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Hello, welcome again to this course on Physics of Renewable Energy Systems. And in this week,
we are dedicating our attention on the way we can obtain the kind of materials which have been
discussed in this course and how do they differ from each other and why is it important to have

nano size materials for most of the devices that have been discussed till now.
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CONCEPTS COVERED

< Synthesis
+ Applications

% Metal oxides

In today's class, we will go to the next step from where we had talked earlier. In the previous
class, I gave you an overview of the kind of synthesis protocols which are there, what are the
advantages and disadvantages associated with them, but we have not specifically discussed about

each one of them or at least few of them, which are going to be useful for us in this course.

So, it was more like an introduction and overview lecture on the synthesis protocol. In today's
class will talk to you more in detail about the synthesis protocols which are used to obtain carbon
structures. And subsequently, I will also spend the latter half of this lecture on the protocols

which are used to synthesize metal oxides.
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» Methods to synthesize various carbon-based materials

» Various morphologies of metal oxides

So, using these techniques, you can obtain various types of carbon-based materials, which we
had proposed as the materials for devices such as lithium ion batteries, fuel cells, super
capacitors supercapacitors, the turbine blades or few others. You can also use these techniques to
obtain metal oxides semiconductors, which we had proposed right from module two or three

onwards in solar based devices.
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Favorable properties of Carbon-based materials:

Large specific surface area (>1000 m?) \/
Large pore volume (>0.5 cm?/g)

Chemical and thermal stability

High processibility for various specific applications
* Abundance

Biocompatible

Low cost




So, let us start with our discussion on carbon-based materials. If you have understood what we
have proposed or indicated till now on carbon based materials, we have mostly utilize the
properties of carbon based materials which are that these materials can have very high specific
surface area, their pore structure can be tuned in a way that you can go from very large pore
volumes to very small pore volumes as we are using carbon structures then you can have these

structures which are chemically and thermally stable.

Also, by tuning the synthesis temperatures or synthesis protocol, you will see that you can obtain
different types of carbon it is not only that you will use graphite, but you can have very different
kinds of carbons with application in very different kind of devices. Carbon the usefulness is it is

abundant, biocompatible and is also mostly associated with low cost synthesis protocols.

Hence, carbon is extensively used and the usability is just not limited to pencil. The usability of
carbon structures varies from a pencil to an aircraft, to a Formula One car, to your automobiles,
to your mobile phones, to even any other structures where you are using as high strength

coatings. So, the usability of carbon-based structures is in a wide spectrum.
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We have talked till now about what type of structures, so if you go back and see the slide in the
time when we were talking about either the anode in lithium ion batteries or the EDLC type

super capacitors, this is the common structures which we have seen. You can get activated



carbon, you can get carbon micro spheres, you can get carbon nano spheres or you can even go

to very small size carbon quantum dot structures.

And you can clearly see that the morphology of these carbon structures are very different from
each other and hence, the properties would be different this we have seen from the earlier slides

onward.
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So, let us discuss the synthesis of graphene oxide, a material which is very fashionable today and
you will hear this material and it is used in various kinds of devices. So, it can be synthesize
using a simple modified Hummers method. What do we do, you take graphite powder in H,SO,.

So, concentrated H,SO,.

Then you add potassium magnesium gradually, then sodium nitrate you add it, stir it, stir means
on a magnetic stirrer, you put the vessel in which you are having the solution then you have a
magnetic ball or any kind of a beam which is the bottom and that as this stirrer rotates this

magnetic beam also rotates and that sets this rotational motion in the solution.

So, you are stirring using a magnetic stirrer, then dilute this solution using DI water and
hydrogen peroxide. Once you have obtained this precipitate wash it with dilute HCl and DI

water, deionized water. What you need to do, now you have got some kind of a agglomerated



structure. So, you then ultrasonic it and when you pass energy you will exfoliate. So, what you
will do when you are giving energy the layers will come out. So, exfoliation. So, you are ripping

it apart. So, that is exfoliation.

And then you take these solutions in the centrifuge, centrifuge at very high RPMs and what you
will obtain is the layered structures of graphene oxide. So, this is what if you look into the
structure from a scanning electron microscope, this is what it looks like. But if you go and look
at it much smaller level that, is you go to 20 nanometres or lower using transmission electron

microscope then you will see some kind of a layered structure in it.

And from there you can even go to graphitic layers. This is what you have. Now, if you want to
move from the whole picture once again then what have we done, we have taken the graphite,
KMnO, and H,SO, you get the structure which is agglomerated, you get graphic oxide and then
you exfoliate passing through sonicated then you get the layered structures and that is the

graphene oxide structure. So, this is the modified Hummers method which you can use.
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Synthesis: Reduced Graphene Oxide
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Similarly, you can get reduced graphene oxide and here what you are doing is primarily you are

reducing GO by sodium borohydride and what you get is reduced graphene oxide. So, you take



graphene oxide, then you reduce with the reducing agent sodium borohydride, and then you will

get the reduced graphene oxide.

So, it is a very simple process, there is nothing hidden here. And if you have any access to a lab,
chemistry lab nearby, you can actually follow the protocols given in this slide and you will get
the materials which have been indicated to you. So, it is a very simple process and the kind of

materials you get, they have a large range of applications. So, you can make it yourself.
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Similarly, to what I mentioned in the previous class, you can have a hydrothermal process-based
growth of carbon nanosphere. So, you what you do in hydrothermal, you have a vessel the
autoclave, where pressure can increase as well as temperature can increase. So, you will take let
us say dextrose, then you will have the capping agent, the role of capping agent is what it

prevents the agglomeration of nanoparticles.

So, you take dextrose, cap it, and then in an autoclave you can heat at for 140 hours, what you
will get is a black filtrate which can be washed and then dried and the structure which you will
get is the nanospheres. Why washing, because then you are removing the capping agents also

that is why you have to wash the structures. Very simple processes are there.
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Synthesis: Activated Carbon

Physical Activation: Physical carbonization by pyrolysis and activation through oxidation
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The next kind of materials which you hear are the activated carbon structures the activation
process is basically of two types either you can activate the surface that means, you can have
very high surface area materials either by physical activation or chemical activation. So, in
physical activation you have the physical carbonization by pyrolysis and then subsequently you

activate using the process of oxidation.

So, what you do, you take the carbon precursors and then they are made to undergo the process
of pyrolysis at different temperature range and this is the whole process is carried out in an, in an
inert atmosphere. Then, what will you do, you need to activate that means you have to increase

the high surface area condition in these materials.

So, you can activate by exposing to oxidizing atmosphere that can be a stream of air or oxygen at
similar temperatures or slightly higher temperature than the pyrolysis temperature and what you
get is the activated carbon. In comparison to physical activation, you have the chemical
activation, where you activate the carbon from coal and then activate the whole carbon structure

using KOH.

So, you can take coal then mix it with KOH, cool under the nitrogen flow, wash this material,
remove the unreacted metal or any absorb metal metallic impurities on top of these carbon

structures and then slowly let them cool down a bit and then heated again So, that you can



remove the volatile components and what you will get is an activated carbon structure. So, using

physical activation or chemical activation processes you can get the activated carbons.
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| Graphene

4 Graphene is a one-atom-thick planar sheet of sp*honded carbon atoms that are densely
packed in a honeycomb crystal lattice.

< This 21 hexagonal carbon crystal lattice has infinite boundaries and was discovered in the

year 2001 by Andre Geim and Kostya Novoselov (University of Manchester).

4 Graphene is the name given to a flat monolayer of carbon atoms tightly packed into
a two=dimensional (2D) honeycomb lattice, and is a basic building block for
graphitic materials of all other dimensionalities.

The next structure which is becoming extremely useful or is talked about because this is one of
the fastest discoveries which have been given Nobel Prize is the graphene structure, which was
discovered in 2004 in University of Manchester So, it is a 2d structure and it is a layered

structure.
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Graphene model

So, what you see is a 2d structure. So, you have a two dimensional structures. So, layer structure

of carbon. So, this is the graphene structure.
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From the discovery of graphene, there has been an advent of large number of two dimensional
structures which are called MXenes. And here what you have the transition metal made it is

called M transition metal it is arranged in a layered structure separated by the carbon or carbon



nitrogen networks and the termination atom on the either side of the end layers is the X

termination atom.

So, and they have large number of applications ranging from environmental, optoelectronics,
sensors, energy and law a lot of work is going on, but we will not discuss too much about this
because we have not used these materials still in the devices which were discussed, but they are
being extensively used and maybe in coming years you will see many devices which use these

kinds of materials as an intrinsic component.
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Advantages and disadvantages of 2 D structures

v High surface area o Retain control of surface
interface
v Large no. of surface
active sites o Difficulties in large scale
fabrication and reproducibility
v' Superior electron mobility
and transfer . o Difficulties in the synthesis of
defect free 2D material
v Excellent photo catalyst |
support

Now, once you have layered structures they give you high surface area, large number of surface
active sites the electron mobility and transfer mechanism is quite superior to other structures and

they can also have catalytic properties.

The problem comes is that it is difficult to retain the control over the surface interface it is
difficult to reproduce and then even the processes are low enough processes and the cost of
synthesis protocols continue to be quite high compared to the normal three dimensional current
structures and controlling defects in these structures still remains a challenge. So, there is a lot of
work being done in these materials. And as the knowledge increases, you will see these kinds of

materials becoming more and more prevalent in the devices which we have discussed.
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Now, we have discussed in earlier modules, the hollow structures which are not ideally the

two-dimensional structures, they are the structures which from the outside look very similar.
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Is there any difference from outside?

%

Solid Sphere Is there any difference from Inside? Hollow Sphere

So, if you see a solid sphere then it looks very similar to a hollow sphere. But if you look closely
then from inside one of them is completely filled like the watermelon, but the other is empty like

an empty coconut shell. So, from outside it is difficult to distinguish, but from inside they are

very different.
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It has been recently seen and you will be able to understand the importance of these materials.
What is it, that if you take the solid structures then you have available paths for the electrons to
move throughout these particles, but when you go to hollow structures, then they can only move

around the boundary.

The moment I say that they can only move along the boundary because then you have a gap in
the middle then you are only routing at the boundaries at the periphery that means you have
induced confinement and the moment I have induced confinement that means, I am moving

towards the advantage of nano structures.

So, even if these structures are much bigger, but then you are inducing confinement both in x and
y direction and maybe one other direction is free. So, you are confining maybe in spherical terms

you are confining in r and theta whereas, phi is the free path.
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So, what happens in solid structures you can see that you can have electron motion all around.

But when you are seeing the hollow structures, they have to move only in the periphery.
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And hence, what happens that the ratio of atoms in hollow spheres is quite small that means you
have hollow spheres which are constructed using a much lower number of atoms in comparison
to solid structures and you can have the solid sphere and hollow sphere ratio as 1 is to 4 So, you
can have much lighter materials, but with higher surface area and this is what is typically the

property of two dimensional structures.



So, even if you look at the structures which can be much bigger, you will see that these kinds of
structures can simulate 2d structures. And therefore, these kinds of metal oxides are becoming

extremely important.
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There are other metal oxides which are becoming quite important. And we will discuss about
them in a minute, but you will see to obtain hollow structures there are various kinds of synthesis
protocols that we have already discussed, you can use hydrothermal you can use many emulsion,

you can use soft template methods, the sacrificial template methods or the hard template methods



and you will get various kinds of systems where you can clearly see the formation of hollow

cavity.
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And then they have significant advantage. And the advantage has been more so, in transition
metal oxide. So, you will see from earlier models that we have always been talking about the use
of metal oxides in lithium ion batteries, the super capacitors the fuel cells and you have used
large number of oxides based on these transient metals. What happens these metals can exist in

various valence states.
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Classification of MOs:

Depending on number of metal elements present in the MOs they are of three types:
Unary MOs:

% Presence of single metal.

& Kr 210, 110, NiO, CuO), ete.
Binary MOs:

& DPresence of two melal elements,
% Ex: Nigho, 0, Ni,Co,0), ete.
Ternary MQs:

% Presence of three metal element.

& Ex: /n-Ni-Co oxide (ZNCO), Ni.Co,Cie.0.

So, either you can use unary metal oxides, the binary metal oxides or ternary metal oxides

depending upon the number of metal lands you are having in a oxide.
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Properties of MOs:

+ Oxide material can present ionic or mixed ionic/electronic conductivity, \/

b

Propertics of MOs covers the entire range of metal (RuO,) to semiconductor
(YMnO;) and insulators (BaTiO5).

o

High optical conductivity.

High mechanical stress, hardness, super plasticity.

o

They show diverse ferroic properties like ferromagnetism (Cr0O,), Anti-
Ferromagnetism (NiO, LaCrO;), Ferroclectricity (BaTiO;), Ferro clasticity
(KNDO,).

Good thermal and chemical stability.

Ternary MOs shows high theoretical specific capacitance.

In transition metal oxide, vacant d-shell gives them unique characters like reactive
clectronic transition, high diclectric constant, Ferromagnetic, Ferrimagnetic statc.

These kind of oxides have the capacity to deliver ionic, electronic or mixed ionic electronic
conductivity. So, you can take the advantages of all kinds of conductivity, you can use them for
optical properties, you can use them for semiconducting properties, you can use them for

ferroelectric properties, you can use them for federal elastic, ferromagnetic you can use it for



GMR, CMR properties, you can use them as anode material or cathode material in energy
storage devices you can use them as catalysts. So, there are large number of properties associated

these metal oxides.

(Refer Slide Time: 23:13)

Various Morphological structures for nano metal oxide

+ Nanotubes : Co,0,

+ Nanoribbons :Sn0,

+ Hollow Nano shells  : Amorphous ZrQ,
+ Nano wires :In0

+ Nano belts :PbO,

+ Nano Particles :Ti0,, CeO,

So, let us look into some of them. You can clearly see that the morphologies can be very different
in different types of oxides which are mentioned in the slide. So, you can go from various kinds
of morphologies. Now, what is morphology, the size and the shape of the particle that will define

the specific surface area. This will define the chemical properties, this will define the reactivity,



it will define the redox activity, it will define the semiconducting properties because it will lead

to variation in the bandgap, that is correct.

So, you are changing a and as you change a you are going to change the bandgap in these kinds
of semiconductors if you choose semiconductors around this, you will have different kind of
optical properties. So, it is clear you can have different kinds of materials, you can synthesize
different kinds of materials and you will get different kind of morphologies. And these are at

very small scales, so this is like picture taken at 200 nanometres level.

So, few 100 nanometre level, so this is like 1 micrometre. So, this is the scale you are looking at.
So, the whole picture is maybe around 6 micrometres by 6 micrometres. So, this is a picture from
the outside all the particles may actually all them may look like the powder, which is white in
colour, but when you see them at the nano or the micron level, then the reality comes out that

they are shapes and sizes are very different.

And hence their properties would be different. Their properties can be electrical properties,
optical properties, electrochemical properties, magnetic properties or any other property which is
related to the surface of the particle, the shape or the size of the particle or even the balance state

of the particle or the bandgap in these particles.
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» There are large number of carbon and metal oxides,

which are very useful for energy systems



So, it must be clear that there are large number of carbon and metal oxides which are very useful
energy systems. It is very, very simple to actually synthesize these materials. So, if you got
scared at any point during any of the modules earlier as to how you can make the materials
which can then use in a device then I hope that this lecture and the previous lecture has given
you the confidence that you can easily make these materials, you can make new materials, you
can make materials as per as your defined required characteristics and then you can make new

energy storage or energy generation or integrated energy generation storage system.
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¥ Handbook of Carbon, Graphite, Diamonds and Fullerenes: Processing, Properties and Applications,
by Hugh O. Pierson, 1994.

¥ Two-Dimensional Carbon: Fundamental Properties, Synthesis, Characterization, and Applications,
by Wu Yihong, Shen Zexiang, Yu Ting, 2014,

» Hollow nanostructures of metal oxides as next generation electrode materials for supercapacitors,
Vikas Sharma, Inderjeet Singh, Amreesh Chandra, Sci. Rep. (2018), 8, 1307.

¥ Addition of redox additives—synergic strategy for enhancing the electrochemical activity of spinel
Co,0, based supercapacitors, Md. Aqueel Akhtar, Ananya Chowdhury, Amreesh Chandra, J. Phys.
D: Appl. Phys. (2019), 52, 155501

> Evolution of hollow nanostructures in hybrid Ce,,Cu,0, under droplet confinement leading to
synergetic effects on the physical properties, Inderjeet Singh, Katharina Landfester, Rafael Mufioz-

Espi, Amreesh Chandra, Nanotechnology (2017), 28, 7.

These are the major references from which you can get more idea about the topic. And in the
next class, we will talk about nano catalysts, where you will see that the catalysts which we
discussed during the module on fuel cells can also be made quite easily and then you will be able
to convince everyone that yes, you can make materials which can be used in lithium ion battery,

or you can use them in super capacitors or you can use them in fuel cell. Thank you very much.



