) as well as in other
energy related applications wherein these solvents are
susceptible to strong oxidizing or reducing conditions. DESs
and RTILs can be better suited for such applications only under
the condition that their radiation stability is understood
properly. However, high cost of production and purification
limits overall acceptance and applications of RTILs to a certain
extent, which led to the emergence of DESs, which are
relatively cost-effective, non-toxic, biodegradable with facile
waste-free synthesis procedure requiring no post-synthetic
purification in contrastto the RTILs.

Some of the primary questions that the thesis addresses
convincingly are; what are the transient species that would be
generated within these two new solvents upon exposure to
ionizing radiation? How and to what extent these transient
species would affect the performance of these solvents? Is it
possible to predict a radiation and chemically stable DES by
computational methods for use in radiation related
applications? How effectively these solvents can be used as
host matrix and stabilizing medium for the synthesis of
nanomaterials by radiation assisted technology?

The doctoral thesis has identified and characterized the new
transient species; dicyanamide dimer radical anion (DCA),”
within ionic liquid Pyrr,, DCA; which remains stable in the
medium for hundreds of microseconds and is strongly oxidizing
in nature. The results obtained in this particular work
conclusively indicate that the case of Pyrr,, DCAis unique; asin
this medium both the solvated electrons (strongly reducing)
and the long-lived oxidizing species (DCA),” are produced
simultaneously and both can mediate the radiation chemistry
in this medium, which warrants special attention in its energy
related applications. The primary reducing species, i.e. the pre-
solvated electron was observed for the first time in DESs in
nanosecond timescale; and could be efficiently captured using
DNA base adenosine. These results are important considering
the research related to reductive DNA damage.

Additionally, a new redox and radiation stable DES composed
of 1:2 molar ratio of choline acetate and malonic acid has been
comprehended through computational and experimental
techniques. Application of a particular solvent in the emerging
field of semiconductor nanomaterials synthesis makes it
versatile. In this context, both RTIL and DES have been
successfully utilized as stabilizing media in nanomaterial
synthesis with defined morphology and properties. For
nanomaterial synthesis, novelty of radiation chemical method
over other contemporary techniques has been highlighted.
Photo luminescent tin oxide nanoparticles could be
synthesized via radiation chemical technique in the DES reline,

FESEM images of

{ mesoporous SnSe

{ » nanoparticles

synthesized via e-beam
irradiation in [EMIMI[EtSO,]

Electron solvation and
pre-solvated electron
capture in DES

Human lung epithelial carcinoma
(A549) cells treated with |, G
photoluminescent SnO, NPs showed
bright blue fluorescence upon &
excitation using UV filter

w

AR LT oy

which were found to be non-toxic with suitable application in
cell imaging. Further, in the RTIL [EMIM][EtSO,], mesoporous
SnSe with high porosity could be synthesized via electron beam
irradiation, shows potential applications in sensing, catalysis
and photovoltaics.

(The Ph.D. dissertation was supervised by Dr. Soumyakanti
Adhikari, Head, Scientific Information Resource Division, BARC)

Dr. Laboni Das, Scientific Officer/E in Radiation and
Photochemistry Division of BARC, works in the field
of Radiation Chemistry and Nanomaterials. Her
research interests include radiation chemical
studies of exotic solvents (e.g. deep eutectic
solvents, room temperature ionic liquids) and their
application in radiation assisted synthesis of
semiconductor nanomaterials. She has 10 publications in peer
reviewed reputed international journals and 15 conference papers. Dr.
Das is a recipient of Homi Bhabha Gold medal from OCES 56" batch
(Chemistry discipline).
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Experimental setup of the CO laser system

CO laser emission spectra in 5 ym region from
the gas discharge for 90% output couplers
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A Novel CO Laser

Lasing action in 5 ym region occurring from CO
molecules formed inherently in a CO,-N -He gas
discharge lead to applications in spectroscopy &
material processing

M.B. Sai Prasad, Tatsat Dwivedi,
Ayan Ghosh, ] Padma Nilaya*

co2 laser is the most powerful coherent source providing discretely tunable emission over the 9-11 pm region of the electromagnetic spectrum.
Discovered in 1964, it is one of the most well researched lasers and has found its way into countless research papers published worldwide[1]. The laser
dynamics is therefore well understood and active research is now confined to its applications in various disciplines. However, one aspect of CO, laser
that has hitherto remained experimentally unexplored is its emission spectrum when the gain cell is subjected to LN, cooled conditions (77 K),
understandably, owing to the freezing of the CO, gas at such low temperatures. We have reported for the first time[2], the operation of a free running
CW-CO, laser when its gain cell is subjected to LN, temperature. Of particular interest is the observation of rich multi-line emission spectrum spanning
over4.95 umto5.49 um. These findings are very significant, as they establish, for the firsttime, the laser emission in 5 ym region originating from CO
molecules that are formed inherently in CO, laser discharge (comprising CO,-N,-He) due to electron impact dissociation. This has rendered the
utilization of highly toxic extraneous CO gas source for obtaining lasing in the 5 pm region redundant. In another study, the laser was characterized
to know the constituents of the gain medium, in particular, the CO concentration (active species). In the absence of the knowledge of the lasing
medium apriori, FTIR based analysis of the exhaust of the flowing type CO laser enabled us to characterize the change in the lasing mixture
composition as a function of coolant temperature([3]. Laser power exceeding 15 W was obtained in 10 pm region (CO, laser output) and ~10W
of 5 pm (CO power), indicating ~60% conversion efficiency[3] under these operating conditions. In another work reported in the literature, it

has been demonstrated that a 20 W CO laser cutting of polyethylene has about the same effect as that of a 150 W CO, laser[4]. Further
optimisation of this laser is being carried out. Potential applications include molecular spectroscopy and material processing.

[1] The CO, laser; W J Witteman, Springer series in optical sciences, Springer-Verlag (1987).

[2] Cryogenically cooled CW electric discharge CO laser operated with CO, laser mixture; M. B. Sai Prasad, Tatsat Dwivedi, J. P. Nilaya*,
Shailesh Kumarand D. J. Biswas, Laser Physics, 2018, 28 (12), 125002.

[3]1 Experimental estimation of CO concentration in LN2 cooled CW-CO laser operating with CO, laser gas mixture; Tatsat
Dwivedi, Ayan Ghosh, M. B. Sai Prasad and J. P. Nilaya*, Laser Physics Letters, 2022, 19 (9),095001.

[4] www.photonics.com/Articles/New CO laser technology offers processing benefits/a57681.

The authors are from Laser & Plasma Technology Division. Authors ~ *Author for Correspondence: ). Padma Nilaya
acknowledge Head, Laser & Plasma Technology Division and E-mail: jpnilaya@barc.gov.in

Director of Beam Technology Development Group, BARC for their

supportand encouragement in this developmental activity.
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attending

various competitions > 200

training programs > 100

workshops > 100

| Staff
>2300

quite proficient in Hindi

>6900

with working knowledge in Hindi

# The data presented above is for one-year period September 2021-22.
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scientific social responsibility

PARMANU JYOTI

A novel school-outreach initiative, aligned with the Scientific Social
Responsibility, where the young scientists reach out to the students
in remote areas. Mooted by the Department of Atomic Energy, it aims
to inspire the next generation and spread awareness about the
contributions of atomic energy to nation-building

On the lines of Corporate Social
Responsibility, the concept of Scientific
Social Responsibility needs to be
infroduced to connect our leading
institutions to all stakeholders, including
schools & colleges...

JNV BEMETRA, CHHATTISGARH

A NOVEL APPROACH Taking Atomic Energy to the Next Gen with Minimum Lecture, Maximum Interaction
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JNV GIR SOMNATH, GUJARAT

THE POWER OF INFORMAL BONDING Effective Engagement with Students, Overnight Stay at Schools

JNV NAYAGARH, ODISHA JNV SILVASSA, DADRA AND NAGAR HAVELI AND DAMAN

2-WAY EXCHANGE Gaining awareness Students’ Aspirations, Spreading Awareness DAE Societal Technologies
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JNV KABIRDHAM, CHHATTISGARH JNV CHOULDARI, SOUTH ANDAMAN, A & N ISLANDS

PILOT PHASE Jawahar Navodaya Vidyalayas across India
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scientific social responsibility

DR. AJIT KUMAR MOHANTY, DIRECTOR, BARC
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What we learn with pleasure
JNV. GAJAPATI, ODISHA we neverforget
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