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Abstract

The rapid growth of lithium-ion batteries sparked a drastic increase in the amount of lithium extracted from
mining sites, which consequently leads to problems such as unsafe working conditions, child labour, and resource
depletion. Since organic-based hybrid batteries and sodium-ion batteries are becoming increasingly prevalent,
these technologies are compared with current technologies such as lithium-ion batteries in terms of
electrochemical performance, sustainability, and economic viability. The data used in this dissertation is mostly
acquired from academic journals and government websites, and source validation is used to evaluate the
trustworthiness of each information outlet. By the end, an analysis of the feasibility of the organic batteries are
compared against lithium-ion batteries, and further research is proposed to heighten the possibilities to incorporate
sustainable materials into uprising batteries.

Keywords: energy density, power density, overvoltage tolerance, self-discharge, cycle life, current density, organic
electrodes, lithium-ion batteries, sodium-ion batteries

1. Introduction McKinsey & Company. Lithium-ion batteries yield
unrivalled electrical properties as lithium contains the
least reduction potential in all elements. They are also

the third lightest element on the periodic table and they

As the modern world shifts towards digital technology,
dependence on has
accelerated over the recent decades. According to

human’s electrical devices

have the smallest ionic radii, allowing the battery to
have high capacities, energy density, and power
density'.

Internet World Stats, the percentage of the world
population that has access to the internet increased from
0.4 to 69.0 % from 1995 to 2022, which is evident for
how quickly the digital revolution has consumed our

society. Recently, there has also been a rapid increase in Despite these attractive electrochemical - properties,

lithium ion batteries poses significant social and

electric vehicle’s popularity. In the overall car market, ) ' : _ i
environmental issue that is often overlooked, including

the market share of electric cars has risen from 4% in
2020 to 14% in 2022, and is projected to increase
further to 18% by the end of 2023. What is common to
the aforementioned electrical machines are batteries,
specifically lithium-ion batteries, which is a widely

child labour, toxic waste disposal, and strenuous

" Nitta, N., Wu, F, Lee, J. T., & Yushin, G. (2015, June). Li-ion battery

accepted technology that is projected to grow by over
30% annually from 2022 to 2023, according to

materials: present and future. Materials Today, 18(5), 252-264.
https://doi.org/10.1016/j.mattod.2014.10.040
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consumption of transition-metal resources’, which will
further be expounded in section 2.

Fortunately, a recent focus on organic-based hybrid
secondary batteries attracted numerous researchers to
explore its potential to replace lithium-ion batteries. In
short, organic batteries are environmentally friendly
and functionalizable alternatives to current cathodic
materials which employ high amounts of transition
metals such as cobalt. Unlike full organic battery where
both the cathode and the anodes are made up of organic
materials, hybrid organic batteries contain one
electrode that are made up of organic materials, and is
selected for this research because full organic batteries
suffers from the dissolution of organic electrodes into
organic electrolytes which caused poor cycling capacity
and rate capabilities’.

Previous research has shown that organic batteries are
becoming increasingly applicable in metal-ion batteries.
These are mostly done through presenting their
electrochemical results from analysis methods such as
charge-discharge curves, cycling stability, and cyclic

2 Kim, J., Kim, Y., Yoo, J., Kwon, G., Ko, Y., & Kang, K. (2022,
September 20). Organic batteries for a greener rechargeable world.
Nature Reviews Materials, 8(1), 54-70.
https://doi.org/10.1038/s41578-022-00478-1

3 Chen, Y., & Wang, C. (2020, September 25). Designing High
Performance Organic Batteries. Accounts of Chemical Research,
53(11), 2636-2647. https://doi.org/10.1021/acs.accounts.0c00465

4567

voltammetry ‘. However, to my knowledge, only a

few research papers have created significant
discussions on the potential replacement of lithium-ion
batteries by organic-based hybrid batteries. Hence, this
dissertation aims to evaluate, in detail, the extent to
which prospective organic-based batteries can replace

conventional LIBs.

I have analysed the conventional batteries of the present
including lead-acid, nickel-cadmium,
nickel-metal-hydroxide, and lithium ion batteries, and
assess the prospective hybrid organic-based sodium ion
batteries including activated carbon from rice husks,
poly(9,10-phenanthraquinone-alt-benzene), and
MoSe,/graphene nanocomposite metal-organic
framework. These technologies are then objectively
evaluated and selected for the final comparison in terms
of electrochemical performance, sustainability, and
economic viability. The discussion and conclusion is
then made regarding the potential replacement of
lithium-ion batteries from hybrid organic batteries to
evaluate the extent at which organic-based batteries can
replace conventional batteries.

4 Ly, Y., Zhang, Q,, Li, L., Niu, Z., & Chen, J. (2018, December).
Design Strategies toward Enhancing the Performance of Organic
Electrode Materials in Metal-lon Batteries. Chem, 4(12),
2786-2813. https://doi.org/10.1016/j.chempr.2018.09.005

5 Gurunathan, K., Murugan, A., Marimuthu, R., Mulik, U., &
Amalnerkar, D. (1999, November). Electrochemically synthesised
conducting polymeric materials for applications towards
technology in electronics, optoelectronics and energy storage
devices. Materials Chemistry and Physics, 61(3), 173-191.
https://doi.org/10.1016/s0254-0584(99)00081-4

6 Nakahara, K., lwasa, S., Satoh, M., Morioka, Y., Iriyama, J., Suguro,
M., & Hasegawa, E. (2002, June). Rechargeable batteries with
organic radical cathodes. Chemical Physics Letters, 359(5-6),
351-354. https://doi.org/10.1016/s0009-2614(02)00705-4

7 Yao, Z., Tang, W., Wang, X., Wang, C., Yang, C., & Fan, C. (2020,
February). Synthesis of 1,4-benzoquinone dimer as a high-capacity
(501 mAh g—1) and high-energy-density (>1000 Wh kg—1) organic
cathode for organic Li-lon full batteries. Journal of Power Sources,
448, 227456. https://doi.org/10.1016/j.jpowsour.2019.227456

8 Hu, J., Hong, Y., Guo, M., Hu, Y., Tang, W., Xu, S, Jia, S., Wei, B.,
Liu, S., Fan, C., & Zhang, Q. (2023, February). Emerging organic
electrodes for Na-ion and K-ion batteries. Energy Storage
Materials, 56, 267—-299.
https://doi.org/10.1016/j.ensm.2023.01.021
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2. Literature Review

Introduction to carbon

Carbon is a group 4 element in the periodic table, found
in almost everything people see today from wooden
tables to bouquets. It is also one of the most abundant
elements in the observable universe and commonly
found both aboveground and in subsurface regions of
the earth’s crust. In this dissertation, carbon is one of
the most prevalent elements that contributes to Section
2 of the literature review.

Introduction to organic compounds

Generally speaking, organic compounds are chemical
substances that contain carbon(s) as its main constituent
framework. Nearly all living matters in the universe are
dependent on organic compounds to survive. Humans
are no exception. For instance, we consume protein,
fats, and carbohydrates to derive energy’. And there are
several types of existing organic compounds that will
be presented in this literature review. The main carbon
structure is often referred to as the ‘carbon chain’.
When several atoms of different elements chemically
bond to the chain, it forms functional groups such as
alcohol, quinones, carbonyls etc. which categorises
organic compounds into families called “homologous
series”.

Due to its abundance and sustainable production
processes'’, several industries that were once dependent
on inorganic earth resources are now shifting their
focus towards organic compounds as modern society
places significant emphasis on sustainable development
and resource conservation. A vivid example of such
transformation is already visible in the battery industry

® Mackenna, B., & Callander, R. (1990). NUTRITION AND
METABOLISM: THE SOURCES, RELEASE AND USES OF ENERGY.
lllustrated Physiology, 29-57.
https://doi.org/10.1016/b978-0-443-05779-3.50008-2

1 Ganesh, K. N., Zhang, D., Miller, S. J., Rossen, K., Chirik, P. J.,
Kozlowski, M. C., Zimmerman, J. B., Brooks, B. W., Savage, P. E.,
Allen, D. T., & Voutchkova-Kostal, A. M. (2021, June 15). Green
Chemistry: A Framework for a Sustainable Future. Organic Process
Research & Development, 25(7), 1455-1459.
https://doi.org/10.1021/acs.oprd.1c00216

where numerous researchers have incorporated organic
compounds into metal-ion based batteries to reduce the
heavy exploitation of metal minerals in the earth’s
crust.

What are batteries and how do they function?

A battery is an electrochemical device that converts
stored
Generally, batteries

chemical energy into electrical energy.
are composed of four main
components: the electrodes (anode and cathode), the
separator, and the electrolyte. The anode is an oxidation
site where atoms lose electrons to form positively
charged ions and release electrons into the external
circuit. The cathode, on the other hand, provides a
reduction site for positively charged ions to be reduced
back into atoms as it uses the electrons from the
external circuit. As electrons accumulate at the cathode,
the positive metal ions are attracted towards it, and the
electrolyte serves as a medium for ion movement
between the electrodes. The separator is made up of
permeable polymeric membranes which allows ions to
pass but not electrons. Hence, the movement of
electrons in the external circuit creates a flow of charge,

which is the current''.

What makes an effective battery?

An effective battery typically contains high energy
density despite its miniature dimensions, high power
density/discharge rate, extended charge-discharge cycle
performance, is safe to use, is extremely lightweight, is
cheap and is environmentally friendly. But frontline
technologies of the modern day world are deprived of
this ideal battery — most batteries today put up stellar
performances in a couple of ways but are also lacking
in other parameters. For instance, Lithium-ion batteries
contain advantageous properties such as long life cycle,
high energy density, and high power density which
intertwines to create a large discharge rate but they are

™ MIT School of Engineering | » How does a battery work? (n.d.).
Mit Engineering.
https://engineering.mit.edu/engage/ask-an-engineer/how-does-a-
battery-work/



Catalysing Research Institute — Engineering Science Journal

Ariya Taechamahaphan

sourced from Li, Co, Mn and other rare earth metals
which releases toxic chemicals into the environment.
The revolutionary battery of the future is bound to be
one that excels in all these parameters, and this
dissertation aims to constantly refer back to these
factors. Therefore, organic-based batteries are fully
evaluated on its potential to replace lithium ion
batteries.

The Current Technologies

Table.1
Specifi | Lea | Nickel | Nickel-me | Lithiu
cation | d-ac | -cadm | tal-hydrox | m-ion

id ium ide

Energy | 30-5 | 45-80 | 60-120 110-16
density 0
Power | 180 | 150 250-1000 1800
density
Nomin |2V 1.25V | 1.25V 3.6V
al
Voltag
e
Overv | High | Moder | Low Very
oltage ate Low
toleran
ce
Self-di | Low [ Moder | High Very
scharg ate low
e
Operat | -20- | -40-60 | -20 - 60 °C | -20-60
ing 60° °C °C
Tempe | C
rature
Cycle 200- | 1500 300-500 500-10
life 300 00

Current technologies analvsis

Power output:

With LIBs” 1800 W/kg power density as shown on
Table 1, drastically greater than any other types of
modern batteries, their batteries are able to output the
greatest amount of electrical current per unit time. Due
to the positive correlation between power density and
cell voltage, LIBs have the greater potential to “push”
electrons, generating greater currents than other
batteries. This relationship is supported by the nominal
voltage value as LIBs hold the highest nominal voltage.
Hence, LIBs has the most potential for heavy-current
requirement applications, allowing it to become more
versatile and scalable to many industries.

Safety:

In terms of user-protection, LIBs suffer significantly.
As shown on the table, the overvoltage tolerance of
LIBs is extremely diminished in comparison to other
types of batteries, with Lead-acid batteries at the top.
Lead-acid batteries, therefore, can endure longer
periods of extreme voltages (exceeding its rated
voltage) with reduced risks of thermal runaways.
Hence, lead-acid batteries are the safest to use and LIBs
are bound to the most risk of accidents, which have
occurred in many instances during recent years.

Durability & Battery life

LIBs contain the least self-discharge rate compared to
other batteries listed in the table, suggesting that it loses
the least chemical energy over time when stored
without use. This means that LIBs have to be charged
less frequently and contain a longer battery life. It also
contains a relatively high cycle life of 500-1000 cycles,
only losing out to the Ni-Cd batteries with an average

2 Nizam, M., Maghfiroh, H., Ubaidilah, A., Inayati, |., & Adriyanto, F.
(2022, June 1). Constant current-fuzzy logic algorithm for
lithium-ion battery charging. International Journal of Power
Electronics and Drive Systems (IJPEDS), 13(2), 926.
https://doi.org/10.11591/ijpeds.v13.i2.pp926-937
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of 1500 cycles. However, Ni-Cd operates at a higher
temperature than all of the batteries. Conclusively,
Ni-Cd Batteries maintain their overall capacity for a
longer period of time but lose battery without use at a
greater rate and operate at a higher temperature in
comparison to LIBs.

In this dissertation, we need the strongest battery to
compare with the rising technologies in Section 3.
Hence, we will use a scoring system to objectively
determine the optimal battery. The score will be based
on performances shown on Table.l and each battery
type will be rated on a score of 1 to 4. Any tie will be
given the same score on the higher level.

Table.2
Lead Ni-Cd Ni-MH | Li-ion
Acid

Energy |1 2 3 4
density

Power 2 1 3 4
density

Nomina | 3 2 2 4
1 voltage

Overvol |4 3 2 1
tage

toleranc

e

Self-dis |1 2 3 4
charge

Operati | 4 3 4 4
ng

tempera

ture

Cycle 1 4 2 3
life

Total 16 17 19 24
score

Overall, LIBs scored the most overall points based on
battery performance and real-world feasibility which is
why it will be compared to The Rising Technologies.

Lithium-ion batteries

Lithium-ion batteries consist of Lithium ions which are
intercalated within the graphite layers of the anode, a
cobalt oxide cathode, and, typically, a lithium
hexafluorophosphate solution as the electrolyte which
acts as a medium for lithium ion transport. The Li
atoms get oxidised at the anode and lose electrons when
they are connected to an external circuit to form
positively charged Lithium ions. The free electrons
flow from the anode to the cathode (from negative to
positive) since the collective oxidation of Li at the
anode creates a region of high electron density which
induces large negative charge. In conventional Lithium
Cobalt Oxide batteries used in commercial applications,
Cobalt plays a major role in receiving electrons at the
cathode. As the density of electrons in cobalt increases,
the Li" moves through the permeable polymeric
membrane to intercalate between the Cobalt Oxide
layers. This gradual transfer of Li" to the cathode
balances the increasing negative charge from electrons
at the cathode and allows a continuous flow of
electrons. Therefore, current is produced to power the
electrical appliances.

In terms of electrochemical performance, lithium-ion
batteries shows a high average specific capacity of 850
mAhg' average specific capacity when applied with a
500 mAg™" current density, which coincides with a high
energy density of 300 Whkg' and power density so
electrical devices will receive high current flow'’. The
theoretical specific capacity of LIBs can reach up to
274 mAhg', and the capacity retention rate of this
value is 96% in over 50 cycles'’. This high energy

13 Zhu, C., Saito, G., & Akiyama, T. (2015, October). Urchin-like
hollow-structured cobalt oxides with excellent anode performance
for lithium-ion batteries. Journal of Alloys and Compounds, 646,
639-646. https://doi.org/10.1016/j.jallcom.2015.05.206

™ Liu, Q., Su, X., Lei, D., Qin, Y., Wen, J., Guo, F., Wu, Y. A., Rong, Y.,
Kou, R., Xiao, X., Aguesse, F., Barefio, J., Ren, Y., Lu, W., & Li, V.
(2018, June 11). Approaching the capacity limit of lithium cobalt
oxide in lithium ion batteries via lanthanum and aluminium doping.
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density allows LCO batteries to produce a working
voltage of 3.6V. The coulombic efficiency of Lithium
cobalt oxide is 92.3%"".

The market size for lithium-ion batteries, especially
Lithium-Cobalt-Oxide batteries are expected to expand
from $30B in 2017 to $100B in 2025 due to its
widespread use in electric vehicles, mobile phones and
laptops. However, LIBs pose great challenges for the
planet and for the people involved. The main
contributor to the unsustainable practices of LIBs root
from the used ones. From the year 2000 onwards, 500
million cells have been produced worldwide. 200-500
million tonnes of waste created by LIBs are produced
annually'®. Most of them are left to accumulate in
landfills because most lithium metals are lost as slag
and its recycling requires the high associated energy'’,
encouraging people to use the landfill as a cheap, yet
effective alternative. Due to the flammable electrolyte
and polymeric membrane, and toxic substances that
comprise each electrode (cobalt), the disposal of
Lithium ion batteries severely affects the balance of
landfill soils and human alike'”.
Furthermore, the extraction of cobalt used in the

communities

electrodes of LIBs creates several adversities. 70% of
cobalt is sourced from the Democratic Republic of the
Congo (DRC), where 90% of it is derived from
industrial mines'”’. However, in a developing country
like the DRC, mines throughout the country have

Nature Energy, 3(11), 936-943.
https://doi.org/10.1038/s41560-018-0180-6

'S Yang, Z., Li, R. & Deng, Z. A deep study of the protection of
Lithium Cobalt Oxide with polymer surface modification at 4.5V
high voltage. Sci Rep 8, 863 (2018).
https://doi.org/10.1038/s41598-018-19176-6

16 Zeng, X., Li, J., & Singh, N. (2014, April 16). Recycling of Spent
Lithium-lon Battery: A Critical Review. Critical Reviews in
Environmental Science and Technology, 44(10), 1129-1165.
https://doi.org/10.1080/10643389.2013.763578

7 Hirschlag, A. (2022, February 24). Lithium batteries&apos; big
unanswered question.
https://www.bbc.com/future/article/20220105-lithium-batteries-bi
g-unanswered-question

'8 Chen, J., Li, Q., Song, J., Song, D., Zhang, L., & Shi, X. (2016).
Environmentally friendly recycling and effective repairing of
cathode powders from spent LiFePO4 batteries. Green Chemistry,
18(8), 2500-2506. https://doi.org/10.1039/c5gc02650d

19 Lithium-ion batteries need to be greener and more ethical.
(2021, June 29). Nature, 595(7865), 7-7.
https://doi.org/10.1038/d41586-021-01735-z

attracted thousands of workers, causing child labour in
unsafe working conditions.

These downsides of lithium-ion production and usage
are the key issues that this dissertation aims to tackle,
whereby newfound and disruptive technologies are
ones that will be able to overcome the prevalence of
lithium-ion batteries. Recycling LIBs is a challenge,
rooting from varying mixtures of chemicals and high
embodied energy’’ which makes such efforts less
feasible economically and environmentally”'.

On the other hand, researchers have recently shifted
their focus towards the integration of sustainable
organic compounds in batteries’ electrodes™, which
will be further exemplified in the following section.

The Rising Technologies

This section of the literature review explores several
prospects of organic-based batteries with the potential
to develop or even replace current Lithium-ion batteries
on an industrial scale. Three divergent organic
containing batteries will be discussed, two of which
will be the integration of organic compounds into the
electrodes to enhance Lithium ion batteries, and the
third will provide information on a full organic battery.
Each organic technology will be evaluated in the same
way as the previous analysis of non-organic batteries to
ensure objectivity. However, sodium-ion batteries
(SIBs) will be considered instead of LIBs since sodium
1s the sixth most abundant element on earth, which
comprises 2.6% of the Earth’s crust. Similar to lithium,
sodium is an alkali metal with similar chemical

properties and intercalation kinetics, yet are cheaper for

20 patel, P., & Gaines, L. (2016, June). Recycling Li batteries could
soon make economic sense. MRS Bulletin, 41(6), 430-431.
https://doi.org/10.1557/mrs.2016.116

21 Huang, B., Pan, Z., Su, X., & An, L. (2018, September). Recycling
of lithium-ion batteries: Recent advances and perspectives. Journal
of Power Sources, 399, 274-286.
https://doi.org/10.1016/].jpowsour.2018.07.116

22 Yang, Z., Wang, F., Meng, P, Luo, J., & Fu, C. (2022, October).
Recent advances in developing organic positive electrode materials
for rechargeable aluminume-ion batteries. Energy Storage Materials,
51, 63-79. https://doi.org/10.1016/j.ensm.2022.06.018
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industrial production and more sustainable. Also,
sodium can be extracted from sea water, reducing the
adverse effects of mining. Ultimately, this dissertation
presents a more sustainable alternative to lithium ion
batteries by showing different organic materials which
can be incorporated into sodium ion batteries.

What are organic batteries

Hybrid organic secondary batteries are energy
conversion systems that integrate organic compounds
into the battery” **. These not only include the use of
polymer-based electrochemically-active materials in the
electrodes but also auxiliary components such as
separators, electrolytes and additives™. In batteries,
organic compounds that contain electroactive
functional groups can carry out electrochemical

reactions which electron flow™®.

The advantages and disadvantages of using organic
batteries

With increasing attention for environmental concerns,
organic structures have brought in extensive research in
this field. Firstly, organic compounds are one of the
most abundant families of substances on the planet
because all living organisms rely on these substances
for their survival, as stated in section 1. This further
brings advantages such as low-toxicity which mitigates
the disposal problems to the environment, preserving
the biodiversity of wildlife while reducing exploitation
of rare earth metals such as cobalt and substances in

3 Gao, X., Feng, Q., Wang, J., & Zhao, X. (2022, September 15).
Bacterial outer membrane vesicle-based cancer nanovaccines.
Cancer Biology & Medicine, 19(1), 1290-1300.
https://doi.org/10.20892/j.issn.2095-3941.2022.0452

24 Muench, S., Wild, A., Friebe, C., Haupler, B., Janoschka, T., &
Schubert, U. S. (2016, August 1). Polymer-Based Organic Batteries.
Chemical Reviews, 116(16), 9438-9484.
https://doi.org/10.1021/acs.chemrev.6b00070

2|y, Y, Zhang, Q., Li, L., Niu, Z., & Chen, J. (2018, December).
Design Strategies toward Enhancing the Performance of Organic
Electrode Materials in Metal-lon Batteries. Chem, 4(12),
2786-2813. https://doi.org/10.1016/j.chempr.2018.09.005

26 Pavlovskii, A. A., Pushnitsa, K., Kosenko, A., Novikov, P., &
Popovich, A. A. (2022, December 25). Organic Anode Materials for
Lithium-lon Batteries: Recent Progress and Challenges. Materials,
16(1), 177. https://doi.org/10.3390/ma16010177

relatively low abundance such as lithium”’. And for the
this rich availability of organic
compounds leads to lower cost to source and transport

same€ rcason,

raw materials”’. Additionally, organic electrodes are
extremely sustainable because they can be recycled at
various stages of charge due to their minute molecular
size”. This reduces resource consumption on what is
already abundant in the long run. Furthermore, since
organic  batteries can be made from any
electrochemically active reagent, there is high structural
diversity to tailor the batteries to differing applications.

Hybrid batteries Analysis

Metal-organic-framework/Graphene Derived Hybrids

in sodium ion batteries

First discovered in 2004, graphene is a monolayer
carbon plane in a honeycomb structure covalently
bonded in the layer by strong covalent bonds. Graphene
is electrically conductive, lightweight, durable, and
forms high charge carrying capacity batteries that can
last for a long time but only requires a quick charge. Its
outstanding electrical conductivity results from its
bonding: each carbon atom can form a maximum of 4
bonds, but graphene only contains 3 bonds, forming a
delocalised pi electron that can move around freely to
carry charges.

The diffusion time constant for ions to travel from one
electrode to another can be defined by (t = L2/D),
where t is the time constant, L is the transport distance
and D is the diffusion constant. Since graphene is a

2" Talan, & Huang. (2022). A review study of rare Earth, Cobalt,
Lithium, and Manganese in Coal-based sources and process
development for their recovery. Minerals Engineering, Volume
189(0892-6875).

ISSN 0892-6875, https://doi.org/10.1016/j.mineng.2022.107897
% Gannett, C. N., Melecio-Zambrano, L., Theibault, M. J., Peterson,
B. M., Fors, B. P., & Abrufia, H. D. (2021, February). Organic
electrode materials for fast-rate, high-power battery applications.
Materials Reports: Energy, 1(1), 100008.
https://doi.org/10.1016/j.matre.2021.01.003

29 Chen, Y., Dai, H., Fan, K., Zhang, G., Tang, M., Gao, Y., Zhang, C.,
Guan, L., Mao, M., Liu, H., Zhai, T., & Wang, C. (2023, April 20). A
Recyclable and Scalable High-Capacity Organic Battery.
Angewandte Chemie International Edition, 62(27).
https://doi.org/10.1002/anie.202302539
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material, it possesses low
diffusion distances, allowing for heightened power

density of a battery™’.

monolayer extremely

Graphene, however, tends to stack up at the anode into
graphite which s and
electrochemically undesirable. But graphene itself can
act as a conductive substrate that anchors other
redox-active nanoparticles, mitigating aggregation of

again, financially

these particles during lithium ion transfer that can lead
to severe electrode fracture’’ *°. The nanoparticles,
however, provide significant benefits for graphene as it
reduces restacking which maintains the large surface
area for electrochemical reactions. And to reduce the
demands for lithium overall, graphene-based
nanocomposite electrodes SIBs have been chosen for

this dissertation.

SIBs work in a similar fashion to LIBs, with the only
difference being the change from lithium ions to
sodium ions as the mobile ion. The electrochemical
performance of SIBs, in this case, are enhanced by
depositing MoSe, nanosheets onto the surface of
reduced graphene oxide (rGO), whereby the two
heterogeneous layers forms interfacial attraction
through C-O-Mo and C-Mo. This not only allows
increased volume fluctuations for sodium ions with
large atomic radius but also maintains a high rate of
electron transport between each layer. Consequently,
the discharge-charge specific capacity of the
MoSe,@5%rGO was shown to be 712.7-458.3 mAhg'
with the coulombic efficiency of 64.3%. The sample
displayed high capacity retention of 383.6 mAhg™! after
50 cycles and produced outstanding reversible capacity
of 4353 mAhg'. These results displayed that

% Hayner, C. M., Zhao, X., & Kung, H. H. (2012, July 15). Materials
for Rechargeable Lithium-lon Batteries. Annual Review of Chemical
and Biomolecular Engineering, 3(1), 445-471.
https://doi.org/10.1146/annurev-chembioeng-062011-081024

3" Wu, Z.S., Ren, W,, Xu, L., Li, F.,, & Cheng, H. M. (2011, June 28).
Doped Graphene Sheets As Anode Materials with Superhigh Rate
and Large Capacity for Lithium lon Batteries. ACS Nano, 5(7),
5463-5471. https://doi.org/10.1021/nn2006249

32 Chong S, Wei X, Wu Y, Sun L, Shu C, Lu Q, Hu Y, Cao G, Huang W.
Expanded MoSe2 Nanosheets Vertically Bonded on Reduced
Graphene Oxide for Sodium and Potassium-lon Storage. ACS Appl
Mater Interfaces. 2021 Mar 24;13(11):13158-13169. doi:
10.1021/acsami.0c22430. Epub 2021 Mar 14. PMID: 33719396.

rGO-MoSe, heterogenecous nanocomposites contain
high cycling stability™, high energy density of 196.9
Whkg', and extremely high output power and high
power capabilities™.

Despite its high electrochemical properties, graphene is
currently limited due to a number of reasons. The
predominant limitation of graphene in the modern
world is the lack of mass production method because it
is hard to produce large sheets for commercialisation.
One of the most common ways to produce graphenes is
by mechanical exfoliation - using sonication methods
or even pressurised CO, to intercalate between the
graphite layers - which takes tremendous amount of
time to isolate and only produces small amounts of
graphene, preventing graphene to be used in the battery
market. And because of this, the production of
graphene can cost thousands of dollars per kilogram,
which is tremendously higher than other carbon
allotropes such as graphite and activated carbon™.

Physically _activated carbon _from _rice husks as

electrodes in sodium ion batteries

Activated carbon is an amorphous allotrope of carbon
derived from any biomass which has been
treated/doped either by physical or chemical methods to
increase the specific surface area™. Conventionally, a
biomass is calcined under reduction conditions at

approximately 1300-1500 °C’, then mixed with

3 M, Zhu K, Zhao H, Meng Z. Recent Progress on
Graphene-Based Nanocomposites for Electrochemical Sodium-lon
Storage. Nanomaterials (Basel). 2022 Aug 18;12(16):2837. doi:
10.3390/nano012162837. PMID: 36014703; PMCID: PMC9414377.
34 David, L., Bhandavat, R., Barrera, U., & Singh, G. (2016, March
30). Silicon oxycarbide glass-graphene composite paper electrode
for long-cycle lithium-ion batteries. Nature Communications, 7(1).
https://doi.org/10.1038/ncomms10998

% Ngu, L. H. (2022). Carbon Capture Technologies. Reference
Module in Earth Systems and Environmental Sciences.
https://doi.org/10.1016/b978-0-323-90386-8.00028-0

% Wang, Q., Zhu, X,, Liu, Y., Fang, Y., Zhou, X., & Bao, J. (2018,
February). Rice husk-derived hard carbons as high-performance
anode materials for sodium-ion batteries. Carbon, 127, 658-666.
https://doi.org/10.1016/j.carbon.2017.11.05

87 Choi, J. H. (2010, January 12). Fabrication of a carbon electrode
using activated carbon powder and application to the capacitive
deionization process. Separation and Purification Technology,
70(3), 362-366. https://doi.org/10.1016/j.seppur.2009.10.023
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chemical activators such as potassium hydroxide
(KOH), zinc chloride (ZnCl,), or phosphoric acid
(H;PO,) etc. These chemical substances attack and
decompose the lignocellulose structure within the
plant-based while increasing the pore
volumes inside the carbon samples. The slurry between

structures

chemical activator and the carbonised biomass is then
pyrolysed at a range of 800 - 1000 °C to both further
break down the biomass structure and provide an
optimal operating temperature for chemical activators.
These activated carbon are then formed into a slurry
with polymeric binders and inserted into the electrodes
of batteries to act as electrochemical sites™.

As there is a lot of bio-waste from sources such as
agricultural sites and food industries, activated carbon
acts as a twin-pronged solution to both waste
management and sustainable batteries
production. In other words, we are converting bio

issues
wastes into a higher-value product that can be
commercialised”.

It is, however, difficult to settle on a precursor of
activated carbon that can be compared with other types
of batteries. Therefore, the chosen precursor for the
synthesis of activated carbon is rice husk because they
are abundant across the globe as an agricultural
with 1.5E+8 tonnes

by-product, approximately

38 KHANGWICHIAN, W., PATTAMASEWE, S., LAUNGPHAIROJANA, A.,
LEESING, R., HUNT, A. J., & NGERNYEN, Y. (2021, October 20).
Preparation of Activated Carbons from Hydrolyzed Dipterocarpus
alatus Leaves: Value Added Product from Biodiesel Production
Waste. Journal of the Japan Institute of Energy, 100(10), 219-224.
https://doi.org/10.3775/jie.100.219

% Liu, N., Huo, K., McDowell, M. T., Zhao, J., & Cui, Y. (2013, May
29). Rice husks as a sustainable source of nanostructured silicon for
high performance Li-ion battery anodes. Scientific Reports, 3(1).
https://doi.org/10.1038/srep01919

produced annually™ *' ** ** * *°_ With the high content
of lignocellulosic structure (including lignin, cellulose,
and hemicellulose), rice husks have the ability to form
great volumes of pore areas, which leads to increased
surface area for electrochemical reactions™.

From electrochemical analysis, the batteries using
activated carbon as the electrodes show a high average
specific capacity of 265 mAhg"' and 166 mAhg"' after
a current density of 500 and 1000 mAg"' has been
applied, respectively. These samples also displayed a
large specific capacity of 346 mAh after 100 cycles
which, calculated, results in a 85% capacity retention.
Furthermore, these batteries contain an energy density
of 185 Whkg' with an average output of 3.4 V. These
results show that, relative to other SIBs, activated
carbon is a promising material for electrodes
production. Further details and comparison will be
included in the discussion section.

40 Wang, L., Schnepp, Z., & Titirici, M. M. (2013). Rice husk-derived
carbon anodes for lithium ion batteries. Journal of Materials
Chemistry A, 1(17), 5269. https://doi.org/10.1039/c3ta10650k

41 Zhang, Y. C., You, Y., Xin, S., Yin, Y. X., Zhang, J., Wang, P., Zheng,
X.S., Cao, F. F, & Guo, Y. G. (2016, July). Rice husk-derived
hierarchical silicon/nitrogen-doped carbon/carbon nanotube
spheres as low-cost and high-capacity anodes for lithium-ion
batteries. Nano Energy, 25, 120-127.
https://doi.org/10.1016/j.nanoen.2016.04.043

42 Cho, W. C., Kim, H. J., Lee, H. I., Seo, M. W., Ra, H. W,, Yoon, S. J.,
Mun, T. Y., Kim, Y. K., Kim, J. H., Kim, B. H., Kook, J. W., Yoo, C. Y.,
Lee, J. G., & Choi, J. W. (2016, October 31). 5L-Scale
Magnesio-Milling Reduction of Nanostructured SiO2 for High
Capacity Silicon Anodes in Lithium-lon Batteries. Nano Letters,
16(11), 7261-7269. https://doi.org/10.1021/acs.nanolett.6b03762
43 Jung, D. S., Ryou, M. H., Sung, Y. J., Park, S. B., & Choi, J. W. (2013,
July 8). Recycling rice husks for high-capacity lithium battery
anodes. Proceedings of the National Academy of Sciences, 110(30),
12229-12234. https://doi.org/10.1073/pnas.1305025110
*“Goodman, B. A. (2020, August). Utilization of waste straw and
husks from rice production: A review. Journal of Bioresources and
Bioproducts, 5(3), 143-162.
https://doi.org/10.1016/j.jobab.2020.07.001

45 Platek-Mielczarek, A., Conder, J., Fic, K., & Ghimbeu, C. M. (2022,
September). Performance evaluation of electrochemical capacitors
with activated carbon spheres as electrode material and aqueous
electrolyte. Journal of Power Sources, 542, 231714.
https://doi.org/10.1016/].jpowsour.2022.231714

46 Mueanpun, N., Srisuk, N., Chaiammart, N., & Panomsuwan, G.
(2021, March). Nanoporous activated carbons derived from water
ferns as an adsorbent for removal of paraquat from contaminated
water. Materialia, 15, 100986.
https://doi.org/10.1016/j.mtla.2020.100986
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However, there are disadvantages that reduce the
feasibility of activated carbon being widely
commercialised. One of the main problems is that the
synthesis of high porosity activated carbon from
lignocellulosic biomasses requires immensely high
temperatures throughout the process. Some precursors
of the carbon requires 2 heat treatment stages including
either hydrothermal carbonisation (at 180 °C for 24 h*")
and pyrolysis (at 600 - 700 °C™) , or calcination (at 600
- 800 °C")) and pyrolysis to allow heat to decompose
the lignocellulosic structure™ °'. When applied on an
industrial scale, these heating cycles
increased the demands for fossil fuel combustion to

strenuous

produce thermal energy used to heat this. Another issue
regarding the synthesis of activated carbon is that most
precursors are derived from waste biomasses, which
fluctuates in supply during each season. Hence,
industries may not prefer an unreliable source of raw
materials.

Poly(9,10-phenanthraquinone-alt-benzene) (PPQO)

cathodes in Na-ion batteries

Quinones are a family of organic compounds
containing six carbon atoms arranged in an unsaturated

ring (containing double bonds) with two carbonyl

47 Tomczyk, A., Sokotowska, Z., & Boguta, P. (2020, February 5).
Biochar physicochemical properties: pyrolysis temperature and
feedstock kind effects. Reviews in Environmental Science and
Bio/Technology, 19(1), 191-215.
https://doi.org/10.1007/s11157-020-09523-3

48 Ojeda-Lépez R, Ramos-Sanchez G, Garcia-Mendoza C, CS
Azevedo D, Guzman-Vargas A, Felipe C. Effect of Calcination
Temperature and Chemical Composition of PAN-Derived Carbon
Microfibers on N2, CO2, and CH4 Adsorption. Materials (Basel).
2021 Jul 13;14(14):3914. doi: 10.3390/ma14143914. PMID:
34300825; PMCID: PM(C8305112.

49 Kosheleva, R. I., Mitropoulos, A. C., & Kyzas, G. Z. (2018,
September 28). Synthesis of activated carbon from food waste.
Environmental Chemistry Letters, 17(1), 429—-438.
https://doi.org/10.1007/s10311-018-0817-5

%0 THAZIN, N. M., CHAIAMMART, N., THU, M. M., & PANOMSUWAN,
G. (2022, March 29). Effect of pre-carbonization temperature on
the porous structure and electrochemical properties of activated
carbon fibers derived from kapok for supercapacitor applications.
Journal of Metals, Materials and Minerals, 32(1), 55—64.
https://doi.org/10.55713/jmmm.v32i1.1247

51 Chuang, R. (2010, January). Handbook of Toxicology of Chemical
Warfare Agents, edited by Ramesh C. Gupta. Clinical Toxicology,
48(1), 93-95. https://doi.org/10.3109/15563650903356219
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functional groups attached to it. Because of the
availability of pi-electrons in the double bond, these
quinones can conduct electricity, making them
redox-active molecules with high electrochemical

reactivity.

Additionally, the hexagonal aromatic rings of quinone
contain delocalised pi electrons which are free to move
around and carry charges, giving quinones the property
to conduct electricity and form redox-active cathodes.
Specifically, these 9,10-phenanthraquinone (PQ) are
extremely suitable as monomers for PPQs because their
skeletons contain two high pi electron density in
conjugated phenyl groups. Their structure, therefore,
contains higher delocalised electron density in the

polymer which leads to increased -electrical
conductivity.
What’s preventing the advancement of organic

electrodes is that there are very limited capabilities for
industrial-scale applications since numerous types of
working organic electrodes dissolve into the electrolyte
which results in a low cycling stability. However, PPQ
is insoluble in aqueous and largely insoluble in other
organic solvents due to its large molecular size and
strong London dispersion forces between its molecules
which strongly binds them together. Phenanthraquinone
is an organic compound composed of two aromatic
rings connected to two carbonyl groups to form a
planar aromatic structure. And because of this,
PPQ-based cathodes produced satisfactory cycling
performance over extended periods of use.

Electrochemical analysis of PPQ demonstrated great
results for future applications. Half-cell evaluations of
cathode performance of PPQ presents the insoluble
electrodes to show a moderate specific capacity of 104
and and 70 mAhg"' when applied a current density of
500 and 100 mAg™”, respectively. Also, these samples
show a high specific capacity of 150 mAg" over 300
cycles, which is retained over 300 cycles with
insignificant attenuations. After 700 cycles, the
discharge capacity decreases from 90 to 84 mAhg
which corresponds to 93.3% capacity retention.
Moreover, the average output of the half cells shows a
moderately high voltage of 2.2 V.
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In terms of scalability, PPQ electrodes can be applied
on an industrial scale because all the reagents used in
this experiment are already commercially available and
do require  any  further
Phenanthraquinones, however, pose challenges for the

not purification.
environment, the battery industry and the people. For
one, quinones are aromatic compounds derived from
benzene and naphthalene™, compounds that can be
found in fossil fuels and crude oil. Therefore, even
though we are pushing to create sustainable battery
production, the main raw materials of quinone batteries
source from a non-renewable resource. Also, PPQs and
other aromatic compounds such as benzenes are
mutagens so they are highly carcinogenic for workers
in these industries™. Not only that, the synthesis of
PPQs themselves require sophisticated procedures,
including Friedel-Crafts reactions using
isopropyl-substituted with  phthalic
anhydrides, then cyclisation of the products using
acid. These results in a mixture of
anthraquinones which are then required to be purified
further”’. These complicated processes can result in
bottlenecks and slow manufacturing processes.

benzenes

sulfuric

Comparing organic-based sodium-ion hybrid
batteries:

In this dissertation, we need the highest performing
organic-based sodium ion battery to compare with the
current lithium-ion battery selected in section 2. Hence,
we will use a scoring system to objectively determine
the optimal battery, similar to table.2. The score will be
based on performances on Table.4 in every quantitative
data shown and each battery type will be rated on a
score of 1 to 3. Any tie will be given the same score on
the higher level. Table.3 shows a summary table on the

%2 Reference Module in Biomedical Sciences. (2015, May 20). Choice
Reviews Online, 52(10), 52-5104.
https://doi.org/10.5860/choice.190218

%3 Chakiri, A. B., & Hodge, P. (2017, August). Synthesis of
isopropyl-substituted anthraquinones via Friedel-Crafts acylations:
migration of isopropyl groups. Royal Society Open Science, 4(8),
170451. https://doi.org/10.1098/rs0s.170451

% Wu, Y., &Yy, Y. (2019, January). 2D material as anode for sodium
ion batteries: Recent progress and perspectives. Energy Storage
Materials, 16, 323—-343.
https://doi.org/10.1016/j.ensm.2018.05.026

data used to objectively determine the organic battery
for comparison. The energy density of the PPQs
electrodes cannot be determined since there is an
extremely limited amount of research done on the
applications of phenanthraquinone’s applications on
batteries. Hence, PPQs will be given an average score
of 2.

From table.3, the score of MOFs/Graphene and
activated carbon are tied at 9. But because they excel in
different aspects for a Dbattery that is,
MOFs/Graphene for electrochemical performance and
activated carbon for sustainability — both types of
organic batteries will be evaluated against LIBs in the

discussion section.

Table.3

PPQs Activated | MOFs/Gra
carbon phene

Average 104 265 402

specific

mAhg!

capacity

after

applied a

current

density of

500 mAg’

Cycling No signs | 93% 95.4%

stability of capacity after 50
attenuation | retention cycles
from 150 | after 100 | (projected
mAhg-1 cycles 90.8%)
after 300
cycles

Energy - 185 196.9

density/

Wh K¢

Average 2.2 34 2.93

voltage

output/ V
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Table 4

Activated
carbon

PPQs MOFs/Gra

phene

Average 1 2 3
specific
mAhg!
capacity
after
applied a
current
density of
500 mAg

Cycling 3 2 1
stability

Energy 2 2 3
density/
Whkg!

Average 1 3 2
voltage
output/ V

Total 7 9 9

3. Discussion

An analysis of organic-based sodium ion
batteries in comparison to lithium ion batteries

Section 3 of the literature review has provided a
detailed overview of three main pieces of pivotal
information which will be used in this discussion: the
methods of each organic
analysis, the
associated with each type of organic material. These

synthesis material,

electrochemical and disadvantages
three key indicators are crucial because they provide a
quantitative basis for the evaluation of each material in
terms of performance, sustainability, and economic
viability, the main evaluation criterias to fabricate a
successful battery. By the end of this section, the
improvement of organic batteries in recent decades will
be evaluated against that of lithium ion batteries to

show the potential replacement of lithium ion batteries

12

by organic-based sodium ion batteries.
Since the -electrochemical analysis varies greatly
between each paper, the evaluation matrix of batteries
must change to accommodate the existing data. To
assess the potential for lithium ion batteries to be
replaced by organic batteries, three main factors need to
be considered, including performance, sustainability
and economic feasibility. Although the variable that is
being considered is different from our first evaluation
in ‘The Current Technologies’ section, the main
evaluation criteria of capacity, power output, safety, and
durability remains unchanged. In this discussion
section, there will be two main comparisons made
cobalt
framework/graphene batteries, and
lithium cobalt oxide batteries and activated carbon
batteries.

between  lithium oxide Dbatteries and

metal-organic

Table.3
Lithium Activated | MOFs/gra
Cobalt carbon phene
Oxide

Average 850 265 402

specific

mAhg-1

capacity

after

applied a

current

density of

500 mAg’

Cycling 96% after | 93% 95.4%

stability 50 cycles | capacity after 50
(projected | retention cycles
92% after | after 100 | (projected
100 cycles | cycles 90.8%

after 100
cycles)

Energy 300 185 196.9

density/

Whkg!
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Average 3.6-39 34 2.93

voltage
output/ V

4.1 Performance:

In similar fashion to the comparison of ‘current
technologies” and  ‘rising  technologies’, the
performance of lithium-ion batteries and organic
batteries will be compared through three prevalent
indicators: power output, durability, and safety. This
covers a broad range of electrochemical performance
which is relevant to modern electrical applications. I
will discuss, based on quantitative data to ensure
objectivity, the electrochemical performance of each
battery in the literature review.

Power output and capacity:

LCO batteries show the most promising result at the
current stage of battery development as they contain the
highest average specific capacity of 850 mAhg-1 upon
the application of a current density of 500 mAg-1,
compared to the 265 and 402 mAhg-1 of activated
carbon and MOFs/graphene, respectively. In other
words, LCO contains more electric charge per gram of
the battery itself, which allows them to produce greater
current discharges for longer amounts of time. These
results coincide with the energy density shown on
table.3, where LCO contains the most energy density of
300 Wh Kg-1 out of the three.

This is pivotal for applications in devices that require
extended use of batteries with high energy consumption
such as laptops. These results, although much expected
from its widespread use, rooted from the fact that
lithium-ion batteries have been industrialised for longer
and were widely researched since its introduction in the
1970s™, whereas sodium-ion batteries were released a

55 Reddy, M. V., Mauger, A., Julien, C., Paolella, A., & Zaghib, K.
(2020, April 17). Brief History of Early Lithium-Battery Development.
Materials; Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/ma13081884
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few decades later °

. Fundamentally, if researchers
direct their focus towards organic-base sodium batteries
and given the same development timeframe as LCO
batteries, the ‘rising technologies’ should drastically

improve in terms of power output and energy capacity.
(1) Power density = (Voltage x current) / ( kg )

As shown by equation (1), power density is directly
proportional to the voltage. Therefore, batteries with
higher average voltage output tend to contain greater
power density. From table.3, LCOs exhibit the greatest
voltage between the electrodes of 3.6-3.9 V compared
to those of activated carbon and MOFs/graphene of 3.4
and 2.93 V, respectively. LCO’s high voltage, thereby,
alludes to greater power output. Since lithium-ion
batteries are widely wused in energy-demanding
applications, the replacement of such batteries requires
batteries with high power density as well. From the data
shown, the small gap between the voltages of LCO and
organic-based batteries are small, which suggests that
the latter can be applied in similar applications as well.

Durability:

Additionally, by evaluating cycling stability statistics,
the rate of battery decay over an extended period of use
is compared, demonstrating a rate of decline in
performance. All three batteries show very similar rates
of decay as LCO has a capacity retention rate of 96%
after 50 cycles; activated carbon contains 93% capacity
retention rate of 100 cycles; and MOFs/graphene
contains a retention rate of 95.4% after 50 cycles.
However, since there is a lack of data for the capacity
retention at the 100th cycle for LCO and
MOFs/graphene batteries, 1 assumed that LCO and
MOFs/graphene at the same rate until the 100th cycle,
allowing me to fairly compare the cycling stability of
all three technologies at the 100th cycle.

By calculation, the estimated capacity retention rate of
LCO and MOFs/graphene batteries will be 92% and
90.8%, respectively, which are both lower than that of

% Wang, F.,, Zhang, Y., Yu, N., Fu, L., Zhu, Y., Wu, Y., & Van Ree, T.
(2018, January 1). Metal oxides in batteries. Elsevier eBooks.
https://doi.org/10.1016/b978-0-12-811167-3.00006-7



Catalysing Research Institute — Engineering Science Journal

Ariya Taechamahaphan

activated carbon. Thus, activated carbon batteries excel
in this aspect, containing a higher charge-discharge
cycle with less capacity degradation, or what is widely
known as ‘capacity loss’. In real-world applications,
activated carbon batteries do not have to be changed as
often as the other two, but these slight differences
between capacity retention does not create a massive
difference in battery life. Hence, it is safe to assume
that all batteries are applicable in modern day electrical
appliances.

Overall performance:

Despite LCOs topping almost all of the performance
evaluation criteria, the other two technologies are not
significantly worse, especially in average voltage
output and cycling stability, where activated carbon
exceeds LCO technology. Not to mention, the two
organic batteries is based on a sodium-ion mechanism,
which, electrochemically, is already inferior to lithium
ion because of sodium-ion’s larger ionic radius and
higher ionic mass hinders diffusion rate, resulting in
poor energy density and cycling stability’’. Hence, with
further research on intercalation issues of sodium-ion in
cathodes, organic-based batteries already show the
potential to replace cobalt oxide cathodes in terms of
performance.

Sustainability:

As mentioned in earlier sections, sustainable batteries
are becoming increasingly prevalent in the modern day
Unethical exploitation of workforces,
environmentally damaging raw materials sourcing

industries.

methods, and resource depletion are the major concerns
which drove the urgency for such this transformation.
To fully evaluate the sustainability of each battery
material at a great depth, discussing whether each
technology can be longstanding or not, this section is
separated into four main fragments: sourcing of raw
materials, disposal hazards, recyclability, and labour
exploitation.

" Wu, Y., & Yu, Y. (2019, January). 2D material as anode for sodium
ion batteries: Recent progress and perspectives. Energy Storage
Materials, 16, 323—-343.
https://doi.org/10.1016/j.ensm.2018.05.026
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Sourcing of raw materials:

In light of raw material sourcing, activated carbon is the
most beneficial and environmentally friendly approach
out of all three technologies. Despite its high
temperature conditions required for calcination as
shown in section 3, the synthesis of activated carbon is
from the conversion of waste biomasses into a higher
value-added product, both reducing the waste inside
landfills which produce methane (a greenhouse gas)
and mitigating exploitation of natural resources’*. From
the literature review, the chosen precursors of rice husk
is a widespread agricultural waste that can be easily
sourced and transported across the globe. Hence,
obtaining rice husks as a raw material in industries are
easily implemented and require few extra materials
preparation steps which does not heavily require other
resources.

With MOF/Graphene batteries, Molybdenum is the
58th most abundant material on the Earth’s crust, and it
will not run out in the foreseeable future®. Also,
selenium can be easily obtained from the by-product of
copper ore extraction. On the other hand, modern
graphene  synthesis methods wused to form
nanocomposites with the abovementioned alloys are
unsustainable due to intensive mining of graphite and
of N,N-dimethyl-formamide (DMF);
N-methyl-2-pyrrolidone ~ (NMP);  dichlorobenzene
(DCB), which are highly toxic chemicals”. The
extraction of molybdenum suffers from the
environmental impacts of mining, similar to that of

use

% Adelopo, A., Haris, P., Alo, B., Huddersman, K., & Jenkins, R.
(2018, July 30). Conversion of solid waste to activated carbon to
improve landfill sustainability. Waste Management & Research: The
Journal for a Sustainable Circular Economy, 36(8), 708-718.
https://doi.org/10.1177/0734242x18788940

59 Dawson, K. M., & Sinclair, A. J. (1974, May 1). Factor Analysis of
Minor Element Data for Pyrites, Endako Molybdenum Mine, British
Columbia, Canada. Economic Geology, 69(3), 404-411.
https://doi.org/10.2113/gsecongeo.69.3.404

% Liao, C., Li, Y., & Tjong, S. (2018, November 12). Graphene
Nanomaterials: Synthesis, Biocompatibility, and Cytotoxicity.
International Journal of Molecular Sciences, 19(11), 3564.
https://doi.org/10.3390/ijms19113564
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lithium"'.

For LCO batteries, lithium extraction has widely been
regarded as dangerous to the environment. Firstly,
approximately a third of the world’s Lithium metal
sources come from salt flats in Argentina and Chile
where large volumes of water are exploited to mine
these ores in such arid areas, meaning an increase in ore
extraction in the future can result in regional water
shortages.  This food shortages in
underprivileged communities as there are not enough

exacerbates

water resources to irrigate crops, potentially leading to
widespread starvation.

Disposal and recyclability:

Activated carbon, yet again, excels the most in this
evaluation criteria. After repeated uses of its properties
as an  electrode  material, the
intercalation-deintercalation of large sodium ions (as
used in literature review) creates constant mechanical

continuous

stress and irreversible physical changes to the carbon.
However, the reactivation of activated carbon can
diminish the faults created, allowing the unfunctional
activated carbon to be recycled with low cost while
using environmentally friendly materials such as
potassium hydroxide””. By continuously reactivating
the carbon, despite the small drop in electrochemical
performance in each cycle, activated carbon can be
easily recycled which is extremely useful when
sourcing raw materials.

In addition, MOF/Graphene’s electrodes are also safe to
dispose of relative to both activated carbon and LIBs.
Graphene exhibits, effectively, the same structure to
activated carbon as they both consist of elemental
carbon. Because of this, graphene exhibits low toxicity
and is unlikely to cause harm to the environment upon
disposal. Also, molybdenum is vastly recycled in the

8" Frascoli F, Hudson-Edwards K. Geochemistry, Mineralogy and
Microbiology of Molybdenum in Mining-Affected Environments.
Minerals. 2018;8:42.

82 Moosavi, S., Lai, C. W., Akbarzadeh, O., & Johan, M. R. (2021,
January 1). Recycled Activated Carbon-Based Materials for the
Removal of Organic Pollutants from Wastewater. Topics in Mining,
Metallurgy and Materials Engineering.
https://doi.org/10.1007/978-3-030-68031-2_18

modern world”. Therefore, this metal is rarely inputted
into landfills as waste, producing small disposal
footprints. To my knowledge, the non-toxic nature of
graphene, intertwined with the fact that molybdenum
and selenium are fully recyclable®, ensures that SIBs
based on MOF/Graphene electrodes can be safely
disposed and recycled to mitigate further resource
depletion.

On the other hand, the lack of proper LIB disposal is
one of the key factors this dissertation aims to tackle.
As mentioned previously in Section 2, the high
associated energy and challenges in recycling lithium
and cobalt metal repels organisations to recycle LIBs.
This is heightened by the fact that the polymeric
membranes and electrolytes used in these batteries are
highly toxic to the environment. Furthermore, cobalt is
a highly toxic metal that causes severe poisoning.
Hence, according to all of the information provided in
the literature review, I can safely assume that the
production and disposal of LIB are not sustainable,
both environmentally and socially.

Overall evaluation of sustainability:

Assessing the factors of sourcing, disposal, and
recyclability of each type of battery, it is clear that
activated carbon excels in sustainability most. Though
MOF/graphene’s electrodes are generally safe to
dispose of, mitigating the issues of unsafe battery
disposal, the synthesis of activated carbon is much
more effective as it solves three issues simultaneously:
waste management, safe disposal, and resource
depletion. The substance is derived from agricultural
wastes such as rice husks, reducing wastes going into
landfills and decreasing the need for rare earth metals
such as cobalt (used in LCO batteries) to be extracted.
Hence, activated carbon batteries are one of the most

environmentally friendly alternatives to LIBs.

83 Jiang, G., & Pickering, S. J. (2017, August 3). Recycling Graphene
from Supercapacitor Electrodes as Reinforcing Filler for Epoxy
Resins. Waste and Biomass Valorization, 10(1), 215-221.
https://doi.org/10.1007/s12649-017-0039-2

8 Gustafsson, A. M., Foreman, M. R., & Ekberg, C. (2014, October).
Recycling of high purity selenium from CIGS solar cell waste
materials. Waste Management, 34(10), 1775-1782.
https://doi.org/10.1016/j.wasman.2013.12.021
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Economic viability:

Not only do successful batteries possess exceptional

power output, capacity, and environmentally
consciousness but they must be scalable for industries
throughout the world, if they were to replace lithium
ion batteries. In this subsection, scalability will be
predominantly discussed in detail since it is the main
limiting factor to the development of ‘Rising
technologies.” The cost of production plays a large role
in the scaling process. As aforementioned, I have
chosen SIBs in MOFs/graphene and activated carbon
will be cheaper than LIBs because sodium is much
more abundant than lithium, and sodium can be

extracted from the ocean.

Since lithium is already sold on an international scale
with ever increasing demands, it has already proven the
massive potential for scalability.

For  MOFs/graphene  batteries,
molybdenum is widely used as lubricants

cven

65

though
, selenium
and graphene are scarce. First, selenium is a rare earth
element and is often found in copper and lead ores from
mines. Consequently, a series of purification stages
need to be completed to form a selenium element. Also,
monolayer graphene costs over $100,000/kg*
graphene synthesis methods
processes such as chemical vapour deposition or
ultrasonication. Not only are they expensive but they

because

include sophisticated

also produce very small masses or even small flakes of
graphene which are not adequate for industrial
applications. There are also no machines which can
produce large sheets of graphene which further limits
the scalability of MOF/graphene batteries. Hence, this
organic battery technology, although it remains a great

% Parenago, O. P, Kuz'mina, G. N., & Zaimovskaya, T. A. (2017, July
22). Sulfur-containing molybdenum compounds as
high-performance lubricant additives (Review). Petroleum
Chemistry, 57(8), 631-642.
https://doi.org/10.1134/s0965544117080102

% Wang, R., Aakyiir, M., Qiu, A., Oh, J. A, Adu, P., Meng, Q., & Ma, J.
(2020, September). Surface-tunable, electrically conductive and
inexpensive graphene platelets and their hydrophilic polymer
nanocomposites. Polymer, 205, 122851.
https://doi.org/10.1016/j.polymer.2020.122851

16

alternative in terms of performance and sustainability,
can only be economically viable if graphene can be
produced in large quantities at significantly lower costs.

Activated carbon electrodes cost very little to produce
because most precursors are derived from biowastes.
Rice husk precursors can cost as low as $3.58-3.77/kg,
which allows for battery production to be purchased in
bulks’. But with such benefit comes a limitation such
that biowastes show very little product consistency and
high purification needed for industrial use. Also, high
temperatures are needed for carbonisation stages such
as hydrothermal carbonisation, calcination,
pyrolysis which is energy intensive and drastically
increases the

and

for fossil fuels so mass
production of activated carbon will contribute to
enhanced greenhouse effect. Also, since most of the
rice husk comprises a lignocellulosic structure, the high
thermal treatment causes it to decay significantly,

demands

reducing the yield greatly. This massive loss in product
can potentially create bottlenecks industries.
However, this can be mitigated by adding rice husks at
a greater rate, which is possible due to the low cost

nature of the raw material.

in

4.3.1 Overall economic viability evaluation:

Overall, although LIBs have been manufactured across
the globe due to its exceptional scalability, activated
carbon is a prospective electrode material that is both
cheap to manufacture and it can be sourced locally
through agricultural wastes. With further research and
development in maintaining raw material consistency in
rice husks, activated carbon could potentially match the
global scale LIBs have reached.

Conclusion

all
sustainability, and economic viability into account, we

Incorporating three factors of performance,

can conclude that hybrid organic sodium ion batteries

57 Menya, E., Olupot, P,, Storz, H., Lubwama, M., & Kiros, Y. (2018,
January). Production and performance of activated carbon from
rice husks for removal of natural organic matter from water: A
review. Chemical Engineering Research and Design, 129, 271-296.
https://doi.org/10.1016/j.cherd.2017.11.008
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can replace modern day battery technology to some
extent. Research papers have demonstrated that while
the hybrid battery cannot outperform the lithium ion
battery in terms of power output and capacity, it
exhibits a cycling stability that is similar or higher than
that of lithium cobalt oxide batteries. Activated carbon
batteries appear to contain more desirable properties
than MoSe2/graphene batteries because of their higher
energy density, average specific capacity, and cycling
stability. Therefore, it will be considered for this
conclusion. Since it mitigates both waste management

and depletion of transition-metal materials, the
precursor  materials can  provide  significant
environmental benefits. Additionally, the

electrochemical performance of the hybrid batteries is
nearly comparable to that of lithium batteries, allowing
them to be used in low power-demanding applications
such as mobile phones and other portable devices.

On the other hand, this battery was only tested once on
a lab scale as presented on the paper so it will be
challenging to assume that the electrochemical
performance and consistency will remain on an
industrial scale. Additionally, the sourcing of raw
material in activated carbon is a double-edged sword,
wherein it solves wastage problems but also reduces
scalability due to the low product consistency of
wastes. However, this problem is mitigated by using
rice husk as a precursor because it is extremely
abundant across the globe as waste so it is cheap
through to purchase, making rice husk activated carbon
become a very feasible alternative to lithium ion
parallel the increasing ethical
environmental concerns of the latter battery production.

batteries to and

In conclusion, sodium batteries hybrids with activated
carbon electrodes have significant potential to be mass
produced and applied into low-power consumer
electronics today. As shown by the electrochemical
performance and the synthesis procedures as discussed
above, these hybrid batteries can be named an
alternative to lithium batteries. We, however, cannot be
certain whether it would bring comparable scalability to
the latter type since there is no further research on the
production-scale applications. In the foreseeable future,
researchers should test out the rice husk battery on a
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large scale, and find other chemical activators to further
increase the microporosity of activated carbon to
increase surface area for redox reactions at the battery’s
electrode. This will further heighten the performance of
the sodium ion hybrid battery.

Through the intersection between materials and energy,
researchers have begun to realise the importance of
developing energy storage systems using renewable
materials, which is the sole focus of this research. With
the aim to eradicate massive amounts of rare earth
metal extraction and harmful waste disposals created by
the implementation of lithium-ion batteries, the
solutions presented in this research simultaneously
mitigates these issues. Activated carbon, specifically,
can be readily implemented by current sodium-ion
batteries today, with adequate electrochemical
performance and cheap sourcing of raw materials. In
addition, carbon can be tailored to many versatile
applications in energy uses including (but not limited
to), supercapacitors, photovoltaic cells, electric motors.
Hence, sustainable organic batteries have the potential
to revolutionise energy storage by offering a more
environmentally and  versatile alternative  to
conventional batteries. As research and development in
organic batteries continue to progress, this research is
bound to be a crucial source of information from which
researchers can benefit, contributing to the rise in a
more resilient global energy structure.



