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Preface

Peer-reviewed publications are essential to effectively communicate research findings.
However, the pressure to publish has led academics to submit their work to dubious
journals that neglect editorial and peer-review processes, which sometimes compromises
the quality of science. India's contribution to Open Access publications is lower than the
world average, which is 4% compared to 25%. However, the annual growth rate of Open
Access publications from India is 12.5%. India ranks fifth globally in terms of the total
number of publications and sixth in terms of Open Access publications. I take pride in
being associated with the CNSE International Journal, that is committed to publishing
groundbreaking research papers through a rigorous peer-review process while upholding
the highest ethical values for scientific communities across emerging disciplines. The
journal covers the latest advancements in energy, materials science, environment, medical
science, agriculture, and nuclear radiations for health & industrial technologies, including
breakthroughs that deepen understanding of natural sciences. The CNSE journal's mission
is to support scholars and faculty members who cannot afford exorbitant publishing
charges in the name of open access to journals.

I am happy to learn that first issue of Current Natural Sciences & Engineering (CNSE)
International Journal is being published. This Journal is a peer reviewed comprehensive
interdisciplinary journal in an open access mode and aims to publish new, innovative and
cutting-edge research in the areas of Natural sciences including climate change, net zero
carbon, Green Hydrogen, and sustainability. I am sure that the CNSE will be able to
provide a unique platform to Scientists, Researchers & Engineers involved in the new
science worldwide to publish their research findings for industries in the benefit of the
society.

I am privileged to congratulate Prof Kotnala for envisaging the concept of CNSE, an
International Journal that will serve as a platform to showcase scientific achievements in
multi-disciplinary areas. I sincerely hope that publishing research papers through a
rigorous peer reviewed process, maintaining high ethical values for scientific
communities across emerging disciplines, will go a long way in fostering innovation.
The journal covers current advancements in energy, materials science, environment,
medical science, agriculture, as well as nuclear radiations for health & industrial
initiatives. The CNSE journal's mission is to support all those scholars/faculty members
who express the desire to have their research publications read and utilized by a diverse
group of scientists in multiple fields. The journal, therefore, aptly addresses the
multidisciplinary emphasis and the emergence from small silos in research, which is the
need of the hour. The focus today should be on translating the end user experience into
technological products and advances. [ wish the journal my very best wishes.
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I am privileged by my association with CNSE International Journal which has taken a
big step to publish research papers through a rigorous peer reviewed process
maintaining high ethical values for scientific communities across emerging disciplines.
It majorly covers current advancements in energy, materials science, environment,
medical science, agriculture, nuclear radiations for health & industrial technologies
including breakthroughs to understand natural science more deeply. The CNSE
journal's mission is to support all those scholars/faculties who cannot afford heavy
publishing charges in the name of open access of the journals.

To the Scientific community, it gives me an immense pleasure and I am privileged as
part of the editorial team and panel of reviewers to write a small note for this first issue
of our journal, CNS and E, Current Natural Sciences and Engineering.
Scientific research and publications are increasing exponentially with the IT age and
Artificial Intelligence. However, many scientists, especially young scientists, are
finding it difficult to publish in established high impact factor journals because of the
very tough requirements of these journals and exorbitant publication fees. This new
journal will give them a new opportunity and an avenue to make their scientific
research findings and make them available to the general public. The Journal has a
dedicated International team of reviewers and editors and papers submitted to the
journal are processed quickly, effectively and efficiently without jeopardizing the
rigorous scientific merit. I wish the journal plenty of success, wide readership and
citations and long life.

I am delighted to know that the Current Natural Sciences & Engineering (CNSE)
International Journal has published its first issue. I extend my warmest congratulations
to everyone involved in this groundbreaking endeavor. This journal, a beacon of
innovation and knowledge, is set to revolutionize the dissemination of scientific and
engineering research. CNSE stands as a testament to the collective genius of scholars
and engineers worldwide, offering a unique and expansive platform for sharing
research that spans a diverse array of critical fields, from condensed matter and
nanomaterials to digital agriculture and health science. The inclusion of key subjects
underlines the journal's commitment to a broad spectrum of vital scientific areas,
ensuring comprehensive coverage of the latest advancements. What makes CNSE
particularly commendable is its approach to accessibility and global reach. By adopting
an open access mode, free from heavy publishing charges, the journal not only fosters
global visibility but also represents a significant step towards economical scientific
publishing, particularly beneficial for Indian researchers.

Best wishes to the editorial board of the CNSE International Journal in their endeavor
to enlighten minds and inspire a sustainable future through scientific excellence and
innovation. May this journal soar to new heights, contributing significantly to the
advancement of science and engineering for the betterment of society.
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I am pleased to announce the inaugural issue of the CNSE International Journal. The
journal is committed to publish top-tier research in condensed matter and
nanomaterials, engineering materials, sensors, green energy, environmental science,
hydrogen energy, health science and technology, sustainable agriculture, and more. Our
stringent editorial policy ensures only high-quality research makes it to publication,
setting the journal on course to become a pioneer in the realm of science and
engineering. Best wishes for the journal's success and influence in advancing scientific
knowledge.

In the first issue of Current Natural Sciences & Engineering journal, we delve into
cutting-edge and application-oriented research and innovative discoveries at the
forefront of scientific inquiry in the fields of physical sciences, energy, metrology,
nanoscience, chemical and environmental sciences. From advancements in energy
technologies to breakthroughs in materials science, each contribution represents a
significant step forward in our understanding of the natural world and its engineering
applications. Application of nuclear technology is seen in almost all the aspects of life
today; energy, water, health and food. As editor, I extend gratitude to our contributors
for their passion and dedication. I welcome our readers to embark on a journey of
discovery, curiosity, and collaboration, enriching our collective tapestry of knowledge
and insight of the natural world.
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Message from Chief Editor

Prof. (Dr.) R K Kotnala,

Former Chairman NABL, Raja Ramanna Fellow DAE &
Chief Scientist, CSIR-National Physical Laboratory

Today, we all are witnessing severe adverse consequences of Global warming interlaced
with abrupt Climate Change and ultimately it has resulted into a grave disastrous
situation? It is due to the current levels of carbon dioxide (CO2) and other Green House
gases (GHGs) beyond their limits in the atmosphere emitted mainly by industries,
transportation, agricultural activities and energy production by fossil fuels, biomass. In
2023 earth atmosphere temperature rose to 1.5 degree Celsius and it triggered climate
change conditions that resulted in melting 20% more ice from Greenland ice sheets. In the
last two decades 5000 Giga tons of ice has been lost in Greenland alone, it is a very serious
outcome of global warming! To circumvent the prevailing conditions of global warming,
the United Nations, many countries & NGOs are working consistently to mitigate global
warming.

Hence, Earth’s Sustainability for we all, flora & fauna needs a sharp focus on the
means of energy production by fossil fuels, biomass and other sources can be replaced
immediately by renewable green & clean energy generated by Solar cells, Hydroelectric
dams and other sources. Recently invented green & clean energy device Hydroelectric Cell

is the biggest invention of 21* century in the green energy domain and it is an alternative
to solar cell & fuel cell. A sustainable solution for ESG (Environmental, Social, and
Governance) requires one of the strategic goals to reduce carbon (CO2) emissions. Green
energy is the most sustainable solution to combat greenhouse gases emission.

Therefore, globally an immediate need is to adopt ESG, which can holistically
support scholars & engineers’ scientifically creative minds new ideas that can be scripted
in the Current Natural Sciences & Engineering (CNSE) international journal. Itis the most
valuable journal on new science depository carvedin the interest of the scientific
fraternity, who are keen to disseminate science for the mother earth sustainability &
mankind. It dwells mainly on the Green & Clean energy, Hydrogen energy, Environment,
Net Zero Carbon, Health and Agricultural Science subjects to promote new, innovative
and cutting-edge research in all areas of Natural Sciences.

The CNSE Journal is a unique platform to boost research impact globally and its
editorial board comprises globally renowned S & T luminaries & advisory support
from world top Institutes' leaders. Its main objective is to publish original scientific and
technical papers, reviews, technical brief notes, research updates and news discussions
on all aspects of natural sciences, engineering and interdisciplinary subjects. It is a
comprehensive peer-reviewed interdisciplinary journal in an open access and it is free
from heavy publishing charges with a global visibility. The CNSE journal is published by a
nonprofit foundation VBF. The journal extends an opportunity for easy submission and
quick publication of manuscripts.

I am sure Current Natural Sciences & Engineering international journal will serve
society for their cause.
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Renewable Energy in India: Resource Availability, Waste
Generation and Management

Pallavi Singhal®, S. K. Jha, Vandana Pulhani, Vinod Kumar A and D. K. Aswal
Health Safety and Environment Group, Bhabha Atomic Research Centre, Trombay 400085, India

*E-mail : psinghal@barc.gov.in, pallavisinghall 987 @gmail.com

Abstract: Energy security, environment and economy are the three major pillars of a country.
These parameters not only secure a better quality of life for the citizens but also protect the country
against an unwanted threat and economic crises. The energy need in India is primarily fulfilled by
burning of the fossil fuels, but their reserves are limited and may deplete very soon. Also, they
emit a large amount of CO> gas in the environment which is a key driver for the global warming.
Therefore, to sustain the economy and protect the environment, India is focusing on the use of
renewable energy; particularly solar and wind energy. In this article we have assessed the potential
of these two energy sources in terms of material availability, waste generated and its disposal. At
the end we have compared it with the well-established nuclear energy technology. Finding the
future of a technology based on the raw material availability and its final treatment is necessary to

make a self-reliant and sustainable technology, as India is progressing towards the same.

Keywords: Energy, Renewable, Global Warming, Material, Waste.

1. Introduction: Energy generation is one of
the biggest challenges in today’s world
because its demand has increased remarkably
in the past. To put forward the numbers: global
energy consumption was about 146 EJ (1
EJ=23.9x10° metric tonne oil equivalent) in
year 1960 but has increased to 556.63 EJ in
2020 [1]. It has been predicted that the demand
will further increase nearly by 50% in 2050.
Total energy consumption of a country is
driven by two factors (1) Population, (2)
Energy spent per capita. Both these factors
differ among countries depending upon their
geographic location, technological
advancement and, availability of resources.
Henceforth; the need and the way to transform
the energy industry also varies and a unique
transformation path cannot be applied to all the
countries together. Figure 1A shows a general
trend of population growth and energy demand
for different group of countries in near future.
It can be seen from Figure 1A that in the
Organisation for Economic Co-operation and
Development (OECD) countries, Europe and
Eurasia and America, the population is almost
constant however in Africa, Middle East and
Asia population growth is forecasted. In these
group of countries the energy consumption is

©2024 Vigyanvardhan Blessed Foundation
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also predicted to increase as compared to other
countries and among them Asia will see the
greatest expansion with ~40% of the world
energy share by 2040 [2]. The majority of this
share will be from China and India because of
their, fast developing economies and high
population. Figure 1B shows the energy
consumption in the past and future for both
these countries. Although from year 2000-
2020 the energy demand in China has
increased sharply but after that the growth
projection is predicted to follow a linear
increase however, in case of India it might
increase exponentially. It is to be noted that by
year 2025 the Indian population will surpass
that of China to become the world’s most
populated country. The growing population
and industrialization will result in more future
energy demand for India. Presently, fossil fuel
burning is the major sources of energy
generation in India but their reserves are
limited and it is estimated that with the current
consumption rate the reserves will last only for
105 years in India [3]. Energy generation by
fossil fuels is also one of the biggest
contributors to CO; emissions and by an
estimate account for around three-quarters of
greenhouse gas emissions today and holds the



key to averting the worst effects of climate
change [4].
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Figure 1A. Primary energy consumption and
population growth in different group of countries in
past and future years projected. 1B. Primary energy
consumption in India and China in past and future
projections.

It can be predicted with certainty that in future
we will witness further increase if proper
measures are not taken now. Various laws and
climate policies are formed to regulate the
emissions but the way these responsibilities are
shared among different regions, countries and
individuals is questionable. This is because the
emissions differ for different countries and
their per capita [4]. To compare, in 2020,
China was one of the largest CO2 emitters
(Supporting Information (SI) Figure SF1A)
but the per capita emissions are maximum for
the Unites States (SI Figure SF1B). Although,
India is much below the world average per
capita CO; emissions but considering
increasing population and industrialization, the
emissions are predicted to increase creating an
alarming situation for public health. The worse
effects of climate change are even observed
today.

Energy is also closely related to the economy
as it ultimately enables investments and
technologies that create jobs and drive growth
among countries. Gross domestic product
(GDP) of a country is a measure of economic
growth. Many studies have been carried out in
the past to understand the relationship between
energy consumption and GDP [5-7]. It was
observed that India is an energy dependent
economy and portrays a bidirectional causal
relationship between energy consumption and
GDP [8]. It is postulated that the Indian
economy will grow at the rate of 5% per year
in comparison to world average of 3% and to
achieve this growth, India needs massive
amount of energy [8].
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2. Solar and Wind energy contribution in
India: Considering the stated facts together, it
is certain that India needs large amount of
energy to cater to its needs and in order to
maintain the health of the environment a shift
from fossil fuels to other low carbon or CO:
neutral energy sources is absolute necessary.
The primary condition is that the sources
should be deployed economically and
generates energy in a sustainable manner. For
this, energy sources such as solar-
photovoltaics, concentrated solar power, wind,
geothermal, hydroelectric, wave, tidal,
nuclear, corn-ethanol, cellulosic-E85 and coal
with carbon capture and storage technology
have been explored in India and their potential
is evaluated in terms of various parameters
such as abundance, scalability, greenhouse gas
emissions, land wuse and, technological
advancement [9]. Based on these parameters, it
was found that the solar and wind energy has
the largest potential for India because of their
ultimate renewability and large scalability [9—
11]. Considering this, Indian government is
promoting these technologies and many solar
and wind energy plants have come up in recent
years. Researchers have also evaluated the
potential of these two energy sources for India
using different approaches. Lu et. al. [11] have
used the cost optimization model to evaluate
the best possible energy mix for India, taking
cost, storage, power demand, inter-regional
grid connectivity and capacity factor into
account and suggested that 80% of the India’s
energy demand in 2040 can be met by
renewable; in particular solar and wind energy.
In their prediction they have assumed that the
combined energy output of these two sources
will be 3800 TWh assuming a growth rate of
6.5% per annum. We did a calculation wherein
the actual energy generated from these two
sources in 2021 and 2022 was taken [12] and
the same growth rate factor was applied
(Supplementary Sheet 1, SI). From the
calculation it was found that the combined
energy potential of these sources in 2040 will
be 484.15 TWh; almost 8 times less the value
taken by Lu et. al. for designing energy
distribution in India. To look into it further, we
checked the growth of solar and wind energy



in last 10 years in India and their contribution
in the installed capacity for electricity
generation and in total energy consumption per
year in electricity sector (Supplementary Sheet
2, SI). The results are plotted in Figure 2. It is
evident that the wind energy is almost at its
saturation and its growth and use in electricity
sector 1is almost constant. In fact its
contribution in the overall electricity
generation has decreased in past two years
(Figure 2C) which suggest that this sector is
not growing as per the rate at which electricity
demand is growing. Looking at the solar
energy, it is seen that this sector has seen a
remarkable growth in last 5 years and the
growth rate of as high as 80% has been
achieved. Thanks to the geographical location
of India because of which solar energy is
available in surplus amount. Figure 2B shows
that the contribution of solar energy in total
installed power (GW) is >14% however, the
overall energy generated per year is much less
~4% 1in 2021. This is because of the interim
nature of this energy source and the energy is
not available all the time to extract.

A detailed analysis on the growth trajectory of
solar and wind energy sources in different
countries has been carried out by Cherp et. al.
[13]. They have shown that it follows S-shaped
curve where initially the growth will be slow;
then it accelerates followed by saturation. The
same type of growth pattern has also been
observed as shown in Figure 2C. From the
results it is seen that the wind energy has
attained a stable growth while solar is in its
growing phase. Cherp et. al. [13]. have also
shown that the maximum growth rate that wind
and solar energy can attain in a large country
like India is ~1% and 1.1%, respectively of the
total electricity output. Considering this fact
and the contribution of solar and wind energy
in the total electricity generated (GWh/y); ~4%
in 2021, it is envisioned that these two sources
in total will contribute maximum 50% to the
total electricity output by 2040 as against the
ambitious estimation of 80% suggested by Lu
et. al. [11]. This suggests that a technological
innovation and better planning is needed to
achieve the much higher growth rates.
Jacobson et.al. [10] have mentioned that 100%
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energy demand by 2035 can be met by
renewable particularly wind, water and solar
energy. For the study they have considered
electrification of most of the processes
including heating and cooling and transport as
well as collaboration among different
countries. For example India is grouped with
Bangladesh, Sri Lanka, and Nepal but
considering today’s geopolitics nothing can be
assured. Also, looking at the current energy
distribution in India, this seems to be a highly
ambitious estimation. Tiewsoh et. al. [8] have
used the long-range energy alternative
planning (LEAP) model for predicting the
contribution of various energy sources in
electricity generation for India in 2030 and
commented that solar and wind energy are the
major renewables for India but the contribution
from nuclear energy cannot be ignored because
of its continuous supply and ~9-15%
contribution in the overall electricity
generation which will come from this sector.
Here we would like to emphasise that in 2021
the power sector represents only 18.2% of the
overall energy consumption [14,15] in India.
As India along with the world is trying to move
more towards the processes driven by the
electricity, in future the electricity demand will
increase further that in turn will require more
energy from renewable and low carbon energy
sources. Therefore, it is important to
understand the advantage and limitations of
these energy sources to reach to a better
planning.

The merits and demerits of an energy source
are decided by many factors as described in
Figure 3. Many of these parameters such as
availability and scalability, greenhouse gas
emissions, water use, effect of climate, public
acceptability and job creation for different
energy sources has been discussed earlier by
many researchers [1,8,9,11,13,16,17] and in
detail by Jacobson et. Al [9]. Herein, we will
forecast the future of solar and wind energy
sources for India by evaluating their
performance in terms of various parameters
that connects the GDP, energy and
environment together. Our major focus will be
on material availability, and waste generated as
these parameters are of equal importance to
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Figure 2A. % growth of solar and wind energy. 2B and 2C. % Contribution of solar and wind energy in
installed power (GW) and total energy (GWh/y) used in electricity sector respectively.

preserve the biodiversity and sustain the
economy in a densely populated country like
India. We will be very brief with other
parameters and only mention wherever
required.

2.1. Solar energy: First, we will discuss the
solar energy. Solar energy is the conversion of
sunlight into electricity using photovoltaics
(PV), or concentrated solar power (CSP). This
idea was led by the discovery of photovoltaic
effect in 1839 [18] and the first solar cell based
on silicon was reported in 1954 with an
efficiency of ~6 % [19]. Since then the solar
cells have shown a  commendable
improvement and now contribute ~3.4% of the
world electricity share which was ~ 0.01% in
1990 [16,19,20]; and anticipated to reach 25%
by 2050 [1,16,19,21]. The potential of solar
energy can be understood by the fact that an
one hour equivalent of this energy was more
than the energy used by the world in one year
[21] and because of this it is sought as one of
the important contributors in energy mix,
particularly in India because of high intensity

reaching the surface. However this energy
source is not available all the times and the
fluctuation pose a major limitation in using
solar energy to meet the continuous demand.
Capacity factor is an important term that
basically measures how often a plant is
running at maximum power compared to its
nameplate potential. It is a measure of
reliability of a plant. A plant with capacity
factor of 100% means it is producing
maximum power all the time.

Capacity Factor = Actual unit electricity
output/Maximum possible output.

Capacity factor for solar energy is calculated
for last 8 years in India (Supplementary Sheet
3, SI) and it was observed that the value ranges
between 11-18% which means that the
maximum energy that can be drawn from solar
is much less as compared to their nameplate
potential. Moreover, this energy is not in
continuous supply that poses a major limitation
on grid stability and powerful storage batteries
are needed to store solar energy. Numerous
research is also going on to develop techniques

Availability
Scalability
Material availability T L.
e e Greenhouse gas emission
Water use — —3 Material recyclability and disposal
Effect of climate Wildlife
Cost Hazard

Policy Decisions

End use compatibility
Public acceptability

Figure 3. Various parameters to evaluate the performance of an energy source.
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that can convert solar energy into hydrogen via
water splitting in electrolyzers and use directly
hydrogen as a fuel [22]. But it has not come in
the public domain yet.

Let us talk about the materials needed for solar
energy harvesting. First of all, a suitable
material that absorbs the solar energy and
converts it into useful power with high
efficiency is needed. Of all the materials
discovered [16,22,23], silicon is the most used
material and silicon-based solar cells (mono
and poly-crystalline silicon) cover over 80% of
the world’s installed capacity today [16].
CdTe, CulnSe and CulnS are also prominent
materials for solar energy harvesting because
of their low cost and better mechanical
properties, but have low efficiency. Several
advanced technologies such as dye sensitized
solar cells, quantum dot solar cell, perovskite
based solar cells, organic solar cells etc. [22]
have been developed for solar energy
harvesting. They have been tested on
laboratory scale and are yet to emerge at the
plant scale. Today, Si, Cd, Te, In, and Cu are
the main components of a solar cell absorbing
material. Ag is used in solar cell solution as
electrolyte. So for solar cell technology to
grow and reach at its maximum potential these
elements should be available. If we look at the
reserves for these elements; as of 2021 Ag
reserves in total is 5,30 billion tons out of
which 4,74 billion ton is mainly concentrated
in Peru, Australia, Russia, China, Poland,
Unites States, Mexico, Chile and Bolivia [24].
In India, there are no native silver deposits
except the small and unique Bharak deposit in
Rajasthan with an estimation of ~29000 tons.
Also it is estimated that the Ag deposit will be
completely washed off in next 200 years and
the world will reach at the same scenario as
that of fossil fuel for now [25].

Silicon is abundantly available in nature but
mostly found in SiO> form. Solar cell needs
silicon in highly purified form. Silicon
purification is an extremely difficult and
energy intensive process. The market is
majorly dominated by China and in 2019 it
produced ~4.5 million tons of pure silicon that
accounted for ~64% of global production.
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Though India is among the top 15 producers,
its production was 60,000 tons which is <1%
of global production (7 million tons) in 2019
[24]. India has imported most of its solar cell
material from China in the past few years.
Although the government is putting a lot of
efforts for the local self-reliant technology still
the correlation between the technological
development, its implementation and demand
looks far from the meeting point.

For thin film solar cell, Cd, Cu, In, Se and S
are needed. Cadmium is generally recovered
from zinc ores and sphalerite is the most
economically significant zinc ore mineral for
Cd recovery. The world production of
cadmium was estimated at 25,600 tonnes in
2018. Most of the world's primary cadmium is
produced mainly in China, Republic of Korea,
Japan, Canada, Kazakhstan, Mexico, Russia
and Peru. India has imported ~6,904 tonnes of
Cd in 2018-19 from China, Japan, Republic of
Korea, Mexico and Peru [24]. Indium is also
majorly produced in China followed by South
Korea and Canada. Cu is produced majorly in
Chile, United States, Indonesia and Peru. In Se
production also United States, China,
Germany, Japan, Belgium, Russia are the
leaders. This suggests that most of the
materials used for solar cell fabrication are
either not present or not manufactured in India
and for solar cell technology, India is heavily
dependent on the imports from other countries.
Figure 4 shows on maps the important
materials for solar energy along with their
reserve sites.

2.2 Wind Energy: Let’s move to the other
renewable energy source that is wind energy.
Wind is considered to contribute significantly
in fulfilling the future energy demand. Even
today, it is one of the major contributors of
renewable energy share in the total energy
portfolio. Wind farms consist of both onshore
and offshore wind farms. Onshore wind power
generates electricity using wind farms
constructed on land which require a large
amount of land and high wind speed. In most
of the cases these wind farms are constructed
in rural areas that can lead to habitat loss and
compete with other usages of the land.
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Figure 4. Countries with the reserves of raw materials for solar cell fabrication.

Offshore wind power generates electricity
using wind farms constructed in water body
usually sea. These wind farms do not require a
large land but their construction and
maintenance cost are significantly higher as
compared to the onshore farm. In wind farms,
mechanical energy of wind is converted to the
electrical power using wind turbines and
electric generators [24]. Wind energy has
tremendous potential and according to an
estimate the total amount of economically
extractable power from the wind is more than
what the world uses from all sources. Various
models support this claim via top-down and
bottom-up approaches. Using top-down"
calculation, Kleidon [25,26] has shown that
18-68 TW power could be extracted from wind
energy. Archer and Jacobson [27] did
calculation using "bottom-up" approach and
estimated that 72-170 TW power could be
extracted practically. However, a recent study
by Miller [28] does not support this claim and
says that the estimates are too high by a factor
of about 4. Wind energy has evolved a lot since
its inception in 1982 and the kind of growth
and potential it has shown is exceptional [29].
In 2019, wind contributed ~2% of the global
energy demand [30].

India ranks fourth among world in terms of
wind energy installations with an installed
capacity of ~42 GW [12]. The Government is
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promoting wind power projects through
private sector investment by providing various
fiscal and financial incentives. Like solar
energy, wind power also has certain drawback
that needs to be overcome to utilize its power
fully. Wind power is not a steady power source
and varies greatly with geography and time.
Therefore, it cannot meet the demand at all
times and must be used with other power
sources to ensure a reliable supply [31].
Capacity factor for wind energy is calculated
(Supplementary Sheet 3, SI) for last 7 years in
India and the value range between 12-20%
which suggests that like solar energy wind is
also an intermittent energy source that needs to
be stored. In India wind has attain a steady
growth as already shown in Figure 2. The
development of wind power in India began in
the 1990s, and has significantly increased in
the last few years. By current estimation [12]
the overall potential for wind power in India is
302 GW at 100 m height and 2% land
availability out of which 42 GW is already
installed in 2022 that measures ~10% of the
total electricity generated in India. Although
the estimates for wind potential have increased
a lot in past several years because of
exploration of new sites; for prediction let us
take the current estimates and look at the
energy requirement in India and numbers
suggested by other researchers. Consumption
of overall energy in India’s electricity sector



was ~18.2% in 2021. This suggests that apart
from the electricity sector a large amount of
energy is consumed in India. Considering the
maximum potential of wind energy, it can
contribute ~ 75% at max in the overall installed
power at 2021 level which means that the wind
energy potential in India’s energy demand is
limited. Veers et. al. [32] have already
mentioned that to extract reasonable amount of
energy from wind, a large gap still exist that
has to be complemented by aggressive
research and policy decisions. Now let us look
at the materials needed to convert wind energy
into electricity.

Primary raw material in a wind turbine is steel
(60% to 71%), cast iron (12% to 16%), fiber
glass, and epoxy (11%) and glass/ceramic
(6%), tool steel (6%), stainless steel (3%),
aluminum (1% to 4%), and copper (0.7% to
2%). India has reserves for these elements.
Rare earths elements neodymium,
praseodymium, dysprosium and terbium are
used to manufacture neodymium-—iron—boron
(NdFeB) permanent magnets. These magnets
are used as components in generators for wind
turbines. These elements are mostly

concentrated in China [33]. In 2019, 67% of
these oxides are produced in China while only
1% is produced in India. Interestingly China is
also the biggest consumer of rare earth oxides
with ~70-75% consumption. The importance
of these elements can be seen by a whopping
243% and 103% increase in the price of

[l Countries with >20 Mtons of
rare earth reserves

[[] Countries with <10 Mtons of
rare earth reserves

{
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neodymium and dysprosium respectively from
2020 to 2022. A detailed analysis of mineral
availability for wind energy in India has been
given by Verma et. al. [34] The reserve of rare
earth elements in different part of the world is
depicted in Figure 5.

Next we move on to the batteries. As
mentioned that because of the intermittent
nature of solar and wind energy strong
batteries are needed to store them. In this
context energy density of a battery is an
important parameter that states the amount of
energy stored within a given volume or weight.
Most of the storage batteries use Li ion and for
the best Li ion batteries the energy density is in
the range of 150-300 Wh/Kg [35,36].
Considering India’s overall energy
requirement, the amount of Li needed only to
store the solar and wind energy will be ~10'2
kg  considering 100%  storage [37]
(Supplementary Sheet 4, SI) and the business
as usual scenario. Energy efficiency of various
processes increases upon electrification and
Jacobson et. al. [10] have shown that the
energy requirement of India can be decreased
by 50% if all the processes are electrified by
2050. Considering this scenario and only
storage the Li requirement will be ~10'! kg.
The total Li reserves in world are estimated to
be ~21 X 10° kg in 2020 [38]. Although new
reserves are being explored continuously to
meet the global Li demand and ~80 X 10° kg
of potential resources are identified in 2020

Figure 5. Countries with reserves of rare earth elements for wind energy harvesting.
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[38]. This suggests that the total Li
requirement to meet the solar and wind energy
storage requirement is close to total terrestrial
Li reserves. Because of high demand of Li, its
prices have been increased 3.5 times in last 5
years [39]. India has very less reserve of Li;
~1600 tons which was discovered last year
only in Mandya, Karnataka. A huge deposit of
~5.9 million tons of Li has also been found
very recently in Jammu and Kashmir.

3. Sustainable waste management plan:
After the implementation of any technology it
is essential to assess the waste generated out of
it and opt for the necessary measures to protect
the environment. Since solar cell uses
enormous amount of material, it implies that a
huge amount of waste may be generated. The
efficiency of a solar module deteriorates with
time because of induced heat and humidity.
These processes generate defects in the
material that ultimately decrease the
performance of the solar module and therefore
needs to be replaced. In general, the lifetime of
a solar module is expected to be ~25-40 years
before the nominal efficiency drops by 20%
[40,41]. IRENA has carried out a study to
estimate the waste generated for different
countries from the solar panel. For India they
have estimated that it will generate ~600 GW
from solar from which ~4.5 million tons of
waste will be generated in 2050 considering
the regular loss scenario and 30 years span
lifetime of solar module [40]. However, a
recent Harvard study review suggests that this
amount can be 50 times more [42]. Presently,
most of the countries do not recycle this waste
except EU because of high cost involved ~15$
and bury it in landfills that cost ~1-2$ for one
solar panel [42]. However, considering future
scenario processes needs to be developed to
recycle this waste and extract useful materials
out of it because of large amount of waste and
corresponding land requirement.

Like solar energy, wind energy also generates
a huge amount of waste. Tazi et. al. [43] have
carried out a study on the waste generated from
wind industry in France Champagne-Ardenne
(CA) region. This region has a total installed
capacity of 181 GW. They have estimated that
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~1 million ton of waste will be generated
between 2002 to 2020 from this region
majority of which includes ferrous and non-
ferrous metals, polymers, glass and concrete.
This is a huge waste amount to handle. Most of
this waste is non-recyclable and goes into
landfills and India needs to think about this
waste disposal because of limited land
availability.

Both solar and wind energy industries also
generate waste from the storage battery. Over
a period of time much work has been done with
storage battery waste and reuse, refabricate and
refurbish practice is prioritized. The battery
material from electric vehicle is used in storage
batteries and then after treatment and
extraction of valuable components it is
released as a waste. China is pioneer in this
work and by 2019 it was reported that 58% of
Li ion batteries have been recycled [37].

Let us compare this waste amount to the waste
generated from well established nuclear
industry. By an estimation there is ~0.265
million tonnes of heavy metal of spent fuel in
storage worldwide in 2016 out of which 127
000 tons has already been reprocessed [44].
This number represents the contribution from
~95% of nuclear power installation worldwide
with an overall capacity of 384 GW [44].
Taking into account the capacity factor for
nuclear (~80%) this value comes around
2691.072 TWh/Y. If we compare this to
predicted electricity generated by solar taking
20% capacity factor into account, the value is
1051.2 TWh/Y. Therefore, the electricity
produced by the nuclear in the world today is
almost 2.5 times the value predicted for India
by solar in 2050 however the waste generated
from solar alone in India is 20 times more as
compared from all nuclear installation. This
shows that solar industry will generate a huge
waste and actions needs to be taken to handle
this waste. Here we would also like to mention
that India follows close fuel cycle operation
where reprocessing of fuel is done to recover
the useful materials with application in other
industries and make ‘wealth from waste’ [44].
Also the average operating life of nuclear
reactors is ~60 years. As of 2020, ~66% of the



global nuclear power plants have operated for
>3] years and ~ 20% have operated for >41
years [44]. It is already recognized as one of
the most reliable and clean technology for base
load power generation. This can be seen by
looking at the mortality rate from various
energy producing industries and compare it
with nuclear technology. In 2012, the global
mortality rate (deaths/ billion kWh) was only
0.04% for nuclear while for solar and wind it
was 0.44 and 0.15% respectively. This is
against the global electricity production of
~17% from the former as compared to ~1%
each from the later industries. In spite of many
advantages its expansion is not at par the rate
needed. One of the major problems with
nuclear energy expansion is  public
acceptability and radiation fear because of the
Linear no threshold model (LNT). Although
many researchers have carried out studies to
oppose this model [45—47] still the policies are
not being reframed to make nuclear energy as
the fuel of the future. However, the Indian
government is now planning to install Small
Modular Reactors (SMRs) along with rapid
solar and wind energy expansion to meet the
India’s target for clean energy and achieving
net zero emission by 2070.

4. Conclusions: Greenhouse gas emissions,
resource availability, waste generation and
space requirement are major factors that decide
the merits of an energy source. India
particularly has enormous potential for solar
and wind energy, but has poor reserves of
materials needed because of which it is heavily
dependent on the imports from other countries.
This problem needs to be solved by design and
production of new innovative material and
favourable technologies so that the possibility
of self reliant technology can be realized.
Moreover these energy sources are intermittent
in nature and generate huge amount of waste
for which no measures has been taken yet. In
our opinion researchers have over predicted
the growth of solar and wind energy in India
without taking into consideration other
important factors and to sustain the energy
need and meet the 2070 criteria of net zero
emission nuclear energy expansion at a larger
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scale is needed along with other renewable
energy sources.
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Supplementary Sheets

Sheet 1
Energy generation using Wind Energy Generation Solar Energy Generation
solar and wind as per Liu | Increase Rate Year considering 6.5% annual [considering 6.5% annual growth
prediction (TWh) growth (TWh) (TWh)
1078.42871 0.065 2020
1148.526576 0.065 2021 62
1223.180803 0.065 2022 66.03 89.814
1302.687556 0.065 2023 70.32195 95.65191
1387.362247 0.065 2024 74.89287675 101.8692842
1477.540793 0.065 2025 79.76091374 108.4907876
1573.580944 0.065 2026 84.94537313 115.5426888
1675.863706 0.065 2027 90.46682239 123.0529636
1784.794847 0.065 2028 96.34716584 131.0514062
1900.806512 0.065 2029 102.6097316 139.5697476
2024.358935 0.065 2030 109.2793642 148.6417812
2155.942266 0.065 2031 116.3825228 158.303497
2296.078513 0.065 2032 123.9473868 168.5932243
2445.323616 0.065 2033 132.003967 179.5517839
2604.269651 0.065 2034 140.5842248 191.2226498
2773.547179 0.065 2035 149.7221994 203.6521221
2953.827745 0.065 2036 159.4541424 216.88951
3145.826549 0.065 2037 169.8186617 230.9873282
3350.305275 0.065 2038 180.8568747 246.0015045
3568.075117 0.065 2039 192.6125715 261.9916023
3800 0.065 2040 205.1323887 279.0210564
Total in 2040 = 484.15 TWh
Sheet 2
Total energy Total energy Total % of Solar energy | % of wind energy
Wind % Solar % Total % of Solar % of Wind generated by | generated by ot en:rgy‘ generated in total|generated in total
Year | Power I Power | - Power Power in | Power in Total Solar in Wind in conlsu:P .|on n enegy enegy
(Mw) fictesse (Mw) nerease (MW) [Total Output Output electricity sector| electricicty e r;:vc:‘ylv ption in p in
(GWh/Y) sector (GWh/Y) oot ) electricity sector | electricity sector
2012 | 18,421 10,56,838
2013 | 20,150 9.4 2,319 11,08,498
2014 | 22,465 11.5 2,632 13 3,350 11,77,810 0.284426181
2015 | 23,447 4.4 3,744 42 4,600 28,214 12,71,872 0.361671615 2.218304987
2016 | 26,777 14.2 6,763 81 7,450 28,604 13,51,970 0.55104773 2.11572742
2017 | 32,280 20.6 | 12,289 82 3,26,841 (3.759932199| 9.876361901 12,086 46,011 14,33,392 0.843174791 3.2
2018 | 34,046 5.5 21,651 76 3,44,002 (6.293858757| 9.897035482 25,871 52,666 14,86,493 1.740405101 3.54296993
2019 | 35,626 4.6 | 28,181 30 3,56,100 (7.913788262| 10.00449312 39,268 62,036 15,46,517 2.539125014 4.011336442
2020 | 37,669 5.7 | 34,627 23 3,70,106 | 9.35596829 | 10.17789498 50,103 64,639 16,22,983 3.087093334 3.9827281
2021 | 38,785 3.0 40,085 16 3,82,151 | 10.4893092 | 10.14912953 60,402 60,150 15,73,187 3.839467272 3.823448833
2022 | 40,355 4.0 | 56,951 42 3,99,497 [14.25567651| 10.10145258
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Sheet 3
Energy
Insifalled generated |Solar Capacity Ins?alled' Energy Wind Capacity
Year | Capacity Solar from Salar Factor Capacity Wind |generated from Factor
Energy (MW) (GWh/Y) Energy (MW) | Wind (GWh/Y)
2013 2,319
2014 2,632 3,350 14.53
2015 3,744 4,600 14.00 23,447 28,214 13.73
2016 6,763 7,450 12.57 26,777 28,604 12.19
2017 12,289 12,086 11.22 32,280 46,011 16.27
2018 21,651 25,871 13.64 34,046 52,666 17.66
2019 28,181 39,268 15.90 35,626 62,036 19.87
2020 34,627 50,103 16.51 37,669 64,639 19.59
2021 40,085 60,402 17.20 38,785 60,150 17.70
Sheet 4
Energy . Material weight |Amount of Li .

. Energy consumption . . Uranium
consupmtion (kWh) needed for Li ion ion needed needed(ke]
(QUAD) INDIA battery (kg) (kg) g

12.12 3.55E+12 1.18E+13 1.60E+11 4.28E+05
17.48 5.12E+12 1.71E+13 2.31E+11 6.17E+05
22 6.45E+12 2.15E+13 2.91E+11 7.77E+05
36.48 1.07E+13 3.56E+13 4.83E+11 1.29E+06
58 1.70E+13 5.67E+13 7.67E+11 2.05E+06
82 2.40E+13 8.01E+13 1.08E+12 2.90E+06
120 3.52E+13 1.17E+14 1.59E+12 4.24E+06

26




Current Natural Sciences & Engineering 1 (1), 2024

Significant Role of Fe*" Sites on the Activation Energy Barrier at
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Abstract: Hydroelectric cell (HEC) is a green energy device known for its potential to replace
solar cell and fuel cell in coming decades. Among number of materials explored, tin oxide-based
cells have shown a huge potential to deliver high current densities with high activation losses. In
this study, to overcome the activation loss, tin oxide-hematite composite based HEC power
characteristics has been analysed. The composite cell delivered a short circuit current density of
Lsc~7.0 mA/cm? and peak power of Pgen~26.9 mW. More structural defects were found to nucleate
in the composite compared to pure tin oxide confirmed by X-ray diffraction (XRD) and Raman
spectroscopy. Scanning electron microscopy (SEM) revealed the high surface area and porous
microstructure of the composite. Fourier transform infrared spectroscopy (FTIR) confirmed the
presence of chemi-dissociated and physisorbed water molecules on the composite surface. The
composite based hydroelectric cell displayed low activation losses compared to the bare SnO>
HEC observed by the V-I characteristics. A significant role of Fe*" cations has been found crucial

for the reduction in activation energy barrier in the composite based HEC.

Keywords: Tin Oxide, Hematite, HEC, Water splitting, Activation energy

1. Introduction: Energy generation in a
sustainable way is the foremost requirement in
today’s scenario. As the global concern has
risen towards the environmental crisis, it has
become more important to generate energy in
the greener way. Hydroelectric cell (HEC) is
one of such energy sources known to generate
electricity and hydrogen without polluting the
environment [1,2]. Till date, a number of
materials have been successfully synthesized
to fabricate hydroelectric cell and among all tin
oxide-based cells have shown promising
results [3-7]. The primary requirement for the
cell material is its oxygen deficient,
nanoporous structure. The reaction in
hydroelectric cell is initiated by the interaction
of water molecules with the defective material
surface followed by its chemisorption and then
physi-dissociation. Defects mediated catalytic
reactions on semiconducting oxide’s surface
has attracted the world-wide attention due to
fast rate of reaction. Catalysts initiate a wide
variety of energy extensive reactions at low
energy potentials by providing an alternative

©2024 Vigyanvardhan Blessed Foundation
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route with low energy barrier [8-10]. Water
splitting is also an energy intensive process, on
high energy defective material surface. Water
splits by forming bond with the two
neighboring defect sites (under coordinated
cation and oxygen vacancy) and restructuring
the material surface to low energy, the process
known as the chemi-dissociation of water [11].
Splitting of physisorbed water in hydroelectric
cell takes place via high electric potential
created by the accumulation of charges
(hydronium ions) inside nanopores [1]. The
transfer/migration of these ions from the
material surface to respective electrode is a
crucial process. The supply and accumulation
of ions determines the rate of reaction at the
electrode and consequently the power output
of the HEC. In tin oxide, water dissociation
takes place in abundance due to inherent
defects and the material exhibits high
activation losses due to changes in its
chemistry on interaction with water.
Consequently, it affects the reactions at
electrode and hence the polarization losses.



Although the internal resistance of tin oxide is
low in comparison to other materials like
silica, alumina, magnesium oxide etc. which
shows high charge transfer resistance due to
resistive grain boundaries [3]. This charge
transfer resistance was found to decrease by
multiple orders in antimony doped tin oxide
(Sb-SnO») which resulted into high currents
and low activation and ohmic polarizations [7].
However, in Sb-SnO; the transformation of
material take place which limits its durability
for long. On the other hand, iron oxides are
abundant, low cost and eco-friendly materials.
Various iron oxides have been used for
hydroelectric cell application. From the iron
oxides based hydroelectric cells it was
conclusively found that magnetite (FezOs)
showed highest current density with low open
circuit potential (OCP) and high activation
losses due to the oxidation of Fe?" ions as the
case in SnO; [6]. Maghemite (y-Fe>O3) showed
low current owing to the cation vacancies in
the material which led to the associative
adsorption of water at material surface [12].
Amongst all hematite (a-Fe2O3) showed the
maximum OCP of 0.92 V and short circuit
current of 30 mA with the least activation
losses owing to low energy barrier in the
fabricated cell [13]. Therefore, in this study,
hematite was used to synthesize a composite
with tin oxide. The engineering of tin oxide to
alter HO-SnO> interaction chemistry for the
tuning of polarization losses can make it a
better alternative amongst all materials.

2. Material and methods: SnO:2-FexO;
composite was synthesized by solid state
reaction. Analytical grade precursors- SnO-
(Thomas Baker, 99% pure) and Fe,O3 (Alfa-
Aesar 99.9 % pure) were used without further
purification. SnO; and Fe;O3; taken in
stoichiometric molar ratio 0.8:0.2 were wet
grinded using acetone in pestle mortal for 1
hour. Sample was pre-sintered at 750 °C for 2
hours. Mixture was further hand grinded and
pelletized using a manual hydraulic press into
a2 x 2 x 0.1 cm?® pellet followed by sintering
at 950 °C for 3 hours. The pure SnO2 sample
was also processed in the similar way.
Hydroelectric cell was fabricated with both the
pellets by pasting zinc anodic sheet on one face
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and silver paste on the other face. Electrical
contact wires were taken from individual
electrodes to test the performance of SnO»-
Fe>O3 composite hydroelectric cell.  X-ray
diffraction (XRD) analysis of the pure and
composite samples was performed with Bruker
AXS D8 advance XRD, Cu-Ka radiation of
wavelength A= 1.542 A to investigate the phase
of the samples. Scanning electron microscopy
(Bruker AXS Microanalysis GmbH, Germany)
and energy dispersive X-ray spectra (EDX) of
the sample was obtained to analyze the surface
morphology and elemental composition of the
sample respectively.

Raman spectroscopy using the laser excitation
wavelength of 514.5 nm was performed by
Renishaw in-Via Raman spectrometer to
examine the micro structural disorders in the
samples before and after making the
composite. Photoluminescence spectroscopy
was performed with Perkin Elmer LS55
luminescence spectrometer to detect the
formation of defect levels within the band gap
of pure and composite samples. Characteristic
V-I polarization curve was plotted by varying
external loads using a Keithley power source
meter to investigate the performance of the
composite based HEC cell with respect to pure
tin oxide based HEC. Sn-O, Fe-O and hydroxyl
groups on the sample surface were
characterized by PerkinElmer 1750 FTIR
spectrophotometer. Electrochemical
impedance spectroscopy of the pure and
composite based wet HEC was performed
using Wayne-Kerr Impedance Analyzer 6500B
(UK) at an applied AC voltage of 10 mV in the
frequency range 20-200MHz.

3. Results and Discussion: Composite
samples have been analyzed by its X-ray
diffraction pattern shown in Figure 1. Distinct
polycrystalline XRD peaks attributing to SnO»
and Fe;Os3 were observed matching well with
standard JCPDS card no- 721147 of cassiterite
SnO; and 79-1741 of corundum hematite. The
same peaks were also identified in the
composite sample for both the compounds.
Absence of any other impurity or phase in the
composite indicated no other phase is formed
in composite material. Low concentration of
Fe;O3 in composite material might be
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Figure 1: XRD spectra of a) Tin Oxide b) Hematite
¢) Tin Oxide-Hematite Composite

responsible for its reduced intensity compared
to tin oxide. The average crystallite size of
SnO; for pure and composite samples was
calculated with XRD peak (101) using Debye-
Scherr’s equation D = kA/Bpr,CosB. The
average crystallite size for pure tin oxide was
calculated to be 42.94 nm while for composite
it reduced to 20.56 nm. Pure tin oxide showed
the crystal growth along (101) plane which
indicated its reduced state due to the presence
of some inherent defects [14]. However, in
composite the preferred growth plane
reoriented along (211) plane. XRD peaks of
SnO; in composite got relatively broadened

¢ Tin Oxide a)
<  Hematite

In plane Oxygen vacancy

Intensity (a.u.)

Raman Shift (cm")
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compared to individual pure phase SnO, and
Fe>03. This might be due to the inhibition of
crystallite growth in composite sample induced
from diffusion of some Fe atoms in SnO;
lattice sites. The similar observations have
been already reported in literature for Sb doped
SnO; and Fe doped Sn0O2(7,15,16). This might
be due to limit the exposure of high energy
surface of (211) plane in the composite [17].
Dominant exposed high energy surface (211)
plane interacts strongly with polar water
molecule [7]. Lower crystallinity of SnO»-
Fe>O3 nano-composite is also supposed to
enhance the effective surface area hence the
water sensitivity.

To get deep insight of the micro-structural
disorders in the SnO2-Fe>O3; composite Raman
spectroscopy of the sample was performed
(Figure 2a). Characteristic Raman bands of
SnO, were observed at around 481, 629 and
770 cm’' confirming the tetragonal rutile
structure of tin oxide. A strong mode near 571
cm’! s assigned to the in- plane oxygen
vacancies in the composite [18]. The two peaks
observed for tin oxide at 546 and near 693 cm”
"are closely related to the crystal vacant sites

and micro-structural disorders [19]. The

appearance of IR active mode Az, near 695 cm’
can be assigned to the decreased crystallite
growth and hence increased grain boundary
defects. The band near 546 cm™ is known to
arise due to the imperfections or distorted
symmetry of the particle surface. The signature

1

Figure 2: (a) Raman spectrum and (b) SEM image of the synthesized composite
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bands for hematite at 226, 243, 293 and 411
cm! correspond to the corundum crystal
structure. The band between 200-300 cm™ are
assigned to the vibration modes related to iron
atoms while at higher frequency region (400-
650 cm™") modes are ascribed to vibration of
oxygen atoms [13]. The Raman forbidden
mode at wave number 660 cm™! is assigned to
the presence of structural disorder in hematite
(20). Raman results are in agreement with the
XRD that the composite synthesized from
SnO; and Fe;O3 have reduced crystallite size
and more structural defects than the parent
compounds.

Figure 2(b) represents the SEM image of the
synthesized composite. The inset represents
the high resolution SEM image of the
composite. Two distinct morphologies of the
particles can be clearly seen. The EDAX
spectra revealed the rod and oval shaped
particles are SnO2 and Fe>Os respectively
(figure 3 a & b). The oval shaped hematite
particles were seen in close contact with tin
oxide nano rods as evident from SEM. Both
type of oxide particles showed a broad range of
size distribution. The average grain size for
Fe;O3 particles was estimated to be 350 nm.
Nano rods with a thickness of 200 nm and
length up to 1.2p could be resolved by high
resolution SEM image. Tin oxide particles
were found accumulated with each other, may
be due to reduce the exposure of high energy
surface (211) and minimize the surface energy
as inferred from the XRD data. The oval
shaped hematite particles are attached to the tin
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oxide rods in close contact. Wide spread
distribution of varying size pores can be seen
throughout the composite. The rod shaped
morphology of the tin oxide particles increased
the effective surface area of the composite,
making it more reactive towards the adsorption
and dissociation of large number of water
molecules.

To investigate the energy levels created in the
forbidden energy region due to the defects like
anion, cation vacancies or interstitials, room
temperature photoluminescence spectroscopy
of the pure and composite samples was
performed (Figure 4). To ensure the emission
from the trap states like self trapped excitons,
vacancies and interstitials the excitation was
done using a 375 nm laser source. Two major
emissive regions were observed in PL spectra
near 500 and 560 nm. Both the spectra showed
a peak near 430 nm which can be ascribed to
metal interstitials or dangling bonds [21, 16].
However, in case of composite this peak has
become broad which indicates the presence of
other defects also which are obvious. When the
size of the crystallite reduces it introduces
many other structural defects. The peak at 500
nm is originated from the deep trap emission
and is assigned recombination from
conduction band to the sub bridging oxygen or
in-plane vacancies. This peak has become
quenched in the SnO»-Fe>03; composite due to
the presence of Fe2Os3. As Fe20s is present in
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Figure 3: (a) Spot EDAX rod shaped particles (b) Spot EDAX oval shaped particles

30



large concentrations a process known as cross
relaxation can lead to non-radiative energy

Current Natural Sciences & Engineering 1 (1), 2024

Vibrational modes observed at 1245, 1121,
1055 and 995 cm™! are ascribed to the Sn-OH
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Figure 4: Photoluminescence spectra of Pure SnO: and SnO:-Fe203 Composite

exchange between two neighbouring Fe®*
centers that quenches the radiative process
[22,23]. The other major peak at 560 nm is
assigned to the bridging oxygen vacancy. In
the composite the peak was found slightly
broadened. To get more insight into the origin
of peak, it was deconvoluted by multi peak
Gaussian fitting into three peaks centered at
555, 559.68 and 568 nm. The emission in this
green region is assigned to the recombination
of electron from neutral oxygen vacancy center
with the singly or doubly ionized oxygen
vacancy centers located deep in the energy gap
[24]. Furthermore, a valence band edge
transition (band gap ~ 2.0 eV) is supposed to
contribute to the peak centered at 568 nm [8].
FTIR spectroscopy of the composite sample
was performed in the range 4000-400 cm! to
investigate the interaction of water molecules
on its surface. Figure 5 represents the FTIR
spectra of composite sample treated with water
and finally dried at 50 °C. Vibrational modes
observed at 477 and 539 cm™ are characteristic
of the lattice vibrations of hematite related to
Fe-O stretching [25] Vibrational mode at 619
cm! is assigned to the Sn-O stretching in SnO,
crystal lattice. Vibrational modes at 1622 and
around 3150 are attributed to H-O-H bond
bending and stretching respectively due to
physisorbed water molecules on sample
surface [26].
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bond stretching vibrations generated due to the
chemi-dissociation of water molecules on the
under coordinated composite surface at
terminal sites. A sharp band at 1400 cm™ is
assigned to the Sn-O-Sn bridge vibration
harmonics on the sample surface formed after

Intensity (a.u.)

N
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Figure 5: FT-IR Spectra of water treated SnO:-
Fe:03 composite

the heating of wet sample [27]. A weak band
near 3020 cm™! is due to the Sn-OH stretching
of bridging hydroxyl groups while the broad
band centered at 3140 cm™ contains several
modes which may be assigned to the different
stretching modes of —OH group existing in
different forms and environment like Sn-OH



(Bridging), H2O- hydrogen bonded to surface
hydroxyl etc. indicating highly active
composite surface. The weak bands between
2050 to 2800 cm™' are assigned to various
symmetric and coupled vibrations of water
molecules [28].
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give rise to ionic conduction within the cell.
Dry composite based cell also showed a
diffusion tail which may be due to the presence
of some dissociated water molecules already
present at the electrode interface owing to
composite’s strong affinity towards water,

Figure 6: EIS Spectra of (a) dry and (b) wet composite based hydroelectric cell

Dissociation of water molecules and the ionic
conduction within the composite based cell
was further confirmed by -electrochemical
impedance spectroscopy. The EIS spectra of
dry and wet composite based hydroelectric cell
is presented in figure 6(a) and 6(b)
respectively. In both the spectra a semicircle is
followed by a diffusion tail at low frequency.
Plot indicating the cell spectra in dry state
(Figure 6a) exhibited a high resistance of the
order of mega ohm. After the cell was partially
dipped in the de-ionized water, the drop in cell
resistance was observed of the order of 10°
(Figure 6b). This is due to the reason that as the
water falls on to the cell it dissociatively
adsorbed on the pellet surface and forms a
chemisorbed layer of -OH groups which is also
verified by FTIR results. The physisorption of
water molecules take place on the chemisorbed
hydroxyl layer due the electrostatic field
created by this layer on the material surface.
Proton hopping starts on physisorbed water
layer by Grotthus mechanism. The hopping
protons get trapped inside the nanopores,
creates electric field of the order of 10* V/ecm
that is high enough to dissociate physisorbed
water molecules [1]. The dissociated ions
migrate towards the respective electrodes and
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adsorbed from the humid environment.

In order to investigate the effect of hematite on
the polarization losses in SnOz-Fe;O3
composite based hydroelectric cell the V-I
curves were plotted shown in Fig 7 (a, b). In
the figure 7 (a) and (b), region AB represents
the activation losses at low current density
region where point A indicates the open circuit
potential of the cell. BC represents the ohmic
loss region where the potential falls due to the
resistance of the material faced by the
migrating ions. Region CD represents the mass
transport loss in the cell at high current density.
The composite based cell delivered short
circuit current of Isc ~28.3 mA and OCP ~0.95
V while bare SnO; based cell delivered Is
~22.2 mA and OCP ~ 0.797 V. The maximum
power output for composite based HEC
increased to 6.1 mW/cm? from 4.0 mW/cm? for
bare SnO, based HEC. A high OCP was
observed in composite base cell in comparison
to the SnO» based HEC.

It may be due the internal conversion of Sn*" to
Sn*" in pure SnO,, which onsets a negative
redox at cathode and lowers the overall cell
potential. The same effect was also observed
in magnetite based HEC (6). A high activation
loss of 0.34 V was observed for bare SnO>



