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Chemical sciences have paved the way for
the most ground-breaking scientific
discoveries in the world, which in turn
have led to mammoth anthropogenic
impacts. From understanding the
molecular chemistry behind the Haber
process to synthesize ammonia, to the
large-scale adoption and production of
ammonia-based fertilizers, chemical
science has found a way to translate
nanoscale reactions into some of the
most innovative processes critical for
a growing and flourishing population.
With a scientific field having such trans-
formative potential, it is important to
ensure its development is aligned with
principles of sustainability to ensure
a greener and cleaner environment. One
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of the most key elements of the planet's
environment is light, as it serves as the
primary source of energy for most
processes that are critical for the exis-
tence of life on the planet. In fact, even
the upper limit of the highest attainable
speed in the universe is limited by how
fast light can travel! Concepts sprouting
out of chemical sciences can pave the way
for creating powerful tools which can
allow for direct utilization of light for
both producing clean energy and decar-
bonizing the current energy economy.
However, even with the most modern
methods of manipulating light, use of
novel photonic techniques towards
decarbonizing the production of energy
and increasing energy efficiency remains
untapped. Many novel ideas can enable
us to explore its untapped potential, but
there are intricate scientific issues that
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Atoms and photons: how chemical sciences can
catalyze the development of sustainable solutions
powered by light

come in the way of their execution. These
technical challenges can be successfully
addressed by viewing them from the lens
of chemistry. Moreover, combining the
knowledge of photonics and chemical
sciences can also lead to instrumental
changes towards the large-scale deploy-
ment of these technologies and can lead
to enormous reductions in greenhouse
gas emissions globally.

Garnering sunlight for generating
electricity using solar cells has been one
of the most effective strategies in decar-
bonizing the production of energy, with
the world recently exceeding 1 TW in
solar power capacity.' 97% of the current
market for solar cells is dominated by
silicon as a base layer,” as it can absorb
the visible and near infra-red wave-
lengths of sunlight effectively. However,
as shown in Fig. 1a, it falls short in
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Fig. 1 Concepts that allow tandem solar cells to capture the full power of sunlight. (a) The
graph illustrates how perovskites and silicon absorb UV and visible wavelengths of light
respectively. (b) The diagram shows the microscopic structure of a perovskite—silicon based

tandem solar cell.

absorbing sunlight in the visible and UV
range, which theoretically limits silicon
solar cells to a highest achievable effi-
ciency of 30%.*> Unlocking the capability
of harvesting the full spectrum of
sunlight can plummet the prices of solar
energy and help in making significant
progress towards achieving the world's
renewable energy generation goals.
Traditionally, solar cells are known to
have only one absorber layer, but more
recently, tandem solar cells, as described
in Fig. 1b, are being introduced which
use multiple absorber layers to capture
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the full spectrum of solar radiation.*
Interfacial engineering,® which is rooted
in the chemical sciences, will play a crit-
ical role in making efficient charge
transport layers which can help in effec-
tive compounding of the voltages ach-
ieved by both the bottom sub cell (ie.
silicon) and the top sub cell (ie.
perovskite).

As high efficiencies enable solar
energy to move from gigawatt to terawatt
scale adoption, a bottleneck that emerges
in production of these devices are the
critical elements in use which are integral
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to solar cell design for minimal electrical
losses. It is predicted that with the
current solar cell designs, adding a global
production of 380 GW per year would
require using up to 20% of the yearly
global silver supply!®” Calculations also
suggest that to reach the global energy
demand of 3 TW, the silver consumption
per watt of energy produced needs to be
reduced from the current range of 15-
25 mg W' to 5 mg W7 Efforts can be
made in the direction of either reducing
the silver consumption or developing
alternative solutions using metals like
copper and aluminum to reduce the
pressure of silver demand and make solar
energy more sustainable from a critical
materials perspective. Moreover, an
overlooked perspective on solar energy is
the challenge of recycling the materials
out of end-of-life solar cells. It has been
forecasted that the solar photovoltaic
waste produced in the state of New South
Wales, Australia would range from 3-10
kilotons in 2025, and will rise exponen-
tially to about 34-63 kilotons in 2035.%
Therefore, along with achieving high
efficiencies, it is becoming increasingly
more important to address the critical
material shortages and recycling issues.

While it is critical to decarbonize the
production of energy, it is equally as
important to reduce emissions produced
by the existing infrastructure. According
to the IEA, operations of buildings
account for 26% of global energy-related
emissions, out of which 18% are emis-
sions as a result of the electricity and
heating requirements.’ The weakest links
in the building envelope in terms of
thermal insulation are
Windows are a great source of natural
light and reduce reliance on artificial
lighting, however, they also make the
indoors warm up and cool down much
faster which in turn increases cooling
and heating costs, respectively.

The concept of low emissivity (low-¢)
solar control coated windows has gained
a lot of traction as a solution to reduce
the energy consumption of buildings.
This innovation uses a nano-thin layer of
a metal, which is highly transparent
owing to its incredibly low thickness. The
metallic layer, being highly reflective to
the infra-red wavelengths, blocks the heat
and lets visible light pass through as

windows.
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Fig. 2 Visual representation of the impact of applying low-¢ solar control coatings. The left
pane lacks any coating and allows IR heat in during the summer, and leads to high radiative loss
of indoor heat during winters due to the highly emissive surface. The right pane has a low-¢
solar control coating which reduces IR gain in summers and radiative loss in winters.

shown in Fig. 2.* Simultaneously, the low
emissivity helps in reducing radiation
losses of warmth from the building
during cold weather, keeping the inside
warmer for longer. One of the challenges
to apply these techniques is the breadth
of hot and cold climatic conditions that
occur in various parts of the world. It is,
thus, highly desirable to be able to tune
solar control properties of windows to
manipulate natural heating and cooling
of indoor spaces.™

Phase transition materials like VO, are
laying the pathway for smart windows,
which may tune properties like emissivity
and solar heat gain in response to real-
time weather conditions which can dras-
tically reduce the use of artificial heating
and cooling needs of building enve-
lopes.”> However, even at these micro-
scopic thicknesses, the materials being
used in these coatings have the risk of
corrosion when being subject to harsh
weather and wide temperatures swings.
Corrosion has been studied as a chemical
phenomenon for decades, and the solu-
tions posed by chemical sciences towards
this issue have proven to be robust and
durable. Techniques like alloying,
encapsulating and sacrificial layering
have proven to be successful for day-to-
day metal applications, and need to be
studied and applied furthermore in the
nanoscopic regime so such novel tech-
nologies can thrive and contribute to the
decarbonization = of our  existing
infrastructure.*

As much as decarbonizing urban
infrastructure can have a large impact on
reducing CO, emissions around the
world, it's crucial to not underestimate
the impact of embodied emissions in the
food we consume due to inefficiencies in
the agricultural sector. Overuse of fertil-
izers and redundant irrigation decisions
lead to unoptimized production in the
agricultural sector, and lead to risks of
soil contamination. Even though
governments regulate use of fertilizers
which serves as a good preventive step to
protect the environment, technology-
driven solutions need to be employed to
continually monitor the soil and envi-
ronment to optimize resource use and
maximize crop yield while ensuring
minimal damage to the crops, soil and
water resources.

Precision agriculture can
farmers to gain information about mois-
ture content, soil pH, nutrient levels, and
crop health. Unmanned aerial vehicles
can monitor large crop fields by using
infra-red cameras, and single out
sections of field which require fertiliza-
tion or irrigation.” Since these decisions
are based on chemical information,
a high level of accuracy is required in
collecting and interpreting the chemical
signatures of the crop, soil, and water.
This can be attained by using infra-red
spectroscopy techniques where infra-red
rays reflected from any crop can carry
information about its precise chemical
composition which can help in making

assist
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more informed decisions about irrigation
patterns and soil health.*® A recent study
employed mid-IR spectroscopy to deter-
mine the acidity of soils, which is useful
information to selectively use lime to
neutralize the soil to healthy pH."” Engi-
neering such devices can result in large
reductions in water and fertilizer use,
drastically reducing the carbon footprint
associated with agricultural practices.

The dynamic nature of physical and
chemical processes that constitute life on
planet Earth necessitates an adaptive
approach towards sustainability.
Emerging sustainable technologies bring
along a plethora of complex challenges,
and the chemical sciences can provide
a strong foundation for finding innova-
tive solutions. Increased performance of
solar technologies needs to go in parallel
with reducing critical element usage, and
issues regarding the longevity and dura-
bility of light absorbing and reflecting
technologies need to be addressed.
Moreover, high precision spectroscopy
along with faster chemical analysis tech-
niques can help with making large
improvements in the water and fertilizer
consumption in the agricultural industry.
Indeed, chemical sciences can illuminate
the pathway to harnessing the full
potential of photons and ensuring that
the paradigm of sustainable thinking has
a bright future ahead!
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