
RSC
Sustainability

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 6
:2

8:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Powering the sus
aCSIR–National Institute of Science Commu

Delhi, India. E-mail: email-peeyush.phogat@
bResearch Lab for Energy Systems, Departme

Technology, Dwarka, New Delhi, India

Cite this: RSC Sustainability, 2025, 3,
3266

Received 24th February 2025
Accepted 5th June 2025

DOI: 10.1039/d5su00127g

rsc.li/rscsus

3266 | RSC Sustainability, 2025, 3, 3
tainable future: a review of
emerging battery technologies and their
environmental impact

Peeyush Phogat, *ab Subhadeepa Deya and Meher Wana

This review paper provides a comprehensive analysis of various battery technologies, categorizing them

into primary (non-rechargeable), secondary (rechargeable), specialty, and emerging battery types. It

delves into the key properties of these batteries, including energy density, cycle life, cost, environmental

impact, and their suitability for different applications. The review highlights the environmental

implications of each battery type, focusing on the sustainability of materials and manufacturing

processes. Furthermore, it discusses potential future trends in battery technology, including

advancements in solid-state batteries, nanotechnology, recycling techniques, and alternative chemistries.

The paper concludes by summarizing key findings and emphasizing the importance of ongoing research

and innovation in the field to meet the increasing global demand for efficient and sustainable energy

storage solutions.
Sustainability spotlight

Batteries have become indispensable in modern technology, powering everything from portable electronics to large-scale renewable energy storage systems. As
the global demand for energy-efficient and sustainable solutions continues to grow, advancements in battery technologies are pivotal in shaping the future of
energy storage. Traditional primary and secondary batteries have dominated the market for decades, but limitations in energy density, cycle life, and envi-
ronmental sustainability have driven the search for innovative alternatives. Emerging battery technologies, such as solid-state, graphene, and sodium-ion
batteries, promise breakthroughs in performance and sustainability. This review offers a comparative analysis of various battery types, highlighting their
strengths, limitations, and environmental impacts. By examining key parameters such as energy density, cost, and recyclability, this paper underscores the need
for further innovation in materials and design to meet the evolving demands of industries ranging from consumer electronics to electric vehicles. Moreover, the
environmental implications of current technologies are scrutinized, emphasizing the urgent need for greener solutions. The ndings presented here provide
valuable insights for researchers, policymakers, and industry stakeholders, guiding future developments in energy storage systems that align with global
sustainability goals.
1. Introduction

Batteries play a crucial role in the modern technological land-
scape, acting as the primary energy source for an ever-
expanding range of applications. Their development over the
past two centuries has led to dramatic improvements in energy
storage capabilities, making possible innovations in elec-
tronics, electric vehicles (EVs), and renewable energy systems.1–4

The demand for efficient, reliable, and environmentally
sustainable batteries has never been higher, driven by the
global push for cleaner energy and the proliferation of portable
electronic devices.5,6 Understanding the history, categories, and
importance of different battery technologies is key to selecting
nication and Policy Research, Pusa, New

gmail.com

nt of Physics, Netaji Subhas University of

266–3306
the right battery for specic applications and pushing the eld
forward through continued research.

The history of battery development dates back to the early
19th century when Alessandro Volta invented the voltaic pile in
1800, considered the rst true battery. This rudimentary device
consisted of alternating layers of zinc and copper, separated by
cardboard soaked in saltwater, which generated electricity
through chemical reactions. Volta's invention laid the ground-
work for the electrochemical power storage technologies we rely
on today. Over the following decades, various improvements
were made to battery technologies, leading to the development
of the Daniell cell in 1836, which provided more reliable and
steady current compared to the voltaic pile. By the late 1800s,
the lead–acid battery, invented by Gaston Planté in 1859, revo-
lutionized energy storage with its rechargeable capabilities. It
was the rst rechargeable battery to see widespread use and
remains relevant in automotive and stationary energy storage
applications today. Following this, the development of the dry
cell in the late 19th century, which used a paste electrolyte
© 2025 The Author(s). Published by the Royal Society of Chemistry
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rather than liquid, provided the foundation for modern
batteries. This design eliminated the leakage problems associ-
ated with early batteries and made portable power possible. As
the 20th century progressed, innovations such as the nickel–
cadmium (NiCd) battery and the nickel–metal hydride (NiMH)
battery added to the portfolio of rechargeable batteries, each
with improvements in cycle life and energy density.7,8 However,
the most transformative development came in the 1980s with
the commercialization of lithium-ion (Li-ion) batteries. Intro-
duced by Sony in 1991, Li-ion batteries provided signicant
improvements in energy density and cycle life, along with the
advantage of being lighter than previous technologies. Today,
Li-ion batteries dominate a wide array of applications, from
smartphones and laptops to electric vehicles and renewable
energy storage systems. In modern technology, batteries have
become indispensable.9–12 The power everything from the
smallest electronic devices, such as smartwatches and hearing
aids, to large-scale energy storage systems that stabilize power
grids. The signicance of batteries extends to every sector,
particularly in transportation with the rise of electric vehicles
(EVs). As global efforts to reduce greenhouse gas emissions
intensify, EVs and battery energy storage are critical to tran-
sitioning from fossil fuels to renewable energy sources like solar
and wind.13,14 Additionally, in consumer electronics, batteries
allow for the portability and convenience that drive technolog-
ical advancements. Furthermore, batteries are becoming
increasingly important in military applications, space explora-
tion, and medical devices, where reliability and long-lasting
power are essential. Given this wide range of applications, the
ongoing development of new battery technologies is vital to
ensuring future energy needs are met efficiently and
sustainably.

Batteries can be broadly categorized into three main types:
primary (non-rechargeable), secondary (rechargeable), and
specialty batteries. Additionally, emerging battery technologies
represent a fourth category that focuses on cutting-edge devel-
opments with the potential to surpass current technologies in
performance, sustainability, and scalability. Also there is Fuel
Fig. 1 Classification chart for batteries on the basis of their use ability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
cell which is also a type of energy conversion/generation as
depicted in Fig. 1.

Primary batteries (non-rechargeable): primary batteries are
designed for single-use applications where recharging is either
impractical or unnecessary. These batteries are commonly
found in devices like remote controls, ashlights, and medical
equipment such as pacemakers.15 Themost widely used types of
primary batteries include alkaline, zinc–carbon, and lithium
primary batteries. Alkaline batteries, in particular, are the most
common type of household battery due to their relatively low
cost, availability, and sufficient energy density for most low-
power applications. The limitation of primary batteries lies in
their inability to be recharged, which results in waste and
environmental impact when disposed of improperly. Although
primary batteries have lower energy density and a shorter life-
span than rechargeable batteries, they are still preferred in
applications where long-term use is less important or in devices
where recharging is impractical.16

Secondary batteries (rechargeable): secondary batteries are
rechargeable, making them ideal for applications where
repeated use is necessary. The most common types of secondary
batteries include lead–acid, nickel–cadmium (NiCd), nickel–
metal hydride (NiMH), and lithium-ion (Li-ion) batteries.
Among these, lithium-ion batteries have gained widespread
adoption due to their high energy density, long cycle life, and
relatively low self-discharge rate. Rechargeable batteries are
critical in applications such as electric vehicles, smartphones,
laptops, and renewable energy storage systems. Li-ion batteries,
in particular, have enabled the growth of electric vehicles and
portable electronic devices by providing a reliable and light-
weight power source with a relatively long lifespan.17 These
batteries also support the transition to renewable energy by
storing excess power generated by solar and wind systems,
ensuring a consistent energy supply even when sunlight or wind
is not available. Despite their advantages, secondary batteries
face challenges in terms of cost, environmental impact, and
energy density. For example, lead–acid batteries, though still
widely used, are bulky and have a relatively low energy density
RSC Sustainability, 2025, 3, 3266–3306 | 3267
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compared to modern alternatives. NiCd batteries are durable
but suffer from the “memory effect”, which can reduce their
efficiency over time.18 NiMH batteries have partially addressed
this issue but still lag behind Li-ion batteries in terms of energy
density and charge efficiency. Thus, comparing the perfor-
mance and sustainability of secondary batteries is essential to
optimizing their use for various applications.19

Fuel cells are energy conversion devices that generate elec-
tricity through an electrochemical reaction, typically between
hydrogen and oxygen, without combustion.20 Unlike traditional
batteries, fuel cells continuously produce power as long as they
have a fuel supply. They are known for their high energy effi-
ciency, low environmental impact (producing water as the main
byproduct), and scalability for various applications, from
portable electronics to large-scale power generation.21 Fuel cells
are especially promising for clean energy transitions, offering
an alternative to fossil fuels with potential in transportation,
backup power systems, and renewable energy integration.

Specialty batteries: specialty batteries are designed for
specic, oen demanding, applications that require unique
performance characteristics. These batteries are used in
extreme environments, such as high-temperature conditions, or
in applications where energy density and durability are critical,
such as in aerospace or medical devices.22 Some examples of
specialty batteries include silver–zinc batteries, thermal
batteries, and reserve batteries. Specialty batteries offer distinct
advantages over standard primary and secondary batteries in
terms of performance under specialized conditions. For
example, silver–zinc batteries have high energy density and are
oen used in military applications and space missions where
both reliability and energy output are critical. However,
specialty batteries tend to be more expensive and less widely
used than primary or secondary batteries, which limit their
application to niche markets.23

Emerging battery technologies: emerging battery technologies
represent the forefront of research and development in the
energy storage eld. These include solid-state batteries, sodium-
ion batteries, lithium–sulfur batteries, and ow batteries.24 Each
of these technologies aims to address some of the limitations
associated with existing battery types, such as energy density,
safety, cost, and environmental sustainability. Solid-state
batteries, for example, replace the liquid electrolyte found in
conventional Li-ion batteries with a solid electrolyte, which
signicantly improves safety and energy density. Sodium-ion
batteries offer the potential for a more abundant and less
expensive alternative to lithium-based batteries, though they
currently lag behind in terms of energy density.25 Lithium–sulfur
batteries promise a higher energy density than traditional Li-ion
batteries, but they face challenges related to stability and cycle
life. Flow batteries, which store energy in liquid electrolytes that
ow through a cell, offer scalability for large-scale energy storage
but are typically more expensive and complex. As these technol-
ogies continue to develop, their potential to revolutionize the
battery industry grows. Comparing these emerging technologies
against established primary, secondary, and specialty batteries is
crucial for identifying the most promising solutions for future
energy storage needs.
3268 | RSC Sustainability, 2025, 3, 3266–3306
The comparison of different battery types is essential for
several reasons. First, batteries are central to the functioning of
numerous devices and systems, from portable electronics to
electric vehicles and renewable energy storage systems.
Choosing the right battery technology can signicantly impact
the efficiency, cost, and environmental footprint of these
systems. Therefore, understanding the strengths and limita-
tions of each battery type is key to making informed decisions
for specic applications. One of the most important criteria for
comparing batteries is energy density, which refers to the
amount of energy a battery can store relative to its weight or
volume. Higher energy density is particularly important in
applications like electric vehicles and portable electronics,
where reducing weight and size while maintaining performance
is critical.26 Cycle life, or the number of charge–discharge cycles
a battery can undergo before its capacity signicantly degrades,
is another critical factor, especially in rechargeable batteries
used in applications like EVs and renewable energy systems.
Longer cycle life reduces the need for battery replacements,
lowering overall costs and environmental impact.

Another crucial property to compare is the environmental
impact of each battery type. Batteries, especially those containing
heavy metals like lead or cadmium, can pose signicant envi-
ronmental hazards if not disposed of properly.27,28 Even more
environmentally friendly batteries, such as lithium-ion, have
sustainability issues related to the extraction of raw materials,
energy consumption during production, and recycling chal-
lenges. Thus, environmental considerations must be taken into
account alongside performance characteristics.29 With the
growing demand for efficient and sustainable energy storage,
comparing battery technologies has never been more important.
The rise of electric vehicles, the global push for renewable energy,
and the increasing need for portable power solutions all drive the
search for the most effective, reliable, and environmentally
friendly battery technologies.30 This paper seeks to contribute to
that effort by comparing the key properties of primary, secondary,
specialty, and emerging battery technologies, providing insights
into their potential applications and future development direc-
tions. Table 1 shows a comparative summary of key properties of
different battery types.
2. Primary (non-rechargeable)
batteries

Primary batteries, also known as non-rechargeable batteries, are
single-use energy storage devices commonly used in various
everyday applications. These batteries are designed for devices
where long-term energy needs are low or where recharging is
not practical. Although they cannot be recharged once depleted,
primary batteries offer several advantages, such as low cost,
ease of use, and wide availability. There are several types of
primary batteries, each with distinct chemistries, applications,
and performance characteristics. This section reviews the key
types of primary batteries: Alkaline, Zinc–Carbon, Lithium,
Silver Oxide, Zinc–Air, Mercury, and Copper–Zinc batteries, as
illustrated in Fig. 2.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A comparative summary of the key properties of different battery types (primary, secondary, specialty, and emerging). The table
highlights energy density, shelf life, cycle life, cost, and environmental impact, offering a clear comparison across different technologies

Battery type Energy density (W h kg−1) Shelf life Cycle life (cycles) Cost Environmental impact

Primary (non-rechargeable) 100–300 5–10 years N/A Low High (disposal issues, limited
recycling options)

Secondary (rechargeable) 150–300 1–3 years 500–2000+ Medium-high Moderate (varies by type,
recycling possible)

Specialty 200–400 10–20 years 100–500 High Low to moderate (depends on
specic application)

Emerging technologies 300–500 5–15 years 1000–5000+ High Low to moderate (focus on
sustainability and recycling)
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Alkaline batteries: alkaline batteries are the most common
type of primary battery, widely used in household devices such
as remote controls, toys, and ashlights. They operate through
a reaction between zinc and manganese dioxide, using an
alkaline electrolyte (usually potassium hydroxide).31 Alkaline
batteries are known for their relatively high energy density and
long shelf life, typically lasting between ve and ten years.32

They offer reliable performance for low-drain applications and
are available in various sizes, including AA, AAA, C, and D
cells.33 Alkaline batteries are affordable and disposable,
although they contribute to environmental concerns when dis-
carded improperly due to limited recyclability.

Zinc–carbon batteries: zinc–carbon batteries, one of the oldest
types of primary batteries, operate on a similar principle to
alkaline batteries but use an acidic electrolyte (ammonium
chloride or zinc chloride). They are typically cheaper but offer
lower energy density and shorter shelf life compared to alkaline
batteries.34 Zinc–carbon batteries are oen used in low-drain
applications, such as clocks or small radios, where their lower
performance is sufficient. Their limited lifespan and energy
output have led to a decline in their usage, being replaced by
more efficient alkaline batteries inmost consumer applications.35

Lithium batteries: lithium primary batteries are known for
their high energy density and long shelf life, oen exceeding ten
years.36 They are commonly used in applications requiring
a reliable, long-lasting power source, such as smoke detectors,
Fig. 2 A flow chart showing types of primary (non-rechargeable)
batteries.

© 2025 The Author(s). Published by the Royal Society of Chemistry
medical devices, and military equipment. Lithium batteries
employ lithium as the anode material, which enables high
voltage output and stability over time. Their lightweight nature
and superior performance in extreme temperatures make them
ideal for portable and specialized electronics.37 However,
lithium batteries are more expensive compared to alkaline and
zinc–carbon batteries, which limits their use to specic high-
performance applications.

Silver oxide batteries: silver oxide batteries are compact and
offer excellent energy density and stable output voltage, making
them ideal for small, high-drain devices such as wristwatches,
calculators, and hearing aids. They use silver oxide as the
cathode material and zinc as the anode, with a potassium
hydroxide or sodium hydroxide electrolyte. While they deliver
reliable performance and long life, the high cost of silver limits
their use to premium applications.38 Silver oxide batteries are
also highly recyclable due to their valuable silver content,
making themmore environmentally friendly compared to other
primary batteries.

Zinc–air batteries: zinc–air batteries are unique in that they
use oxygen from the air as a reactant, which reduces their
weight and increases energy density.39 These batteries are
commonly used in hearing aids, where their small size and long
operational life are particularly advantageous. Zinc–air batteries
have a limited shelf life once activated because they rely on
oxygen entering the cell, but their high energy-to-weight ratio
makes them ideal for specialized uses. Recycling options for
zinc–air batteries are limited, but they are considered relatively
low in environmental impact compared to other primary battery
types.

Mercury batteries: mercury batteries, once widely used in
medical and military applications due to their stability and long
life, have been largely phased out due to environmental
concerns. These batteries used mercury oxide as the cathode
and zinc as the anode, offering a steady voltage output and long
shelf life. However, mercury is highly toxic, and the improper
disposal of these batteries can lead to environmental contami-
nation.40 As a result, their production has been banned or
severely restricted in many countries, and they have been
replaced by more environmentally friendly alternatives, such as
silver oxide and zinc–air batteries.

Copper–zinc batteries: copper–zinc batteries, also known as
Daniell cells, were among the earliest types of batteries
RSC Sustainability, 2025, 3, 3266–3306 | 3269
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developed in the 19th century. Though largely obsolete in
modern consumer electronics, they hold historical signicance
for their role in early electrochemical research and develop-
ment. The copper–zinc chemistry is now used in some
specialized industrial applications and educational demon-
strations but is rarely seen in commercial primary battery
markets today.41
2.1. Energy density

Energy density, a crucial property of batteries, measures the
amount of energy a battery can store relative to its weight or
volume, typically expressed in watt-hours per kilogram (W h
kg−1). Higher energy density implies that a battery can deliver
more energy for a given size, making it an essential parameter
for selecting batteries in various applications. In this section, we
review and compare the energy densities of different primary
battery types, including Alkaline, Zinc–Carbon, Lithium, Silver
Oxide, Zinc–Air, Mercury, and Copper–Zinc batteries.

Alkaline batteries are widely recognized for their higher
energy density compared to other common primary batteries.
With energy densities typically ranging between 100 and
300 W h kg−1, they perform well in devices requiring moderate
power for extended periods.42 The relatively high energy density
of alkaline batteries stems from their use of manganese dioxide
as the cathode and zinc as the anode, coupled with an alkaline
electrolyte such as potassium hydroxide. This chemical setup
provides a higher potential difference and energy output than
older systems like zinc–carbon batteries. Alkaline batteries are
commonly used in household devices, such as remote controls,
toys, and ashlights, where their energy density ensures pro-
longed usage before replacement. However, their energy
density, while competitive in the primary battery market, falls
short compared to more advanced systems like lithium and
silver oxide batteries, limiting their utility in high-energy
applications.

Zinc–carbon batteries represent one of the earliest and most
widely used types of primary batteries but suffer from a rela-
tively low energy density, typically around 40–70 W h kg−1.43,44

This lower energy density is due to the materials used in their
construction, which include zinc as the anode and manganese
dioxide as the cathode, with an acidic electrolyte such as
ammonium chloride or zinc chloride.45 While these materials
provide a cost-effective solution for low-drain applications, such
as clocks or small radios, they do not deliver the energy output
needed for more power-hungry devices. The lower energy
density of zinc–carbon batteries means they require more
frequent replacements compared to alkaline or lithium coun-
terparts. Despite their affordability, the decline in usage of zinc–
carbon batteries in favor of more energy-efficient technologies
like alkaline and lithium batteries reects their decreasing
relevance in modern electronics.

Lithium primary batteries are known for their exceptional
energy density, which typically ranges between 150 and
300 W h kg−1, with some specialized types reaching even higher
values. Lithium batteries use lithium as the anode, which offers
several advantages, including a high electrochemical potential
3270 | RSC Sustainability, 2025, 3, 3266–3306
and light weight, contributing to their superior energy density
compared to other primary battery types. This high energy
density makes lithium batteries ideal for applications requiring
long-lasting power, such as smoke detectors, medical devices,
and portable electronics. Their performance in extreme
temperatures further enhances their appeal for military and
aerospace applications.46,47 While more expensive than other
primary batteries, lithium batteries' combination of energy
density, reliability, and lightweight properties make them
indispensable in high-performance and critical applications.
Compared to alkaline and zinc–carbon batteries, lithium
batteries offer signicantly more energy for the same weight,
making them the preferred choice where compact and long-
lasting power is essential. Silver oxide batteries offer one of
the highest energy densities among primary batteries, typically
ranging from 130 to 160 W h kg−1.48 They use silver oxide as the
cathode and zinc as the anode, with an alkaline electrolyte. This
conguration provides a stable voltage and high energy density,
making silver oxide batteries particularly useful in small, high-
drain devices such as watches, calculators, and hearing aids.
The high energy density of silver oxide batteries allows for
compact cell sizes while still delivering reliable power over
extended periods. However, their cost is signicantly higher
than other primary batteries, due to the use of silver, which
limits their application to niche markets that demand precision
and long life. Despite their high cost, the superior energy
density of silver oxide batteries ensures their continued use in
applications where space and energy efficiency are critical.49

Zinc–air batteries are unique in their construction, as they
rely on oxygen from the air as a reactant, rather than storing all
the reactants internally. This design gives them an exceptionally
high energy density, typically ranging from 200 to 400 W h kg−1,
depending on the application.51 The use of zinc as the anode
and oxygen from the air as the cathode reduces the overall
weight of the battery while maximizing energy output. Zinc–air
batteries are commonly used in hearing aids, where their
lightweight design and high energy density are highly advan-
tageous. Their ability to provide a high energy-to-weight ratio
makes them competitive with other advanced primary batteries
like lithium. However, zinc–air batteries have a limited shelf life
once activated, as they begin to degrade upon exposure to air.
Despite this limitation, their high energy density ensures their
continued relevance in specialized low-power applications,
particularly in the medical eld.52–54 The image provides
a comprehensive analysis of Zinc–Air Battery (ZAB) components
and their performance: Fig. 3a schematic of a ZAB showing the
zinc electrode, a porous air electrode with layers consisting of
MnO2-based catalyst, nickel foam (current collector), and a gas
diffusion layer connected to a battery tester for performance
evaluation. Fig. 3b the anode structure, where iron bers (IF) are
adhered to a copper substrate, is displayed, emphasizing the
composite surface used in the battery. Fig. 3(c–f) SEM images of
the Zn/IF surface at various deposition potentials: (c)−1.60 V vs.
Hg/HgO showing granular deposits, (d) −1.55 V vs. Hg/HgO
with smoother surface features, (e) −1.50 V vs. Hg/HgO exhib-
iting more distinct crystal structures, (f) −1.45 V vs. Hg/HgO
showing well-dened plate-like crystals, each imaged at 200×
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) Working and thin film deposition of Zinc–Air Battery (ZAB) with Zn/IF (Zinc/Iron Fibers) and Zn/NF (Zinc/Nickel Foam), (c and d)
morphology of Zinc–Air Battery (ZAB) with Zn/IF (Zinc/Iron Fibers) and Zn/NF (Zinc/Nickel Foam) and (g) performance of Zinc–Air Battery (ZAB)
with Zn/IF (Zinc/Iron Fibers) and Zn/NF (Zinc/Nickel Foam) reproduced from ref. 50 copyright © 2020 by the authors. Licensee MDPI, Basel,
Switzerland.

Fig. 4 Theoretical energy density and specific energy of commonly
researched metal–air batteries reproduced from ref. 55 copyright ©
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magnication. Fig. 3g graph displaying the Coulombic Effi-
ciency (CE) and Round-Trip Efficiency (RTE) over 200 charge/
discharge cycles for ZABs with Zn/IF and Zn/NF anodes. The
Zn/IF anode shows slightly lower efficiency performance
compared to Zn/NF over the cycling period.

Fig. 4 provides a comparison of the theoretical energy
density (in W h L−1) and specic energy (in W h kg−1) of
different metal-air battery chemistries. These values are calcu-
lated by considering the mass and volume of the discharge
product, open-circuit voltage (OCV), and charge transferred
during the electrochemical reaction. Silicon–Oxygen (Si/O2):
exhibits the highest energy density (9930 W h L−1) and specic
energy (3750 W h kg−1), making it a potential future technology
for high-performance applications. Lithium–Oxygen (Li/O2):
another promising candidate with an energy density of 7990
W h L−1 and specic energy of 3460 W h kg−1, oen studied for
use in electric vehicles and portable electronics. Aluminum–

Oxygen (Al/O2): offers an energy density of 6790 W h L−1 and
specic energy of 2790W h kg−1, balancing between lightweight
and high energy. Magnesium–Oxygen (Mg/O2): has a similar
© 2025 The Author(s). Published by the Royal Society of Chemistry
energy density (6670 W h L−1) but slightly higher specic energy
(2850W h kg−1), making it a potential option for energy storage.
Zinc–Oxygen (Zn/O2): widely researched, with a lower energy
density of 6100 W h L−1 and specic energy of 1090 W h kg−1,
2018 by the authors. Licensee MDPI, Basel, Switzerland.
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oen used for hearing aids and energy backup systems.
Sodium–Oxygen (Na/O2): the lowest energy density (4430 W h
L−1) and specic energy (1580 W h kg−1) among the listed
batteries, researched for potential large-scale energy storage
solutions.

Mercury batteries, once popular for their stability and long
life, have energy densities ranging between 130 and
200 W h kg−1.56 They used mercury oxide as the cathode
and zinc as the anode, with a highly stable voltage output.
While mercury batteries offered excellent energy density and
reliable performance in various applications, their use has been
largely phased out due to environmental concerns related to
mercury toxicity. Mercury batteries were commonly used in
medical devices, military equipment, and portable electronics
before environmental regulations restricted their use. Despite
their high energy density, the environmental risks posed by
mercury have led to their replacement by more environmentally
friendly alternatives, such as silver oxide and lithium batteries.
In terms of energy density, mercury batteries outperformed
zinc–carbon and alkaline batteries, but their environmental
impact has resulted in their obsolescence. Copper–zinc
batteries, also known as Daniell cells, are one of the earliest
battery chemistries and have relatively low energy densities,
typically around 30–60 W h kg−1. While they were historically
signicant in the development of electrochemical
technologies, their low energy density limits their modern
applications. Copper–zinc batteries operate through a reac-
tion between copper and zinc electrodes, with a salt bridge
or porous separator. While they provided a stable voltage and
were used in early electrical applications, their energy density
pales in comparison to more modern chemistries such as
lithium or zinc–air. Today, copper–zinc batteries are mostly
used in educational demonstrations and some industrial
applications but are no longer a common choice for consumer
electronics.

When comparing the energy densities of these various
primary batteries, lithium and zinc–air batteries stand out as
the top performers, offering the highest energy densities and
making them ideal for applications where weight and energy
efficiency are critical. Alkaline and silver oxide batteries also
provide competitive energy densities, with silver oxide batteries
being particularly useful in small, high-drain devices. Zinc–
carbon and copper–zinc batteries, while historically important,
offer the lowest energy densities and are being replaced by more
efficient alternatives in most applications. Lastly, while mercury
batteries once provided a balance of high energy density and
long life, environmental concerns have led to their decline in
favor of more sustainable options.
2.2. Shelf life

When comparing the shelf life of various primary batteries, it is
important to understand that this property signicantly
impacts the practical application and usability of these batteries
in different devices. The shelf life refers to the duration a battery
can be stored without signicant degradation in its capacity or
performance before use. Below is a comparison of the shelf life
3272 | RSC Sustainability, 2025, 3, 3266–3306
of Alkaline, Zinc–Carbon, Lithium, Silver Oxide, Zinc–Air,
Mercury, and Copper–Zinc batteries.

Alkaline batteries are among the most widely used primary
batteries, known for their relatively long shelf life, typically
ranging from 5 to 10 years.57,58 Their chemical stability makes
them ideal for long-term storage, as they retain most of their
charge over time. This long shelf life, combined with moderate
cost and widespread availability, makes alkaline batteries
a popular choice for everyday devices like remote controls,
ashlights, and toys. Despite their longer storage capabilities,
alkaline batteries may experience slight capacity loss over time,
especially when stored in less-than-optimal conditions such as
high temperatures.

Zinc–carbon batteries, on the other hand, have a consider-
ably shorter shelf life compared to alkaline batteries, typically
lasting between 2 to 3 years.59 These batteries are more
susceptible to self-discharge, meaning they lose their stored
energy more rapidly over time, even when not in use. As a result,
Zinc–carbon batteries are less suitable for devices that are used
infrequently or stored for long periods. Their lower cost makes
them an economical choice for low-drain devices, but their
shorter shelf life oen limits their practicality in scenarios
where long-term storage is necessary.60

Lithium primary batteries have an exceptionally long shelf
life, oen exceeding 10 years, with some types lasting as long as
15 years. This is one of the key reasons lithium batteries are
preferred for critical devices that require a reliable and long-
lasting power source, such as smoke detectors, medical equip-
ment, andmilitary electronics. Lithium's low self-discharge rate
contributes to its superior shelf life, and these batteries main-
tain a high percentage of their initial capacity even aer many
years of storage. Additionally, lithium batteries perform well in
extreme temperatures, further enhancing their appeal for long-
term storage.

Silver oxide batteries, commonly used in small electronics
like watches and calculators, have a shelf life of approximately 3
to 5 years. While this is not as long as lithium or alkaline
batteries, it is still respectable given their high energy density
and steady voltage output over time. Silver oxide batteries are
designed for devices requiring a stable power source and high
precision, where small size and reliable performance are
prioritized. Though their shelf life is moderate, silver oxide
batteries are highly valued for their specic use cases in
microelectronics.

Zinc–air batteries are unique in that their shelf life is highly
dependent on their exposure to air. When sealed, zinc–air
batteries can be stored for up to 3 years without signicant
degradation. However, once exposed to air and activated, their
lifespan shortens dramatically to a few weeks or months,
depending on the application. This characteristic is particularly
important for devices like hearing aids, where the battery needs
to be replaced frequently aer use. Despite their shorter oper-
ational life once activated, zinc–air batteries are valued for their
high energy density relative to their size and weight.61,62

Mercury batteries, though now largely phased out due to
environmental concerns, were once known for their long shelf
life, oen exceeding 10 years. Their stable voltage output and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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durability made them ideal for applications in medical and
military devices. However, due to the toxic nature of mercury
and the potential environmental hazards posed by improper
disposal, mercury batteries have been banned or heavily
restricted in most parts of the world. As a result, modern
applications that once relied on mercury batteries have transi-
tioned to more environmentally friendly alternatives like silver
oxide or zinc–air batteries.

Copper–zinc batteries, or Daniell cells, are largely obsolete in
modern commercial and consumer applications, and their shelf
life is relatively short compared to modern battery technologies.
Historically, these batteries were not designed for long-term
storage, and their practical usage was limited by rapid degra-
dation. As a result, they are now mainly used for educational
demonstrations or specialized industrial purposes rather than
everyday applications. The short shelf life and relatively low
energy density of copper-zinc batteries make them impractical
for modern storage and usage needs.63–65

In summary, lithium batteries offer the longest shelf life
among these primary battery types, followed by alkaline and
mercury batteries. Silver oxide and zinc–air batteries have
moderate shelf lives, with zinc–air batteries experiencing
a sharp decline aer activation. Zinc–carbon batteries have the
shortest shelf life, making them less suitable for long-term
storage, while copper–zinc batteries are largely irrelevant for
modern consumer needs. This comparison highlights how shelf
life can inuence battery selection, depending on the applica-
tion and storage requirements.
2.3. Cost

Table 2 offers a clear comparison of battery costs, which varies
signicantly based on factors such as energy density, special-
ized applications, and environmental impact.
Table 2 Comparative cost of different primary battery types (Alkaline, Zin
The table highlights the cost differences and remarks on their affordabil

Battery type Cost comparison

Alkaline batteries Low to medium

Zinc–carbon batteries Very low

Lithium batteries High

Silver oxide batteries High

Zinc–air batteries Low to medium

Mercury batteries Very high (obsolete/restricted)

Copper–zinc batteries Low (obsolete/not in commercial

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.4. Leakage resistance

Leakage resistance is an important property in primary
batteries, referring to the battery's ability to prevent electrolyte
leakage, which can damage devices and compromise safety.
Leakage can occur due to chemical reactions inside the battery
that cause pressure build-up or corrosion of the battery casing.
In this review, we compare the leakage resistance of various
primary battery types, including Alkaline, Zinc–Carbon,
Lithium, Silver Oxide, Zinc–Air, Mercury, and Copper–Zinc
batteries.

Alkaline batteries are widely known for their superior
leakage resistance compared to other primary battery types.
These batteries use potassium hydroxide as an electrolyte,
which can cause corrosion if it leaks. However, modern alkaline
batteries are designed with improved sealing technologies,
including better casing materials and internal seals, that
minimize the risk of leakage. Many manufacturers have devel-
oped leak-proof designs that provide a warranty against leakage
under normal usage conditions. This enhanced leakage resis-
tance is one of the reasons why alkaline batteries are preferred
for household applications, especially in devices that may not
be checked regularly, such as remote controls or smoke detec-
tors. However, if an alkaline battery is le inside a device for an
extended period aer depletion, there is still a risk of leakage,
especially if the battery casing has been compromised due to
internal pressure build-up.

Zinc–carbon batteries, one of the earliest types of primary
batteries, have a poorer leakage resistance compared to alkaline
batteries. These batteries use an acidic electrolyte, typically zinc
chloride or ammonium chloride, which is more prone to
leakage as it can corrode the zinc casing over time.66 Zinc–
carbon batteries are more susceptible to leakage, especially
when they are le in devices aer they are depleted, or if they
c–Carbon, Lithium, Silver Oxide, Zinc–Air, Mercury, and Copper–Zinc).
ity and application

Remarks

Widely available, affordable for everyday use.
Generally cheaper than lithium and silver oxide
batteries
Cheapest option, but offers lower energy density
and shorter lifespan. Suitable for low-drain
applications
More expensive due to higher energy density,
long shelf life, and specialized use. Used in
high-performance devices
Premium-priced due to small size, high energy
density, and stable output voltage. Commonly
used in watches and medical devices
Affordable, especially for small devices like
hearing aids. Moderate cost due to specialized
applications
Historically expensive, but now banned in most
countries due to environmental hazards

use) No longer in widespread use; primarily of
historical interest. Not relevant for modern
consumer electronics
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are used in high-drain applications for which they are not
suited. The risk of leakage increases with age and depletion, as
the internal pressure may rise, causing the casing to rupture or
crack. For this reason, Zinc–carbon batteries are oen consid-
ered less reliable in terms of leakage resistance, and they are
gradually being replaced by alkaline batteries inmost consumer
applications.67

Lithium primary batteries have excellent leakage resistance,
making them highly reliable for long-term use. These batteries
are typically used in devices where battery replacement is
difficult or infrequent, such as smoke detectors, medical
devices, or military applications. Lithium batteries use non-
aqueous electrolytes, which reduces the risk of corrosion
compared to aqueous electrolytes like those used in alkaline or
Zinc–carbon batteries.68,69 Additionally, lithium batteries are
designed with robust seals and casings to withstand extreme
conditions, including temperature uctuations, which further
enhances their leakage resistance. The high energy density of
lithium batteries also means they last much longer than other
primary batteries, reducing the need for frequent replacement
and the associated risk of leakage. Overall, lithium batteries
offer some of the best leakage resistance available in primary
battery technology, making them a top choice for critical
applications.

Silver oxide batteries are known for their stable performance
and excellent leakage resistance, especially in small, high-drain
devices like watches, hearing aids, and medical instruments.
These batteries use an alkaline electrolyte (potassium hydroxide
or sodium hydroxide), but their construction is designed to
minimize leakage risks. Silver oxide batteries are typically well-
sealed, with a durable casing that resists corrosion even in
humid or high-temperature environments. Moreover, the high
purity of materials used in silver oxide batteries contributes to
their stability and leakage resistance.70,71 While these batteries
are generally safe from leakage during their operational life, it is
still important to remove them from devices once they are fully
discharged to prevent any chance of corrosion or leakage over
time. Given their relatively high cost and excellent performance,
silver oxide batteries are commonly used in applications where
reliability and long life are critical, and leakage resistance is
a signicant advantage.

Zinc–air batteries present a unique case in terms of leakage
resistance. These batteries rely on oxygen from the air to func-
tion, which means they have air vents that expose the internal
components to the environment. While this design allows for
a high energy density relative to the battery's size, it also
increases the risk of electrolyte leakage, especially if the battery
is exposed to moisture or humid conditions. The electrolyte in
zinc–air batteries is usually a potassium hydroxide solution,
which can cause corrosion and leakage if it escapes the cell.
However, most zinc–air batteries are used in hearing aids or
other small devices where their short lifespan means they are
replaced frequently, reducing the risk of long-term leakage.
Nevertheless, care should be taken to store these batteries in dry
conditions, and they should be removed from devices if not in
use for extended periods to prevent leakage.
3274 | RSC Sustainability, 2025, 3, 3266–3306
Mercury batteries, which were once widely used in military
and medical applications, have been largely phased out due to
environmental concerns associated withmercury toxicity. These
batteries used a mercury oxide cathode and a zinc anode, with
an alkaline electrolyte (potassium hydroxide or sodium
hydroxide). Mercury batteries had excellent leakage resistance
due to their stable chemical composition and robust construc-
tion. The use of mercury in the cathode helped stabilize the
battery's internal chemistry, reducing the risk of pressure build-
up and leakage. However, due to the toxic nature of mercury,
these batteries posed signicant environmental and health
risks if they were improperly disposed of, leading to their
eventual ban in most countries. Although they had superior
leakage resistance, their environmental impact outweighed
their benets, and they have been replaced by safer alternatives
such as silver oxide and zinc–air batteries.72–75

Copper–zinc batteries, also known as Daniell cells, are one of
the earliest forms of electrochemical cells. While they are not
widely used today in commercial applications, they have
historical signicance. These batteries generally have poor
leakage resistance, primarily because their construction is not
optimized for modern-day standards of containment. Copper–
zinc batteries use a liquid electrolyte, oen sulfuric acid or
a similar corrosive substance, which can easily leak if the cell is
not properly sealed. In early designs, the risk of leakage was
a major limitation, and this, combined with their relatively low
energy density and the advent of more efficient battery tech-
nologies, has made copper–zinc batteries largely obsolete in
contemporary usage. The leakage resistance of primary
batteries varies signicantly depending on the battery chemistry
and construction. Alkaline and lithium batteries offer the best
leakage resistance, making them ideal for long-term applica-
tions. Zinc–carbon and zinc–air batteries, on the other hand,
have higher risks of leakage due to their chemical composition
and design, though they are still used in specic applications
where cost or weight considerations are more important. Silver
oxide batteries strike a balance between performance and
leakage resistance, especially in small, high-drain devices, while
mercury batteries, though once known for their excellent
leakage resistance, are no longer in use due to environmental
concerns. Finally, copper–zinc batteries, while historically
signicant, offer poor leakage resistance and are not commonly
used today. Table 3 will provide a structured comparison of
commonly used cathode materials in rechargeable batteries,
highlighting their performance characteristics.
2.5. Discharge rate

The discharge rate is a critical property of primary batteries,
affecting how quickly they release stored energy to power
devices. The discharge rate is inuenced by the battery's
chemistry and design, and it determines the suitability of each
battery type for different applications. In this review, we
compare the discharge rates of Alkaline, Zinc–Carbon, Lithium,
Silver Oxide, Zinc–Air, Mercury, and Copper–Zinc batteries.

Alkaline batteries have a moderate discharge rate, making
them suitable for a wide range of low-to-moderate drain devices
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative performance of different cathode materials

Cathode material Battery type
Theoretical capacity
(mA h g−1)

Energy density
(W h kg−1)

Cycle life
(cycles)

Rate
capability

Cost
($ per kg) Environmental impact

Lithium cobalt
oxide (LiCoO2)

Li-ion 274 150–200 500–1000 Moderate High Toxic cobalt extraction

Lithium iron phosphate
(LiFePO4)

Li-ion 170 90–120 2000–7000 High Moderate Environmentally safer

Lithium manganese
oxide (LiMn2O4)

Li-ion 148 100–150 300–700 High Moderate Manganese dissolution
limits lifespan

Nickel manganese
cobalt (NMC)

Li-ion 180–220 150–250 1000–2000 High High Expensive due to cobalt

Nickel cobalt
aluminum (NCA)

Li-ion 200–250 200–300 1000–2000 Moderate High High energy density
but expensive

Sulfur (S) Li–S 1675 400–600 100–500 Low Low High solubility of
polysuldes

Vanadium
pentoxide (V2O5)

Flow
batteries

350 50–80 5000+ High Moderate High recyclability

Sodium vanadium
phosphate (Na3V2(PO4)3)

Na-ion 117 90–120 1000–3000 High Low Sustainable and abundant

Prussian blue
analogues (PBA)

Na-ion 150–170 80–140 1000–2000 Moderate Low Non-toxic and abundant
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like remote controls, clocks, and ashlights. They maintain
consistent performance under light loads but may struggle with
high-drain applications. However, their improved performance
compared to older zinc–carbon batteries makes them a popular
choice for everyday electronics.76 Alkaline batteries tend to
maintain stable voltage throughout the majority of their
discharge cycle but can experience a signicant drop-off toward
the end of their life.

Zinc–carbon batteries exhibit a relatively high discharge rate,
which makes them less efficient for long-term use in devices
that require steady power.77 They are suitable for low-drain
applications such as wall clocks and basic remote controls,
where their lower cost justies their limited lifespan and higher
discharge rate. When used in high-drain applications, zinc–
carbon batteries experience a rapid voltage drop, which reduces
their overall efficiency compared to other battery chemistries
like alkaline or lithium. Discharging of Zn–Cu and Zn–CO2

batteries as depicted in Fig. 5(a to d).
Lithium primary batteries excel in terms of discharge rate,

especially under high-drain conditions. They deliver a stable
and high voltage throughout their lifespan, making them ideal
for high-performance devices such as cameras, medical
instruments, and portable electronics. Lithium batteries can
handle both low and high-drain applications with consistent
efficiency, outperforming alkaline and zinc–carbon batteries.
Additionally, they maintain a steady discharge rate even in
extreme temperatures, further expanding their usability across
various applications.81

Silver oxide batteries have a relatively low discharge rate,
allowing them to perform well in small, high-drain devices such
as watches and hearing aids. Their discharge curve is generally
at, providing a stable voltage over time, which is particularly
valuable in precision electronics.82 Although silver oxide
batteries are more expensive than zinc–carbon or alkaline
batteries, their ability to maintain a low discharge rate over
© 2025 The Author(s). Published by the Royal Society of Chemistry
a long period makes them highly reliable for specialized
applications.

Zinc–air batteries, which rely on oxygen from the air as
a reactant, have a low-to-moderate discharge rate. Their
performance is well-suited to devices like hearing aids that
require consistent, long-lasting power over time. Once activated
by exposure to air, these batteries deliver a steady voltage until
their energy is depleted. However, their performance can
degrade if exposed to air for extended periods without use,
limiting their practical shelf life aer activation.

Mercury batteries, though largely phased out due to envi-
ronmental concerns, offered an exceptionally low discharge
rate, making them ideal for applications requiring long-term,
stable power, such as pacemakers and military equipment.
Mercury batteries had a at discharge curve, delivering consis-
tent voltage throughout their lifespan. Despite their excellent
discharge properties, their environmental toxicity led to their
replacement by safer alternatives like silver oxide and lithium
batteries.

Copper–zinc batteries, historically used in early electro-
chemical research, exhibit a relatively high discharge rate
compared to modern primary batteries. While they are not
commonly used today, their performance in delivering rapid
energy made them useful in laboratory experiments and early
electrical circuits. Modern equivalents like alkaline and lithium
batteries far surpass copper–zinc batteries in terms of efficiency
and discharge stability.
2.6. Environmental impact

The environmental impact of primary batteries varies depend-
ing on their chemical composition and disposal practices.
Alkaline batteries are widely used but pose moderate environ-
mental concerns due to the use of non-toxic materials like zinc
and manganese dioxide. They are oen disposed of in landlls,
where they contribute to waste, but they are relatively safe
RSC Sustainability, 2025, 3, 3266–3306 | 3275
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Fig. 5 (a) Discharge curves of LATSP-based Zn–Cu battery, (b) discharge curves of Nafion-based Zn–Cu battery reproduced from ref. 78
copyright © 2014, The Author(s), (c) discharge/charge profiles at current densities from 0.2 to 0.5, 1.0, 2.0, 5.0, and 10.0 mA cm−2 reproduced
from ref. 79 copyright © 2020Wiley-VCHGmbH, (d) charge/discharge of Zn–CO2 battery reproduced from ref. 80 copyright © 2018Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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compared to older battery types. Zinc–carbon batteries, though
cheap, have a higher environmental impact due to the use of
acidic electrolytes and lower recyclability. They oen end up in
landlls, contributing to pollution. Lithium batteries are more
environmentally friendly due to their long life and recyclability,
Table 4 Comparison of key characteristics of primary battery types,
recyclability. This table provides an overview of the strengths and weakn
concerns

Battery type Energy density (W h kg−1) Shelf life Cost

Alkaline 100–300 5–10 years Low

Zinc–carbon 40–70 2–3 years Very l

Lithium 150–300 10+ years High

Silver oxide 130–160 3–5 years High

Zinc–air 100–300 1–3 years Mediu

Mercury 100–200 10+ years High

Copper–zinc 50–100 1–2 years Low

3276 | RSC Sustainability, 2025, 3, 3266–3306
though improper disposal can lead to environmental hazards,
including chemical leaks and re risks. Silver oxide batteries are
considered environmentally safe due to the high recyclability of
silver, a valuable resource. Their impact is low, especially in
high-drain applications. Zinc–air batteries have a relatively low
including energy density, shelf life, cost, environmental impact, and
esses of each battery type in terms of performance and environmental

Environmental impact Recyclability

Moderate (landll contribution,
limited recycling)

Limited

ow High (limited recyclability,
contributes to pollution)

Low

Moderate (potential chemical
leaks, recyclable)

High

Low (recyclable due to silver
content, low waste)

High

m Low (uses oxygen, relatively
safe but limited recycling)

Moderate

Very high (toxic mercury contamination,
banned in many regions)

Low (phase-out
in progress)

Low (minimal usage,
low environmental impact)

Low

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environmental footprint, as they use oxygen from the air and do
not contain harmful heavy metals. However, their recyclability
remains limited. Mercury batteries, once highly toxic, have been
phased out due to the severe environmental risks of mercury,
including contamination of water and soil. Copper–zinc
batteries, historically signicant, pose low environmental risks
but are rarely used today, minimizing their overall impact.
Table 4 comprises all the properties for all the type of batteries
in primary batteries.
3. Secondary (rechargeable) batteries

Secondary batteries, also known as rechargeable batteries, are
designed for repeated charge and discharge cycles, making
them ideal for applications requiring long-term energy storage.
Their ability to be recharged multiple times makes them more
sustainable than primary batteries, contributing to a lower
environmental footprint. The following section reviews the key
types of secondary batteries: Lithium-Ion (Li-ion), Lithium
Polymer (Li-Po), Nickel–Cadmium (NiCd), Nickel–Metal
Hydride (NiMH), Lead–Acid, Sealed Lead-Acid (SLA), Flow
(Redox), and Sodium-Ion batteries, as shown in Fig. 6.

Lithium-ion (Li-ion) batteries: lithium-ion batteries are one
of the most widely used secondary batteries, known for their
high energy density, low self-discharge rate, and long cycle life.
They are commonly found in consumer electronics, electric
vehicles, and renewable energy storage systems. Li-ion batteries
operate through the movement of lithium ions between the
anode and cathode during charging and discharging. Despite
their popularity, Li-ion batteries have safety concerns due to the
risk of thermal runaway and are sensitive to high temperatures.
They are, however, recyclable, and signicant research is being
conducted to improve their sustainability.83–85

Lithium polymer (Li-Po) batteries: lithium polymer batteries
are a variant of Li-ion batteries, utilizing a polymer electrolyte
Fig. 6 A flow chart showing types of secondary (rechargeable) batteries

© 2025 The Author(s). Published by the Royal Society of Chemistry
instead of a liquid one. This allows for a more exible form
factor, making Li-Po batteries ideal for devices where space is
a concern, such as smartphones, drones, and other portable
electronics. While they offer a similar energy density and cycle
life to Li-ion batteries, they are generally more expensive to
manufacture. Li-Po batteries are also prone to swelling and
potential leakage, which raises safety concerns similar to those
of Li-ion batteries, though their widespread use continues to
grow.

Nickel–cadmium (NiCd) batteries: nickel–cadmium batteries
were once the go-to choice for rechargeable battery applications
due to their robustness and long cycle life. NiCd batteries are
highly durable and can function in a wide range of tempera-
tures, making them suitable for industrial applications.
However, they suffer from a “memory effect,” which can reduce
their overall capacity if not fully discharged before recharging.
Additionally, cadmium is highly toxic, posing signicant envi-
ronmental hazards if not disposed of properly. Consequently,
NiCd batteries have been largely replaced by more environ-
mentally friendly alternatives.

Nickel–metal hydride (NiMH) batteries: nickel–metal
hydride batteries have emerged as a safer and more environ-
mentally friendly alternative to NiCd batteries. They offer
a higher energy density than NiCd batteries and are widely used
in consumer electronics, electric vehicles, and hybrid vehicles.
NiMH batteries are less affected by the memory effect, and they
are easier to recycle compared to their NiCd counterparts.
However, they have a higher self-discharge rate and a shorter
cycle life than Li-ion batteries, which limits their use in high-
performance applications.86–88

Lead–acid batteries: lead–acid batteries are one of the oldest
types of rechargeable batteries and are still widely used today in
automotive applications, backup power systems, and industrial
machinery. They are known for their reliability, low cost, and
high current output. However, lead–acid batteries have
.
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a relatively low energy density and are bulky, making them
unsuitable for portable applications. The lead content in these
batteries poses signicant environmental hazards, requiring
careful disposal and recycling processes. Despite their limita-
tions, lead–acid batteries remain in demand due to their low
cost and ease of manufacturing.

Sealed lead-acid (SLA) batteries: sealed lead-acid batteries
are a maintenance-free version of traditional lead–acid
batteries. They are designed to prevent leakage of the electro-
lyte, making them safer and easier to use in various applica-
tions, such as uninterruptible power supplies (UPS), medical
equipment, and security systems. While they share the same
environmental concerns as standard lead–acid batteries, SLA
batteries offer improved safety and convenience.

Flow batteries (Redox): ow batteries, also known as redox
ow batteries, operate by storing energy in liquid electrolytes
that ow through a cell. These batteries are scalable and can
store large amounts of energy, making them ideal for grid
storage and large-scale renewable energy systems. Flow
batteries have a long cycle life and can be recharged almost
indenitely. However, they have low energy density compared to
other secondary batteries, limiting their use to stationary
applications. Their environmental impact is relatively low, and
research is ongoing to improve their efficiency and reduce costs.

Sodium-ion batteries: sodium-ion batteries are emerging as
a promising alternative to Li-ion batteries due to the abundance
and low cost of sodium. These batteries operate similarly to Li-
ion batteries, using sodium ions to store and release energy.
While they have a lower energy density than Li-ion batteries,
they are more sustainable and environmentally friendly.
Sodium-ion batteries are still in the development phase, but
they hold potential for large-scale energy storage systems due to
their scalability and lower cost.
3.1. Cycle life

The cycle life of secondary batteries refers to the number of
complete charge–discharge cycles a battery can undergo before
its capacity falls to a specied percentage of its original value,
typically 80%. Understanding the cycle life is crucial when
evaluating the performance and longevity of batteries in various
applications. Below is a comparative analysis of the cycle life of
key types of secondary batteries.

Lithium-ion (Li-ion) batteries are known for their excellent
cycle life, typically ranging from 500 to 1500 cycles, depending
on the specic chemistry and usage conditions.89 In high-end
applications such as electric vehicles (EVs), they may achieve
even more cycles with careful battery management systems
(BMS) in place.90 Li-ion batteries retain a high percentage of
their capacity over numerous cycles, which makes them ideal
for applications like portable electronics, EVs, and renewable
energy storage. However, their cycle life can degrade rapidly
under conditions of high heat or improper charging, and over
time, performance tends to diminish due to lithium-ion plating
and other degradation mechanisms. Overall, their relatively
high cycle life, combined with high energy density, makes them
one of the most widely used secondary batteries today. Fig. 7a:
3278 | RSC Sustainability, 2025, 3, 3266–3306
depicts the cycling performance of NCR cells at varying depths
of discharge (DOD) of 100%, 75%, 50%, and 25%. The plot
shows the charge–discharge capacity (Q) over multiple cycles.
The 80% limit, indicating the capacity degradation point, is
marked by the dash-dotted line. The cells are charged at a C/2
rate and discharged at 1C. A sharp decline in capacity is
observed as the DOD increases, with higher DOD resulting in
more rapid capacity fading.

Lithium polymer (Li-Po) batteries, a variant of Li-ion tech-
nology, generally offer a cycle life in the range of 300 to 600
cycles.91 Their cycle life is somewhat shorter than that of Li-ion
batteries due to the characteristics of the polymer electrolyte,
which degrades more quickly under high stress. Li-Po batteries
are preferred in applications that require lightweight, compact
batteries with exible shapes, such as smartphones, drones,
and wearable devices. Although they offer a slightly lower cycle
life than Li-ion batteries, their lightweight design and
compactness oen outweigh this disadvantage. Like Li-ion
batteries, their performance can be signicantly affected by
overcharging, deep discharging, and exposure to high
temperatures.

Nickel–cadmium (NiCd) batteries are known for their long
cycle life, which can range from 1000 to 1500 cycles, and in
some cases, even more.92 Their ability to deliver a consistent
voltage over many cycles makes them particularly suitable for
industrial applications and power tools. NiCd batteries are
highly durable and perform well under extreme temperatures,
which further enhances their cycle life. However, they suffer
from a “memory effect”, where partial discharges can cause the
battery to “remember” a lower capacity if not fully discharged
regularly. This issue can reduce the effective cycle life unless
proper discharge practices are followed.93 Despite their long
cycle life, environmental concerns due to the toxicity of
cadmium have led to the gradual replacement of NiCd batteries
by more eco-friendly options like Nickel–Metal Hydride (NiMH).

Nickel–Metal Hydride (NiMH) batteries typically offer a cycle
life ranging from 500 to 1000 cycles. While their cycle life is
lower than that of NiCd batteries, they do not suffer from the
same memory effect, making them easier to maintain. NiMH
batteries have become popular in consumer electronics, hybrid
vehicles, and other applications where energy density and
environmental considerations are important. Although their
self-discharge rate is higher than that of Li-ion batteries, they
offer a more eco-friendly alternative to NiCd due to the absence
of toxic cadmium. The slightly shorter cycle life, coupled with
higher self-discharge, limits their usage in high-demand
applications where Li-ion batteries are more suitable.94,95

Lead–acid batteries have a relatively low cycle life compared
to other secondary batteries, generally ranging between 200 to
500 cycles. Their cycle life is highly dependent on the depth of
discharge (DoD); shallow discharges signicantly extend their
life, while deep discharges reduce it. Lead–acid batteries are
widely used in automotive applications and backup power
systems, where their low cost and ability to deliver high current
are valued over longevity.96–98 Despite their lower cycle life, they
remain in use because of their reliability and affordability.
However, lead–acid batteries have the disadvantage of being
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Cycling performance of NCR cells at different depths of discharge: 100% (C), 75% (B), 50% (:), and 25% (,) with charge at C/2 and
discharge at 1C, highlighting capacity retention up to the 80% limit reproduced from ref. 11 copyright © 2015 Elsevier Ltd. (b–e) SEM images of
negative active material (NAM) with various carbon additives after formation: (b) without carbon, (c) with 1.0 wt% 3D-RGO, (d) with 1.0 wt% AC,
and (e) with 1.0 wt% ACET. (f) Initial discharge capacity of lead-acid test cells with different carbon additives across various charge/discharge rates
reproduced from ref. 99 © 2017 Elsevier B.V.
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bulky and environmentally hazardous due to the lead content.
Fig. 7b–e: present SEM micrographs of negative active material
(NAM) samples with different carbon additives aer formation:
Fig. 7b: NAM without carbon shows a rough, irregular surface
structure. Fig. 7c: NAM with 1.0 wt% 3D-RGO (3D Reduced
Graphene Oxide) shows a more dened and structured
morphology. Fig. 7d: NAM with 1.0 wt% AC (Activated Carbon)
exhibits a dense and granular structure. Fig. 7e: NAM with
1.0 wt% ACET (Activated Carbon/Expanded Tubes) reveals
a well-dened, brous morphology, enhancing conductive
pathways. Fig. 7f: displays the initial discharge capacity of lead–
acid test cells using different carbon additives in NAM. The
graph shows a comparison of cycling performance for cells
without carbon, with 3D-RGO, AC, and ACET across different
charge/discharge rates (C20, C10, C5). The cells with 3D-RGO
show the highest initial discharge capacity and better cycling
performance compared to the others.

Sealed Lead-Acid (SLA) batteries are a variation of traditional
lead–acid batteries, and while they are maintenance-free and
leak-proof, their cycle life remains similar, at 200 to 500 cycles.
Like traditional lead–acid batteries, their cycle life is strongly
© 2025 The Author(s). Published by the Royal Society of Chemistry
dependent on the DoD. SLA batteries are commonly used in
uninterruptible power supplies (UPS), emergency lighting, and
other stationary applications. While they offer convenience in
terms of maintenance, their limited cycle life and lower energy
density make them less ideal for modern, high-demand
applications.

Flow batteries, or redox ow batteries, have an exceptionally
long cycle life, oen exceeding 5000 to 10 000 cycles. This makes
them highly suitable for large-scale energy storage systems,
such as grid storage for renewable energy sources like solar and
wind. Flow batteries are unique in that their energy is stored in
liquid electrolytes, allowing for virtually unlimited recharge
cycles without signicant degradation of capacity. The long
cycle life is one of their key advantages, though they suffer from
lower energy density compared to other battery types, which
restricts their use to stationary applications.

Sodium-ion batteries are an emerging technology with
promising cycle life characteristics, typically expected to range
from 500 to 2000 cycles.100,101 While still in the developmental
stage, they offer a more sustainable alternative to Li-ion
batteries, given the abundance of sodium compared to
RSC Sustainability, 2025, 3, 3266–3306 | 3279
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lithium. Sodium-ion batteries have slightly lower energy density
than Li-ion batteries, but their cycle life is expected to improve
with ongoing research. They are being developed for applica-
tions where sustainability and cost-effectiveness are critical,
such as grid energy storage. Though not yet widely commer-
cialized, their potential for long cycle life positions them as
a future contender in the battery market. Fig. 8a: shows the
voltage proles of the TiO2 anode at different current rates
using an EC/DEC-based electrolyte. The specic capacity (Sca-
pacity) varies with the current rates of 0.1, 0.2, 0.5, 1, and
2 A g−1, showing a distinct drop in capacity with increasing
current, especially beyond 0.2 A g−1. Fig. 8b: displays the voltage
proles of the TiO2 anode at the same current rates as in Fig. 8a,
but using a diglyme-based electrolyte. As with the EC/DEC-
based electrolyte, higher current rates reduce the specic
capacity, though the overall prole shape appears slightly
different due to the electrolyte's characteristics. The 0.1 A g−1

prole is shown for the third cycle, while the rest are from the
rst cycle at each respective current rate. Fig. 8c: illustrates the
rate performance comparison between EC/DEC-based and
diglyme-based electrolytes. Both electrolytes show a reduction
Fig. 8 (a and b) Voltage profiles of the TiO2 anode at various current rat
performance comparison between the two electrolytes. (d) Comparison
battery (SIB) anodes reported in the literature, and (e) cyclic performance
reproduced from ref. 102 copyright © 2019, The Author(s).

3280 | RSC Sustainability, 2025, 3, 3266–3306
in specic capacity as the current rate increases, with EC/DEC
consistently delivering a higher capacity across all rates.
Fig. 8d: plots the specic capacity (Scapacity) of the TiO2 anode
against the current (i) for different anatase TiO2-based sodium-
ion battery (SIB) anodes reported in literature. These include
pure anatase, carbon-coated anatase, hollow spheres, hollow
nanospheres, nanorods, and carbon-coated nanorods. The TiO2

anode's performance is compared with these literature values,
showing the relative effectiveness of various morphologies and
coatings. Fig. 8e: demonstrates the long-term cyclic perfor-
mance of the TiO2 anode at a current rate of 0.1 A g−1 using both
EC/DEC and diglyme-based electrolytes. The EC/DEC-based
electrolyte exhibits a higher capacity retention over 500 cycles
compared to the diglyme-based electrolyte, with marked
differences at other current rates (0.01, 0.0335, 0.08, 0.168,
0.173, and 0.335 A g−1) as well.

In summary, ow batteries offer the longest cycle life,
making them ideal for large-scale energy storage, while NiCd
batteries also provide an extended cycle life but are limited by
their environmental impact. Li-ion and Li-Po batteries, though
slightly more limited in cycle life, are highly favored for portable
es with (a) EC/DEC-based and (b) diglyme-based electrolytes. (c) Rate
of specific capacity performance with anatase TiO2-based sodium-ion
at 0.1 A g−1 for EC/DEC and diglyme-based electrolytes over 500 cycles

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of key characteristics of primary battery types,
including energy density, shelf life, cost, environmental impact, and
recyclability. This table provides an overview of the strengths and
weaknesses of each battery type in terms of performance and envi-
ronmental concerns

Battery type
Energy density
(W h kg−1)

Specic capacity
(mA h g−1)

Lithium-ion (Li-ion) 150–250 150–200
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applications due to their energy density and performance.
Lead–acid and SLA batteries, despite their short cycle life,
remain essential in low-cost, high-current applications.
Sodium-ion batteries represent an exciting future for sustain-
able, cost-effective energy storage with a competitive cycle life.

Table 5 will provide a structured comparison of widely used
anode materials in rechargeable batteries, highlighting their
performance characteristics.
Lithium polymer (Li-Po) 100–200 140–180
Nickel–cadmium (NiCd) 45–80 40–60
Nickel–metal hydride (NiMH) 60–120 100–150
Lead–acid 30–50 40–60
Sealed lead-acid (SLA) 30–50 40–60
Flow batteries (redox) 20–80 25–50
Sodium-ion 100–150 80–120
3.2. Energy density and specic capacity

To provide a suitable comparison for the most important
property of secondary battery is to provide a table. Table 6
a comparison table summarizing the energy density and
specic capacity of various secondary battery types:

Lithium-ion (Li-ion) batteries stand out as the best option
when considering energy density and specic capacity, making
them ideal for applications like consumer electronics, electric
vehicles, and energy storage. Their high energy density (150–
250W h kg−1) and specic capacity (150–200mA h g−1) allow for
more compact and efficient energy storage. Lithium polymer
(Li-Po) batteries, while similar to Li-ion in energy characteris-
tics, are generally less efficient in terms of energy density and
specic capacity, but their exible form factor makes them
preferable for space-constrained applications like drones or
slim devices. Nickel–Cadmium (NiCd) and Nickel–Metal
Hydride (NiMH) batteries have signicantly lower energy
density compared to Li-ion batteries. NiMH batteries perform
better than NiCd in terms of specic capacity and are more
environmentally friendly, making them suitable for hybrid
vehicles and backup power systems.103–105 Lead–acid and Sealed
Lead-Acid (SLA) batteries offer very low energy density, which
limits their use to automotive and backup power applications.
They are bulky and have a poor energy-to-weight ratio, but they
remain popular due to their low cost and high power output for
short bursts of energy. Flow Batteries (Redox) offer a much
lower energy density and specic capacity but are valued for
Table 5 Comparative performance of different anode materials

Anode material
Battery
type

Theoretical capacity
(mA h g−1)

Energy density
(W h kg−1)

Graphite (C) Li-ion,
Na-ion

372 150–250

Silicon (Si) Li-ion 3579 400–600

Lithium titanate
(Li4Ti5O12, LTO)

Li-ion 175 80–120

Hard carbon Na-ion 300–400 100–200
Tin (Sn)-based
anodes

Li-ion,
Na-ion

993 (Li), 847 (Na) 250–400

Titanium dioxide
(TiO2)

Li-ion 330 150–200

Sodium titanate
(Na2Ti3O7)

Na-ion 178 100–150

Metallic lithium
(Li metal)

Li-metal,
solid-state
batteries

3860 500–700

© 2025 The Author(s). Published by the Royal Society of Chemistry
their scalability and use in large-scale energy storage, particu-
larly in renewable energy systems. Sodium-ion batteries provide
a good balance between cost and energy density, though they
currently lag behind Li-ion in performance. However, due to the
abundance of sodium, they are emerging as a cost-effective
solution for large-scale energy storage. Lithium-ion (Li-ion)
remains the best choice for most high-performance applica-
tions due to its superior energy density and specic capacity,
especially where compactness and efficiency are critical. Flow
batteries are preferable for large-scale energy storage due to
their scalability, while sodium-ion batteries may become more
favorable as sustainable energy storage technologies continue
to evolve.
3.3. Self-discharge rate

Self-discharge rate is an important parameter for secondary
batteries, as it determines how quickly a battery loses its charge
when not in use. Different types of secondary batteries have
varying self-discharge rates, affecting their efficiency and
Cycle life
(cycles)

Rate
capability

Cost
($ per kg) Environmental impact

1000–3000 Moderate Low Abundant,
minimal impact

100–500 Low High Expansion issues
affect lifespan

5000–10000 High High Non-toxic, but expensive

1000–3000 Moderate Moderate Sustainable alternative
500–1000 Low Moderate Structural degradation

limits use
3000+ High Low Safe and stable

2000–5000 Moderate Low Sustainable and abundant

<500 Low Very high High reactivity,
dendrite formation

RSC Sustainability, 2025, 3, 3266–3306 | 3281
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Fig. 9 (a) and (b) Self-discharge rates of different battery types. Panel (a) shows the minimum and maximum self-discharge rates of various
battery chemistries, indicating the range for each type. Lithium-ion and lithium-polymer batteries exhibit the lowest self-discharge (1–3% per
month), followed by sodium-ion (under development) at 3–10%, while Nickel–Metal Hydride (NiMH) has the highest self-discharge rate (15–30%
per month). Flow batteries show nearly zero self-discharge. Panel (b) provides a comparative bar chart of the self-discharge rates of key battery
chemistries, highlighting their efficiency for long-term storage. The high range of self-discharge for NiMH and NiCd makes them less ideal for
prolonged storage, while lithium-ion and flow batteries stand out for their long-term charge retention.
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usability in certain applications. Lithium-ion batteries are
known for their low self-discharge rate, typically around 1–3%
per month. This makes them highly efficient for long-term use
in applications like consumer electronics, electric vehicles, and
renewable energy storage. Their minimal self-discharge rate
contributes to their popularity, as they retain their charge for
3282 | RSC Sustainability, 2025, 3, 3266–3306
extended periods when not in use. Lithium Polymer batteries
have a similar self-discharge rate to Li-ion batteries, around 1–
3% per month.106 Although their energy density and form factor
make them ideal for compact devices like smartphones and
drones, their low self-discharge rate ensures that they maintain
high efficiency. However, Li–Po batteries may experience higher
© 2025 The Author(s). Published by the Royal Society of Chemistry
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rates of degradation when exposed to extreme temperatures.
Nickel–cadmium batteries have a relatively high self-discharge
rate, around 10–15% per month (Fig. 9a). This limits their
efficiency for long-term applications, as they lose a signicant
amount of charge when not used regularly.107 Despite their
durability and ability to perform under harsh conditions, the
high self-discharge rate and environmental concerns regarding
cadmium have led to a decline in their use.

Nickel–metal hydride batteries suffer from a high self-
discharge rate, typically 30% or more per month, making
them less efficient than other battery types. This rapid loss of
charge, especially when stored for long periods, limits their use
in applications where consistent, long-term energy storage is
required. However, they remain a popular choice for hybrid
vehicles and consumer electronics, where they are frequently
recharged. Traditional lead–acid batteries have a moderate self-
discharge rate of around 4–6% per month (Fig. 9b).108 Although
not as efficient as Li-ion batteries, they are still suitable for
automotive and backup power applications due to their reli-
ability and low cost. Their lower energy density, however, limits
their use in portable devices. Sealed lead-acid batteries share
a similar self-discharge rate to traditional lead–acid batteries,
around 3–5% per month. While they are moremaintenance-free
than their traditional counterparts, the moderate self-discharge
rate is manageable for applications like uninterruptible power
supplies (UPS) and security systems.

Flow batteries, or redox batteries, have a signicantly lower
self-discharge rate, oen close to 0% due to the separation of
the energy storage and conversion processes. This unique
feature makes them ideal for large-scale, long-term energy
storage systems, such as renewable energy integration and grid
stabilization, where minimal energy loss is crucial. Sodium-ion
batteries are still under development, but their self-discharge
rate is expected to be slightly higher than that of Li-ion
batteries, likely around 5–10% per month.109–112 This moderate
rate makes them less efficient for long-term storage but still
attractive due to their low cost and environmental benets. In
terms of self-discharge rate, Flow batteries exhibit the lowest,
almost negligible rate, making them the best choice for long-
term energy storage in grid-scale applications. Li-ion and Li-
Po batteries are excellent for consumer electronics and
portable applications due to their low self-discharge rate. NiCd
and NiMH batteries, on the other hand, suffer from signicantly
higher self-discharge, making them less ideal for long-term
storage applications. Lead–acid and SLA batteries have
moderate self-discharge rates, suitable for backup power and
automotive applications. For efficiency in long-term storage,
ow batteries are the best, but for compact and portable use, Li-
ion batteries stand out as the top choice.
3.4. Charge time

The charge time of secondary batteries is a crucial performance
metric, inuencing their usability in various applications, from
consumer electronics to grid-scale energy storage systems.
Different battery chemistries exhibit varying charge times due
to their internal composition, energy density, and technological
© 2025 The Author(s). Published by the Royal Society of Chemistry
limitations. Lithium-ion batteries are known for their relatively
fast charge times, which typically range from 1 to 4 hours
depending on the specic application and charger capacity.
This fast charge capability is due to the high energy density and
advanced design of Li-ion cells, which allow for efficient energy
transfer.113–117 In high-performance applications, such as elec-
tric vehicles (EVs) and power tools, fast-charging technology can
reduce this time to under an hour. However, rapid charging can
increase the risk of overheating and reduce the overall cycle life
if not carefully managed. Advanced battery management
systems (BMS) are crucial in maintaining a balance between fast
charging and battery longevity.118

Lithium polymer batteries share many characteristics with
Li-ion batteries, including their relatively fast charge time,
typically between 1 and 3 hours. However, due to their use of
a polymer electrolyte, Li-Po batteries can be designed in various
shapes and sizes, making them ideal for applications where
space is constrained.119–121 Li-Po batteries are frequently used in
smartphones, drones, and other portable electronics where
quick charging is advantageous. While they have a similar
charge time to Li-ion batteries, they are more sensitive to
overcharging and require precise voltage control to avoid
swelling or leakage.122

Nickel–cadmium batteries generally have longer charge
times compared to Li-ion and Li-Po batteries, with a typical
range of 5 to 8 hours.123 This longer charge time is due to the
chemical properties of cadmium, which allows for slower
energy absorption. While NiCd batteries are durable and can
endure a large number of charge cycles, their slow charge rate is
a disadvantage in applications requiring quick turnaround.
Fast-charging NiCd batteries are available but can signicantly
reduce the battery's cycle life, and they are prone to the memory
effect, where incomplete discharges lead to reduced capacity
over time. Nickel–metal hydride batteries generally have
a charge time of 3 to 6 hours, placing them between NiCd and
Li-ion batteries in terms of charge speed. NiMH batteries are
less prone to the memory effect than NiCd batteries, making
them more convenient for applications requiring frequent
recharging, such as household electronics and hybrid vehi-
cles.124 However, their self-discharge rate is higher than that of
Li-ion batteries, meaning they lose charge more quickly when
not in use. Fast-charging options are available for NiMH
batteries, but like NiCd batteries, fast charging can reduce their
lifespan.

Lead–acid batteries are known for their slow charge times,
typically ranging from 8 to 16 hours. This long charge time is
one of the major disadvantages of lead–acid technology,
making it less suitable for applications requiring frequent or
rapid recharging. Lead–acid batteries are commonly used in
automotive applications and backup power systems, where slow
charge times are acceptable due to the battery's low cost and
high reliability. Advanced charging methods, such as multi-
stage charging, can slightly reduce the charge time, but the
technology's limitations are inherent in its chemical structure.
High-current charging can cause excessive heat and reduce the
battery's lifespan. Sealed Lead-Acid (SLA) batteries have similar
charge times to traditional lead–acid batteries, typically taking
RSC Sustainability, 2025, 3, 3266–3306 | 3283
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between 8 and 12 hours to fully charge. While they offer the
advantage of being maintenance-free and leak-proof, their slow
charge time limits their usefulness in applications requiring
quick energy replenishment.125–127 SLA batteries are oen used
in emergency power supplies, medical devices, and security
systems, where their long charge time is acceptable given their
reliability and low cost. Fast-charging SLA batteries are avail-
able, but they oen come with trade-offs in terms of reduced
cycle life and higher maintenance requirements.

Flow batteries, also known as redox ow batteries, have
a unique design where the energy is stored in liquid electrolytes
that are pumped through a membrane. This allows for a long
cycle life and high efficiency in large-scale energy storage
applications, such as grid storage for renewable energy.
However, ow batteries typically have long charge times,
ranging from 10 to 20 hours depending on the system cong-
uration. While they are not suitable for applications requiring
quick charge–discharge cycles, their long charge time is offset
by their ability to store large amounts of energy and their almost
innite charge–discharge cycle capacity.

Sodium-ion batteries are an emerging technology and offer
a promising alternative to Li-ion batteries due to the abundance
and low cost of sodium. The charge time for sodium-ion
batteries is currently longer than that of Li-ion batteries, typi-
cally ranging from 3 to 6 hours.128–131 However, ongoing research
is focused on reducing the charge time while maintaining the
energy density and safety of the batteries. Sodium-ion batteries
are still in the development stage, but they show potential for
Fig. 10 Line chart comparing the minimum and maximum charge time
range of charge times, while lithium-ion and lithium-polymer batteries s
batteries have relatively slow and consistent charge times, making them

3284 | RSC Sustainability, 2025, 3, 3266–3306
applications in large-scale energy storage systems due to their
scalability and low cost.

Comparing these secondary batteries as illustrated in Fig. 10,
lithium-ion (Li-ion) and lithium polymer (Li-Po) batteries stand
out for their fast charge times, typically between 1 and 4 hours.
This makes them ideal for consumer electronics, electric vehi-
cles, and applications requiring frequent recharging. Li-ion
batteries, in particular, offer a good balance between fast
charging, energy density, and cycle life, making them the best
choice for high-performance applications. Nickel–Cadmium
(NiCd) and Nickel–Metal Hydride (NiMH) batteries offer slower
charge times, with NiMH being slightly faster than NiCd.
However, they are more suited to applications where long
battery life and durability are prioritized over fast charging. For
large-scale energy storage or backup power, lead–acid and
Sealed Lead-Acid (SLA) batteries provide reliable energy at a low
cost, though their slow charge times limit their use in applica-
tions requiring rapid energy replenishment. Flow batteries have
the longest charge times, but they are ideal for stationary energy
storage systems, where charge time is less important than
storage capacity and cycle life. Sodium-ion batteries, though
still under development, offer a promising balance between
charge time and sustainability, making them a viable option for
future large-scale applications. Lithium-ion batteries offer the
best combination of fast charge time, energy density, and effi-
ciency, making them the top choice for most portable and high-
performance applications. For large-scale energy storage, ow
batteries and emerging sodium-ion batteries may offer more
sustainable solutions, despite their longer charge times.
s of various secondary battery types. Flow batteries exhibit the largest
how the fastest charging capabilities. Lead–acid and sealed lead–acid
less suitable for quick recharging applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5. Environmental impact

The environmental impact of secondary batteries varies signif-
icantly depending on their chemistry. Lithium-ion (Li-ion)
batteries have a moderate environmental footprint due to
mining and processing of lithium, cobalt, and other metals,
although they are recyclable. Lithium polymer (Li-Po) batteries
have similar environmental issues as Li-ion, but their exible
form factor adds manufacturing complexity, contributing
slightly more to environmental concerns. Nickel–Cadmium
(NiCd) batteries are highly toxic due to cadmium, a hazardous
heavy metal, making them harmful to the environment if
improperly disposed of. Nickel–Metal Hydride (NiMH) batteries
are more environmentally friendly than NiCd, as they use less
toxic materials and are easier to recycle, though they have
a shorter lifespan. Lead–acid batteries are highly recyclable but
pose environmental risks due to lead contamination if not
properly handled. Sealed Lead-Acid (SLA) batteries mitigate
some leakage risks but still carry the environmental burden of
lead. Flow (Redox) batteries have a relatively low environmental
impact due to their long life and scalability, but their low energy
density makes them suitable only for stationary applications.
Sodium-ion batteries are the most environmentally friendly due
to the abundance and low toxicity of sodium, offering
a sustainable alternative for future energy storage. In compar-
ison, sodium-ion batteries are emerging as the most sustain-
able, while Li-ion batteries remain the best overall for energy
density and wide applicability.
4. Specialty batteries

Specialty batteries are designed for specic applications where
traditional battery technologies may not be sufficient. These
batteries oen offer unique advantages such as higher safety,
enhanced performance in extreme conditions, or innovative
designs. Below, we review ve types of specialty batteries—
Solid-State Batteries, Molten Salt Batteries, Zinc–Bromine Flow
Batteries, Thin-Film Batteries, and Paper Batteries—as shown
in Fig. 11, which illustrates a ow chart of these battery types.

Solid-state batteries: solid-state batteries use a solid elec-
trolyte instead of the liquid or gel electrolytes found in
conventional batteries like lithium-ion. This design improves
Fig. 11 A flow chart showing types of secondary (rechargeable)
batteries.

© 2025 The Author(s). Published by the Royal Society of Chemistry
safety by eliminating the risk of leakage or re caused by volatile
liquid electrolytes. Solid-state batteries also promise higher
energy density and longer cycle life, making them a strong
candidate for electric vehicles and portable electronics.
However, they are currently expensive to manufacture, and
scalability remains a challenge. Signicant research is being
conducted to make them more commercially viable. Their
advantages in terms of safety and performance make them an
exciting area of development in energy storage
technologies.132–135

Molten salt batteries: molten salt batteries operate at high
temperatures, using molten salts as the electrolyte. These
batteries are typically used in large-scale energy storage systems
for renewable energy, such as solar and wind power, due to their
high energy capacity and low cost. They offer long cycle life and
are highly efficient, particularly in large-scale grid storage
applications. However, the requirement for high operating
temperatures (usually above 300 °C) limits their usage to
stationary systems, as cooling and insulation make them
impractical for portable applications. Molten salt batteries also
pose thermal management challenges and must be handled
carefully to prevent thermal degradation.

Zinc–bromine ow batteries: zinc–bromine ow batteries are
a type of redox ow battery where energy is stored in liquid
electrolytes containing zinc and bromine ions. These batteries
are ideal for large-scale energy storage systems because they
offer excellent scalability, high cycle life, and long discharge
times. One signicant advantage is that they can be almost
innitely recharged without degradation. They are environ-
mentally friendly due to the use of widely available, non-toxic
materials, and they have a relatively low environmental foot-
print compared to lithium-ion or lead–acid batteries. However,
their energy density is lower than conventional batteries,
limiting their use to grid-scale applications.136–139

Thin-lm batteries: thin-lm batteries are ultra-compact,
exible batteries used primarily in medical devices, smart
cards, and wearable electronics. These batteries use thin layers
of materials as electrodes and electrolytes, allowing them to be
produced in very small, exible, and lightweight designs. Thin-
lm batteries offer moderate energy density and a long shelf
life, but their capacity is limited, making them unsuitable for
applications requiring high power. They are oen used in
specialized applications where form factor and exibility are
more critical than capacity. Thin-lm batteries are also envi-
ronmentally friendly, as they can be manufactured using non-
toxic materials.

Paper batteries: paper batteries are a type of exible, ultra-
thin battery made from cellulose (paper) combined with
carbon nanotubes or metal oxides to act as electrodes. These
batteries are lightweight, biodegradable, and eco-friendly,
making them an attractive option for low-power applications
like medical devices and environmental sensors. While they do
not offer high energy density or capacity compared to tradi-
tional batteries, their sustainability and ability to integrate into
exible electronics make them promising for future niche
applications. However, paper batteries are still in the early
stages of development, and their widespread adoption will
RSC Sustainability, 2025, 3, 3266–3306 | 3285
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Fig. 12 Effects of battery temperature on performance reproduced from ref. 146 copyright © 2018 Elsevier B.V.
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depend on further improvements in energy capacity and
production methods.

4.1. High-temperature tolerance

High-temperature tolerance is a critical factor in determining
the suitability of batteries for specic applications. Batteries
Fig. 13 Schematic illustration of ZBRBs from device configuration, elect
150 copyright © 2023, The Author(s).

3286 | RSC Sustainability, 2025, 3, 3266–3306
exposed to high temperatures tend to degrade faster, but some
specialty battery types are specically designed to handle these
conditions effectively.140,141 Solid-state batteries exhibit excellent
high-temperature tolerance due to their use of solid electrolytes
instead of volatile liquid electrolytes. Unlike conventional
batteries, which can suffer from thermal runaway—a condition
rochemistry, material to performance evaluation reproduced from ref.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where the electrolyte catches re or explodes at high tempera-
tures—solid-state batteries remain stable under high heat.142–144

This makes them safer for high-performance applications like
electric vehicles and aerospace, where both heat resistance and
safety are paramount. While they can tolerate higher tempera-
tures than most lithium-ion batteries, sustained exposure to
extreme heat can still cause some performance degradation.
However, solid-state batteries are overall more reliable at
elevated temperatures compared to many other battery types.

Molten salt batteries are designed to operate at very high
temperatures—typically above 300 °C—making them uniquely
suited for large-scale, high-temperature environments such as
grid energy storage or industrial settings. In these systems, the
battery's electrolyte is in a molten state, which allows for effi-
cient ion transport even at extreme temperatures.145 This type of
battery thrives in high-heat conditions and performs optimally
when kept within its high operating temperature range. The
downside is that molten salt batteries are impractical for
portable applications due to the need for continuous heat to
maintain the molten state, as well as the risk of thermal
degradation if the system's temperature drops too low. Fig. 12 is
a table summarizing the effects of battery cell temperature on
the performance and lifespan of lithium-ion batteries. It is
divided into three main temperature zones: high, medium
Fig. 14 (a) Illustration of the water-activated paper battery: the electroch
based anode and a graphite-based air cathode. Carbon-based current
battery remains inactive until water, which acts as the electrolyte, is int
battery: fabricated through stencil printing on filter paper, the battery is ac
applied to the filter paper at the battery terminals to prevent unwanted e
stability. (c) Photograph of a stencil-printed paper battery: designed to sp
low-energy devices such as the LCD alarm clock shown. It consists of tw
and connected in series as demonstrated in the (e) schematic cross-sec
reproduced from ref. 156 copyright © 2022, The Author(s).

© 2025 The Author(s). Published by the Royal Society of Chemistry
(optimal), and low, each with associated causes, consequences,
and effects on battery performance. High temperatures lead to
electrolyte decomposition, side reactions, reduced anode
surface, and binder decomposition. Irreversible lithium loss,
increased impedance, and loss of mechanical stability. Capacity
fade and power fade. Medium temperature range offers optimal
battery performance, ensuring maximum cycle life with
minimal degradation. Low temperatures can cause lithium
plating and electrolyte decomposition. Irreversible lithium loss
and electrolyte loss. Capacity fade and power fade.

Zinc–bromine ow batteries also perform well in high-
temperature environments, although not to the extent of
molten salt batteries (Fig. 13). These batteries operate with
liquid electrolytes stored in external tanks, which helps in
managing heat dissipation.147 They are oen used in large-scale
applications such as renewable energy storage, where they can
endure uctuating temperatures without signicant degrada-
tion. However, extreme heat can still affect the efficiency of their
chemical reactions, and while their high-temperature tolerance
is good, it is not as exceptional as molten salt or solid-state
batteries. Nonetheless, they are more versatile and scalable
for grid-scale energy storage compared to the other types.148,149

Thin-lm batteries are highly specialized, and their high-
temperature tolerance is limited. Designed primarily for low-
emical (EC) cell consists of a paper membrane placed between a zinc-
collectors transfer charges from the EC cell to external circuits. The
roduced, permeating the paper membrane. (b) Image of a single-cell
tivated by submerging the wick in water or an aqueous solution. Wax is
lectrochemical reactions of the lead wires and to enhance mechanical
ell out the name of the research institution (Empa), this battery powers
o electrochemical cells, separated by a water barrier (depicted in (d)),
tion, along with an overlaid equivalent circuit for ideal voltage sources
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power, compact, and exible applications, these batteries are
not typically used in high-temperature settings. Excessive heat
can cause thin-lm batteries to degrade rapidly, leading to
reduced performance and lifespan.151–154 While they are ideal for
wearable electronics and small medical devices, they are not
suitable for environments where high heat is a consistent
factor. Their primary strength lies in their exibility and light-
weight nature rather than thermal resistance.

Paper batteries as illustrated in Fig. 14 are another type of
specialty battery that struggles with high temperatures. Made
from biodegradable materials like cellulose combined with
carbon or metal oxides, paper batteries are designed for low-
power applications.155 While environmentally friendly, they
are not built to withstand extreme temperatures, and high heat
can compromise their integrity and reduce their overall
performance. These batteries are most useful in applications
where sustainability and exibility are key concerns, but they
are unsuitable for environments where thermal resistance is
required.

Fig. 14 contains several panels that illustrate the structure,
function, and potential applications of a water-activated paper
battery. In panel (a), the schematic of the electrochemical cell
highlights the key components: a zinc anode (gray) on one side,
an air cathode (light gray) on the opposite side, and a paper
membrane (white) functioning as a separator. Water (blue)
permeates the membrane, activating the cell. Once activated,
the electrochemical reactions at the zinc anode (oxidation) and
air cathode (reduction) generate an electric current, and the
diagram includes the chemical reactions that occur at each
electrode. Panel (b) features a photograph of a single-cell battery
fabricated by stencil printing on lter paper. The image shows
the activation wick, which can be dipped in water to start the
battery. The battery terminals are connected to a paper-based
cell with an active area of 1 cm2. In panel (c), the stencil-
printed battery is demonstrated powering a low-power device,
such as an LCD alarm clock, showing the battery's ability to run
simple electronics upon water activation. Panel (d) displays
a photograph of the stencil-printed battery design, which
features the name of the research institution, Empa. This
battery consists of two electrochemical cells separated by
a water barrier, and the cells are connected in series, enabling
the combined voltages to power a device. Finally, panel (e)
presents a schematic cross-section of the battery structure with
its two cells. Key components like the zinc anode, air cathode,
paper membrane, and water are labeled. A layer of wax is
applied to prevent undesired electrochemical reactions and
provide mechanical stability. The overlaid circuit diagram
shows how the cells are connected in series to create a complete
battery system. Overall, the gure illustrates the construction,
activation, and real-world application of a water-activated paper
battery capable of powering low-energy devices like an LCD
clock.

When comparing these batteries, molten salt batteries
clearly outperform the others in terms of high-temperature
tolerance, as they are specically designed for operation at
elevated temperatures. Solid-state batteries also exhibit strong
high-temperature performance, though not as extreme as
3288 | RSC Sustainability, 2025, 3, 3266–3306
molten salt batteries, making them a more practical choice for
applications like electric vehicles. Zinc–bromine ow batteries
are well-suited for moderate high-temperature conditions,
particularly in large-scale stationary applications, but they are
not as effective in handling extreme temperatures as molten salt
or solid-state batteries. Thin-lm batteries and paper batteries,
on the other hand, are not designed for high-temperature
environments and are more suited for low-power, exible, and
eco-friendly applications.157–160 Applications requiring high-
temperature tolerance, molten salt batteries are the best
choice due to their ability to operate efficiently at temperatures
exceeding 300 °C. Solid-state batteries come in second, offering
good high-temperature performance with a focus on safety and
energy density. Zinc–bromine ow batteries are suitable for
moderate high-temperature applications, while thin-lm and
paper batteries are not designed for such conditions, instead
excelling in low-power, exible, and sustainable use cases. Each
type of battery has its strengths, but when it comes to high-
temperature tolerance, molten salt batteries are the clear
winner.
4.2. Energy density and specic capacity

Energy density and specic capacity are critical factors that
determine the performance and efficiency of batteries. Solid-
state batteries boast the highest energy density and specic
capacity among specialty batteries. With the elimination of
liquid electrolytes, these batteries can store more energy in
a smaller space. Solid-state batteries have an energy density of
around 300–400 W h kg−1, which surpasses traditional lithium-
ion batteries.161–163 Their high specic capacity makes them
ideal for electric vehicles and portable electronics, where space
and weight constraints are critical. Molten salt batteries have
a relatively high specic capacity due to the use of molten salts
as electrolytes, but their energy density (around 150–
200 W h kg−1) is moderate compared to solid-state batteries.
They excel in large-scale energy storage applications like grid
storage, where high energy capacity over long periods is crucial,
but their lower energy density limits their use in compact
systems. Zinc–bromine ow batteries offer moderate energy
density, typically around 70–80 W h kg−1, which is lower than
both solid-state and molten salt batteries.164

However, their specic capacity remains decent for large-
scale, long-duration storage applications. They are not suit-
able for high-energy-density needs due to the bulkiness of the
external electrolyte tanks. Thin-lm batteries have low energy
density and specic capacity, typically around 10–
20 W h kg−1.165,166 They are designed for small, low-power
devices, such as medical implants and RFID chips, where
form factor, exibility, and long shelf life are more important
than energy density. Paper Batteries exhibit low energy density
and specic capacity as well, similar to thin-lm batteries. They
are eco-friendly and exible but not capable of storing large
amounts of energy, limiting them to low-power, short-term
applications like biosensors or small wearable electronics.
When comparing these battery types, solid-state batteries
clearly outperform the others in terms of both energy density
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Comparison of energy density and specific capacity of specialty batteries

Battery type Energy density (W h kg−1) Specic capacity Ideal application

Solid-state batteries 300–400 High Electric vehicles, portable electronics
Molten salt batteries 150–200 Moderate Grid storage, large-scale energy systems
Zinc–bromine ow batteries 70–80 Moderate Renewable energy storage
Thin-lm batteries 10–20 Low Medical implants, RFID chips
Paper batteries 10–20 Low Biosensors, wearable electronics
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and specic capacity, making them the best option for high-
energy applications. Molten salt batteries follow, providing
a balance of capacity and practicality for grid-scale storage.
Zinc–bromine ow batteries are effective for long-term energy
storage but fall short in energy density. Thin-lm and paper
batteries are more specialized for low-power, exible applica-
tions and do not compete in high-energy-density scenarios.167

Table 7 shows the comparison of energy density and specic
capacity for speciality battery.

4.3. Durability in extreme conditions

The durability of batteries in extreme conditions is a crucial
factor in determining their suitability for specialized applica-
tions such as aerospace, military, and large-scale renewable
energy systems. Solid-state batteries are known for their
exceptional safety and stability under extreme conditions.168

Unlike traditional batteries, they use a solid electrolyte, which
eliminates the risk of leakage and combustion associated with
liquid electrolytes, particularly under high-temperature or high-
pressure conditions. This solid electrolyte can withstand much
higher temperatures without degrading, making solid-state
batteries an attractive option for applications that involve
thermal extremes, such as electric vehicles or aerospace tech-
nologies.169 Furthermore, solid-state batteries exhibit excellent
mechanical durability, as their solid electrolyte is less suscep-
tible to physical damage compared to liquid or gel electrolytes.
This allows them to perform well under conditions of high
pressure or vibration, making them a reliable choice for rugged
environments. However, the overall durability of solid-state
batteries can be compromised by issues such as dendrite
formation, where metallic lithium structures grow through the
solid electrolyte, potentially causing short circuits. Advances in
materials science, such as the development of more robust solid
electrolytes, are needed to improve their long-term durability.

Molten salt batteries are specically designed to operate at
high temperatures, typically above 300 °C, which gives them
a unique advantage in extreme thermal conditions. Their high
operating temperature is both a strength and a limitation: while
it allows for efficient energy storage and release, the battery
must be kept at these elevated temperatures to function,
making it less suitable for portable applications or environ-
ments where maintaining such temperatures is impractical.
Despite their reliance on high temperatures, molten salt
batteries exhibit remarkable durability in these conditions, as
the molten electrolyte remains stable and does not degrade
easily.170–172 This makes them ideal for large-scale energy storage
© 2025 The Author(s). Published by the Royal Society of Chemistry
systems, particularly in renewable energy applications where
they can be cycled repeatedly without signicant loss of
performance. However, in situations where rapid temperature
uctuations occur, the durability of molten salt batteries may be
compromised, as extreme cooling can cause solidication of the
electrolyte, leading to mechanical stress and potential failure.
Additionally, the materials used inmolten salt batteries, such as
sodium and sulfur, are highly corrosive, requiring the use of
specialized, corrosion-resistant materials for the battery casing
and components. While these materials enhance the battery's
durability in high-temperature environments, they also increase
the overall cost and complexity of the system.

Zinc–bromine ow batteries are a type of redox ow battery
that excels in large-scale, stationary energy storage applications.
One of their primary advantages is their ability to operate in
a wide range of temperatures without signicant degradation,
which makes them highly durable in both hot and cold
environments.173–175 The ow of liquid electrolytes through the
system allows for efficient heat dissipation, preventing the
battery from overheating during operation. In terms of
mechanical durability, zinc–bromine ow batteries are rela-
tively resilient, as the liquid electrolytes can be replenished, and
the system's components can be replaced or repaired with
minimal disruption to overall performance.176 This makes them
well-suited for applications where long-term durability is
essential, such as grid energy storage or backup power systems.
However, the durability of zinc–bromine ow batteries in
extreme conditions is not without limitations. The bromine-
based electrolyte can be highly corrosive, leading to potential
material degradation over time. This requires careful manage-
ment of the system's materials and components to ensure long-
term durability. Additionally, while the battery performs well in
moderate temperature extremes, its performance may decline
in environments with rapid temperature changes or extreme
cold, as the liquid electrolyte can become viscous or freeze,
impairing the battery's efficiency.

Thin-lm batteries are designed for specialized applications
where size, weight, and exibility are more critical than
capacity. They are oen used in wearable electronics, medical
devices, and small-scale energy storage. While these batteries
excel in terms of exibility and form factor, their durability in
extreme conditions is more limited compared to other specialty
battery types. Thin-lm batteries can tolerate moderate thermal
extremes but are generally not designed for use in high-
temperature or high-pressure environments. Their thin struc-
ture and the materials used in their construction make them
RSC Sustainability, 2025, 3, 3266–3306 | 3289
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more susceptible to damage from physical stress, such as
vibration or impact, which can compromise their performance.
In high-temperature conditions, the thin layers of the battery
may degrade more quickly, reducing its overall lifespan.177,178

However, advances in thin-lm battery technology, such as the
use of more robust materials and better encapsulation tech-
niques, are helping to improve their durability in challenging
environments. While they may not be the most durable option
for extreme conditions, their lightweight and exible nature
makes them well-suited for applications where these attributes
are more important than high durability.

Paper batteries are an emerging technology that offers
unique advantages in terms of sustainability and exibility.
Made from cellulose (paper) and carbon-based materials, these
batteries are lightweight, biodegradable, and environmentally
friendly. However, their durability in extreme conditions is
currently limited, as the organic materials used in their
construction are more prone to degradation than the materials
used in other battery types. In high-temperature or high-
pressure environments, paper batteries may lose their struc-
tural integrity, reducing their overall performance. Additionally,
exposure to moisture can cause the cellulose to degrade, further
limiting their durability in certain conditions. While paper
batteries offer exciting potential for low-power applications,
such as environmental sensors or medical devices, they are not
yet suitable for use in extreme conditions where durability is
a critical factor.

In comparing these specialty batteries, solid-state batteries
stand out as the most durable option for extreme conditions,
particularly in high-temperature or high-pressure environ-
ments. Their solid electrolyte provides stability and safety,
making them an ideal choice for applications such as electric
vehicles and aerospace technology. However, challenges like
dendrite formation need to be addressed to maximize their
durability. Molten Salt Batteries also perform well in extreme
heat, making them ideal for large-scale, stationary energy
Fig. 15 Scalability of zinc–bromine flow battery system: schematic of ce
series and parallel cell arrangements to enhance voltage and capacity, re
rights reserved.
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storage, though their requirement for constant high tempera-
tures limits their use in more versatile applications. Zinc–
bromine ow batteries offer durability in a wider range of
temperatures but require careful material management to
prevent corrosion. They are best suited for grid-scale storage
rather than portable applications. Thin-lm batteries and paper
batteries offer unique advantages in terms of exibility and
sustainability, respectively, but their durability in extreme
conditions is more limited. Thin-lm batteries may degrade
under physical stress, while paper batteries are not yet equipped
to handle high temperatures or pressures. For extreme condi-
tions, solid-state batteries are the best choice, offering superior
safety, stability, and durability. However, the specic applica-
tion and environmental requirements will determine the most
suitable battery technology.
4.4. Scalability

When considering scalability, different types of specialty
batteries exhibit unique challenges and advantages, depending
on their structure, materials, and intended applications. Solid-
state batteries show immense potential due to their higher
energy density and enhanced safety over traditional lithium-ion
batteries, but their scalability is currently limited. The main
challenge lies in manufacturing processes, which require
advanced and expensive materials, as well as sophisticated
production techniques. Mass-producing solid-state batteries at
a competitive cost is still an obstacle. Companies are investing
heavily in research to bring down production costs, improve
manufacturing efficiency, and scale up for use in electric vehi-
cles (EVs) and portable electronics.179–183 Once the
manufacturing bottleneck is addressed, solid-state batteries
could be highly scalable and revolutionize industries like
transportation and consumer electronics.

Fig. 15 shows a schematic of a zinc-bromine ow battery
system, focusing on its performance characteristics and
ll components with performance factors and graphical comparison of
spectively reproduced from ref. 184 copyright © 2022 Elsevier B.V. All
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Fig. 16 A flow chart showing types of emerging batteries.
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scalability. On the le side, the battery's internal operation is
illustrated, highlighting the zinc electrode, carbon electrode,
and the movement of zinc ions and bromine ions during the
electrochemical process. On the right side, a graph presents the
relationship between cell voltage and capacity for batteries
connected both in series and in parallel. The red curve repre-
sents the series connection, which increases the cell voltage,
while the blue curve shows the parallel connection, focusing on
increasing capacity (mA h). The inset diagrams illustrate these
connections, showing how scalability can be achieved by
arranging battery cells either in series (to increase voltage) or in
parallel (to increase capacity).

Molten salt batteries have signicant scalability potential,
especially for stationary energy storage systems such as those
used for renewable energy grids. These batteries are generally
composed of abundant, low-cost materials, making them
a feasible option for large-scale applications. The primary
challenge in scaling molten salt batteries is their high operating
temperature (300 °C or more), which requires specialized
thermal management systems, adding complexity and cost.
While this limits their usage in portable devices or automotive
applications, they are an ideal candidate for grid-scale energy
storage. As renewable energy becomes more widespread, the
demand for large-scale, long-duration energy storage solutions
will enhance the scalability of molten salt batteries.

Zinc–bromine ow batteries are highly scalable due to their
design. Since energy is stored in external tanks containing
liquid electrolytes, the capacity of these batteries can be easily
increased by enlarging the tanks.185,186 This makes zinc–
bromine ow batteries ideal for large-scale energy storage
systems, particularly in renewable energy grids. They offer long
cycle life and can store large amounts of energy for extended
periods without signicant degradation. However, they have
lower energy density compared to solid-state or lithium-ion
batteries, which makes them unsuitable for portable or high-
density applications. Despite this limitation, their scalability
in stationary applications is exceptional, positioning them as
a strong contender for grid energy storage.

Thin-lm batteries are primarily suited for small-scale
applications such as medical devices, wearables, and smart
electronics. Their scalability for large-scale energy storage or
high-demand applications is limited by their design, which
prioritizes exibility and compactness over capacity and power.
While they can be produced on a small scale using relatively
straightforward manufacturing techniques, their limited energy
density makes them impractical for larger systems or heavy-
duty applications. Thin-lm batteries excel in niche markets
that require specialized form factors, but their scalability is
constrained when considering broader energy demands, such
as those of EVs or grid storage.187

Paper batteries are one of the most environmentally friendly
and sustainable battery technologies, as they are biodegradable
and made from readily available materials like cellulose.
However, their scalability is currently limited by both their
early-stage development and their low energy density. While
they show promise for small, low-power applications like
medical implants, sensors, and exible electronics, paper
© 2025 The Author(s). Published by the Royal Society of Chemistry
batteries are not yet viable for large-scale energy storage. Addi-
tionally, scaling up production to meet industrial demands
presents challenges in achieving consistent quality and perfor-
mance. Their potential is promising, but signicant improve-
ments in energy capacity and production efficiency are needed
before they can be considered for wider commercial use.

Among these battery types, zinc–bromine ow batteries offer
the best scalability for large-scale applications, particularly in
renewable energy storage, due to their exible design and long
cycle life. Molten salt batteries also perform well in stationary
energy storage systems but are limited by the need for high
temperatures.188 Solid-state batteries show immense potential
for high-demand applications like electric vehicles but face
current challenges in scaling due to complex manufacturing
processes. On the smaller end, thin-lm batteries and paper
batteries are better suited for specialized, small-scale applica-
tions and face scalability constraints for broader energy storage
needs. In terms of overall scalability, zinc–bromine ow
batteries appear to be the most scalable for grid-level storage,
while solid-state batteries could dominate high-performance
portable and automotive markets if manufacturing hurdles
are overcome.

5. Emerging battery technologies

Emerging battery technologies hold the promise of overcoming
the limitations of current battery systems, such as higher energy
density, longer cycle life, faster charging times, and more
environmentally friendly materials. These innovations are
essential for advancing industries like electric vehicles (EVs),
renewable energy storage, and consumer electronics. The key
types of emerging battery technologies, as shown in Fig. 16,
include Graphene Batteries, Silicon Anode Batteries, Quantum
Batteries, and Sodium–Sulfur Batteries.

Graphene batteries: graphene batteries represent a ground-
breaking development in battery technology due to graphene's
extraordinary properties. Graphene is a single layer of carbon
atoms arranged in a hexagonal lattice, known for its high
conductivity, strength, and lightweight structure. In battery
applications, graphene can enhance the performance of both
lithium-ion and supercapacitor systems. Graphene-based
RSC Sustainability, 2025, 3, 3266–3306 | 3291
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batteries promise faster charging times, increased capacity, and
improved cycle life. This is due to graphene's high surface area,
which allows more ions to interact with the electrode material.
Additionally, graphene batteries are more thermally stable,
reducing the risk of overheating and enhancing safety. These
features make graphene batteries a promising candidate for
electric vehicles, renewable energy systems, and high-
performance electronics.189–191

Silicon anode batteries: silicon anode batteries are consid-
ered a signicant improvement over traditional lithium-ion
batteries that use graphite anodes. Silicon can store up to 10
times more lithium ions than graphite, which dramatically
increases the energy density of these batteries. However, sili-
con's tendency to expand and contract during charge–discharge
cycles presents a challenge, as it leads to mechanical degrada-
tion of the anode. Ongoing research is focused on solving these
issues through advanced nanostructures and composite mate-
rials to stabilize silicon anodes. If these hurdles are overcome,
silicon anode batteries could revolutionize the energy storage
market by offering higher capacity, longer battery life, and faster
charging. They are especially promising for electric vehicles and
portable electronic devices that demand lightweight, high-
energy-density power sources.192–194

Quantum batteries: quantum batteries are a futuristic
concept that applies principles of quantum mechanics to
energy storage. Unlike conventional batteries, which rely on
classical electrochemical reactions, quantum batteries exploit
quantum states, such as superposition and entanglement, to
achieve nearly instantaneous charging. This emerging tech-
nology is still in its theoretical phase, but it has the potential to
dramatically reduce charging times and increase energy effi-
ciency. If successfully developed, quantum batteries could
revolutionize sectors like EVs and grid storage, offering
unprecedented speed and efficiency in energy delivery.
However, much research is still needed before quantum
batteries become commercially viable.

Sodium–sulfur batteries: sodium–sulfur (NaS) batteries have
been under development for several decades, but recent
advances have made them a more attractive option for large-
scale energy storage. Sodium and sulfur are both abundant
and inexpensive materials, making these batteries cost-effective
and environmentally friendly compared to lithium-based
systems.195,196 Sodium–sulfur batteries operate at high temper-
atures, which has traditionally been a limitation, but innova-
tions in solid electrolytes are helping to overcome this issue.
NaS batteries are known for their high energy density and long
cycle life, making them well-suited for grid storage applications
where large amounts of energy need to be stored and released
over long periods. They are also being explored for integration
with renewable energy systems due to their sustainability.

Emerging battery technologies like Graphene Batteries,
Silicon Anode Batteries, Quantum Batteries, and Sodium–Sulfur
Batteries represent the future of energy storage, addressing
critical issues such as energy density, cycle life, cost, and envi-
ronmental impact. These technologies, each with unique
strengths and development challenges, have the potential to
reshape industries by enabling more efficient, powerful, and
3292 | RSC Sustainability, 2025, 3, 3266–3306
sustainable energy storage solutions. Fig. 16 provides a visual
ow chart illustrating these types of batteries and their inter-
relations. As research continues to advance, these emerging
technologies could play a vital role in addressing the growing
global demand for energy storage across various applications,
from electric vehicles to large-scale renewable energy systems.
5.1. Energy density

Emerging battery technologies are pushing the limits of energy
density, which is a key factor in determining the efficiency and
performance of energy storage systems. Energy density,
measured in watt-hours per kilogram (W h kg−1), represents the
amount of energy a battery can store relative to its weight.

Graphene batteries have attracted signicant attention due to
the exceptional properties of graphene, a one-atom-thick layer of
carbon atoms arranged in a hexagonal lattice. Graphene's high
electrical conductivity, large surface area, and lightweight struc-
ture contribute to improving the energy density of batteries.
Current research suggests that graphene-based batteries can
achieve energy densities in the range of 200–500 W h kg−1,
depending on the specic design and conguration.197,198 Gra-
phene can be used in both the cathode and anode of batteries,
enhancing charge storage capacity and reducing internal resis-
tance. While still in the experimental phase, graphene batteries
hold great promise for electric vehicles, portable electronics, and
grid storage, potentially surpassing the energy densities of
traditional lithium-ion batteries.

Silicon anode batteries represent a signicant improvement
over conventional lithium-ion batteries, which typically use
graphite anodes. Silicon has a much higher theoretical capacity
for lithium-ion storage, offering energy densities of up to
4200 mA h g−1, which translates to approximately 350–
600 W h kg−1 in practical terms.199–201 This makes silicon anode
batteries one of the most energy-dense battery types currently
under development. However, silicon expands signicantly
during charging, leading to mechanical stress and capacity
degradation over time. Despite these challenges, advances in
silicon anode technology, including the development of silicon
nanostructures and composite materials, are improving the
cycle life and stability of these batteries. Silicon anode batteries
are likely to nd applications in electric vehicles and portable
electronics, where high energy density is essential for extended
operation.

Quantum batteries, an emerging theoretical concept, hold
the potential for groundbreaking improvements in energy
storage. These batteries rely on the principles of quantum
mechanics, such as quantum superposition and entanglement,
to enhance energy storage and transfer efficiency. While
quantum batteries are still in the early stages of development
and their practical energy density is not yet fully realized,
theoretical models suggest that quantum batteries could ach-
ieve energy densities far beyond traditional batteries. Some
predictions estimate that quantum batteries could exceed
1000 W h kg−1, offering ultra-fast charging times and minimal
energy loss.202,203 If realized, quantum batteries could revolu-
tionize industries that require high energy density and quick
© 2025 The Author(s). Published by the Royal Society of Chemistry
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recharge times, such as aerospace, electric vehicles, and
renewable energy systems.

Sodium–sulfur (Na–S) batteries are another emerging tech-
nology that offers high energy density and sustainability
advantages. Sodium is abundant and inexpensive compared to
lithium, making sodium–sulfur batteries a cost-effective alter-
native for large-scale energy storage. Sodium–sulfur batteries
typically have energy densities in the range of 150–250W h kg−1,
making them competitive with conventional lithium-ion
batteries.204,205 These batteries operate at high temperatures,
which can improve their energy efficiency, but also pose safety
challenges related to thermal management. Sodium–sulfur
batteries are primarily targeted at grid-scale energy storage,
where energy density and cycle life are important, but not as
critical as in portable applications. Their relatively lower energy
density compared to graphene and silicon anode batteries
limits their use in smaller, portable devices.

When comparing the energy densities of these emerging
battery technologies, it is clear that silicon anode batteries offer
the highest practical energy density, followed closely by gra-
phene batteries. Quantum batteries hold the potential for even
higher energy densities, but they are still in the conceptual stage
and require signicant development before they can be
commercially viable. Sodium–sulfur batteries, while offering
lower energy density, excel in terms of cost and sustainability,
making them ideal for large-scale energy storage systems. In
terms of which is the best, silicon anode batteries currently
represent the most feasible and high-performing option for
applications requiring high energy density, such as electric
vehicles and portable electronics. However, graphene batteries
offer substantial improvements in terms of charge time and
durability, which could make them more suitable for applica-
tions where longevity and efficiency are critical. Quantum
batteries, if developed successfully, could surpass all other
technologies in terms of energy density, but they remain
a future prospect. Sodium–sulfur batteries are best suited for
stationary applications, where cost-effectiveness and sustain-
ability outweigh the need for extreme energy density. The
Table 8 shows a Comparison of the energy density.
5.2. Cycle life and charge/discharge efficiency

When reviewing emerging battery technologies, cycle life and
charge/discharge efficiency are two critical factors that
Table 8 Comparison of the energy density, advantages, disadvantages,
the strengths and weaknesses of each in terms of energy storage capab

Battery type Energy density (W h kg−1) Advantages

Graphene batteries 200–500 High conductivity,
charge, lightweigh

Silicon anode batteries 350–600 Highest energy den
life potential

Quantum batteries >1000 (theoretical) Ultra-fast charging
theoretical energy

Sodium–sulfur batteries 150–250 Low cost, abundan
materials, large-sca

© 2025 The Author(s). Published by the Royal Society of Chemistry
inuence their potential applications and overall performance.
Graphene batteries are gaining attention for their exceptional
charge/discharge efficiency and long cycle life. Graphene's high
electrical conductivity allows faster electron and ion transport,
reducing energy losses during charging and discharging. As
a result, graphene batteries exhibit excellent charge/discharge
efficiency, oen exceeding 90%. In terms of cycle life, they
outperform traditional batteries, enduring thousands of cycles
with minimal capacity loss.206–209 This makes them suitable for
high-demand applications like electric vehicles and portable
electronics. However, commercial scalability remains a chal-
lenge due to the cost of graphene production.

Silicon anode batteries, oen seen as an upgrade to tradi-
tional lithium-ion batteries, offer high energy density but
struggle with cycle life. Silicon can store more lithium ions than
conventional graphite anodes, which boosts the energy density,
but the material expands signicantly during charging.210–212

This leads to degradation of the anode over time, reducing the
cycle life to a few hundred cycles unless advanced engineering
techniques are used to mitigate this issue. Charge/discharge
efficiency is moderately high, but frequent degradation due to
expansion and contraction impacts long-term performance.
Fig. 17 shows the cycle life of silicon anode in lithium ion
batteries along with SEM images.

Quantum batteries are still in the conceptual and experi-
mental phase, but they promise near-perfect charge/discharge
efficiency. Leveraging quantum phenomena, these batteries
could charge incredibly fast and achieve efficiencies close to
100%. However, their cycle life is still theoretical, as quantum
batteries have not yet been fully realized for practical use. Early
models suggest that they could last much longer than current
batteries, but this remains to be proven with scalable
prototypes.

Sodium–sulfur batteries, primarily used for large-scale
energy storage, have a lower charge/discharge efficiency
compared to the other technologies mentioned, typically
ranging from 80–90%. Their cycle life, however, is excellent,
oen exceeding 2000 cycles. Sodium–sulfur batteries operate at
high temperatures, which contributes to faster degradation
compared to room-temperature technologies like graphene and
silicon anode batteries. Despite these limitations, their low cost
and abundance of sodium make them attractive for grid-scale
energy storage.
and typical applications of emerging battery technologies, highlighting
ilities

Disadvantages Applications

fast
t

Still in experimental phase Electric vehicles, grid
storage, electronics

sity, long Mechanical stress from
silicon expansion

Electric vehicles, portable
electronics

, high
density

Still theoretical, requires
development

Aerospace, EVs, renewable
energy systems

t
le storage

Lower energy density, high
operating temperature

Grid-scale energy storage,
renewable systems
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Fig. 17 (a) Cycling comparison and (b) coulombic efficiency of the silicon anode in 1 M LiPF6/EC : DMC : DEC : FEC (3 : 3 : 3 : 1) electrolytes with
different contents of DMAA additive and their respective SEM images reproduced from ref. 213 copyright © The Royal Society of Chemistry 2019.
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When comparing these batteries, graphene batteries stand
out with the best combination of long cycle life and high charge/
discharge efficiency, making them ideal for applications where
both durability and efficiency are crucial, such as electric vehi-
cles. Silicon anode batteries offer high energy density but are
limited by their shorter cycle life. Quantum batteries hold great
promise with their near-perfect efficiency, but they are still in
the early stages of development. Sodium–sulfur batteries, while
having lower efficiency, are cost-effective for large-scale energy
storage due to their long cycle life. For current practical use,
graphene batteries are the most promising option due to their
balance of high cycle life and charge/discharge efficiency.
However, quantum batteries could surpass all other technolo-
gies in the future if they become commercially viable.
5.3. Sustainability

Emerging battery technologies are rapidly evolving to address
sustainability concerns, including resource availability, envi-
ronmental impact, and scalability. Graphene batteries leverage
the extraordinary electrical conductivity and mechanical
strength of graphene, a single layer of carbon atoms arranged in
3294 | RSC Sustainability, 2025, 3, 3266–3306
a hexagonal lattice. Graphene's sustainability stems from its
abundance (as carbon is widely available) and its potential to
increase the energy density and charging speed of
batteries.214–217 Graphene-enhanced batteries could also reduce
reliance on rare and expensive metals like lithium and cobalt.
The manufacturing process, however, still faces challenges
related to scalability and energy consumption, which can
impact its environmental footprint. Despite these hurdles,
graphene batteries hold strong potential for sustainability,
especially if eco-friendly production methods are further
developed.

Silicon anode batteries are an advancement over traditional
lithium-ion batteries, replacing the graphite anode with silicon.
Silicon can store up to ten times more lithium than graphite,
increasing the energy density of batteries. Since silicon is the
second-most abundant element on Earth, this technology
promises a more sustainable solution to energy storage.
However, silicon anode batteries face challenges due to the
expansion and contraction of silicon during charging cycles,
leading to shorter battery life. Research is ongoing to stabilize
the anode and make the batteries more durable. While silicon
anode batteries offer signicant potential for sustainability,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Performance trade-offs for different applications

Application Recommended battery type Advantages Limitations

Electric vehicles (EVs) Lithium-ion (Li-ion), lithium
polymer (Li-Po), sodium-ion

High energy density, long cycle life,
fast charging

Expensive, resource-intensive
(Li, Co), degradation over time

Grid energy storage Lead–acid, ow batteries,
sodium-ion

Cost-effective, long cycle
life, scalable

Low energy density, slow charge/
discharge, large footprint

Consumer electronics Lithium-ion (Li-ion), lithium
polymer (Li-Po)

Compact, lightweight,
high energy density

Limited cycle life, potential safety
risks (thermal runaway)

Medical devices
(pacemakers, hearing aids)

Silver oxide, zinc-air Long shelf life, stable
voltage output

Low energy density, non-
rechargeable
(except advanced designs)

Aerospace and defense Specialty batteries (lithium-thionyl
chloride, silver–zinc)

High-temperature tolerance,
reliability

High cost, limited availability

Wearable devices & IoT Lithium-ion (Li-ion), solid-state,
graphene batteries

Lightweight, exible,
fast charging

High cost, emerging technology,
scalability challenges
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particularly in terms of material availability, the technological
challenges must be resolved to fully realize their potential.

Quantum batteries represent a futuristic approach to energy
storage, leveraging quantum mechanics to store and release
energy. The sustainability of quantum batteries is largely
theoretical at this stage, but they hold the potential for virtually
Table 10 Comparative analysis of battery types and performance trade-

Battery type
Energy density
(W h kg−1)

Cycle life
(cycles)

Alkaline batteries 100–120 Non-
rechargeable

Zinc–carbon batteries 60–80 Non-
rechargeable

Lithium batteries 150–200 Non-
rechargeable

Silver oxide batteries 150–200 100–300
Zinc–air batteries 300–400 300–500

Mercury batteries 100–150 Non-
rechargeable

Copper–zinc batteries 80–120 Non-
rechargeable

Lithium-ion (Li-ion) 150–200 1000–2000
Lithium polymer (Li-Po) 150–200 300–500
Nickel–cadmium (NiCd) 40–60 500–1000

Nickel-metal hydride (NiMH) 60–120 500–1000

Lead-acid batteries 30–50 300–500

Sealed lead-acid (SLA) 30–50 300–500

Flow batteries (redox) 15–40 1000–10,000

Sodium-ion batteries 100–140 1000–2000

Sodium–sulfur batteries 150–240 2500+
Graphene batteries 250–400 3000+

Silicon anode batteries 200–300 500–1000

Quantum batteries Theoretical
(high potential)

Unknown

© 2025 The Author(s). Published by the Royal Society of Chemistry
instantaneous charging and vastly improved energy efficiency.
Quantum batteries could revolutionize the energy storage sector
by eliminating inefficiencies inherent in current battery tech-
nologies. However, they are still in the early stages of develop-
ment, and their environmental and material impact remains
largely unknown. The promise of quantum batteries lies in their
offs for various applications

Cost
Environmental
impact Best applications

Low Moderate Portable electronics, ashlights

Very low Moderate Low-power devices, toys

High Moderate to high High-drain devices, cameras

High Moderate Watches, hearing aids
Low to
moderate

Moderate Hearing aids, cameras

High High (toxic) Specialized medical devices

Low Moderate Low-drain devices

High Moderate Electric vehicles, smartphones
High Moderate Drones, portable devices
Low High

(due to cadmium)
Power tools, emergency lighting

Moderate Lower than NiCd Hybrid vehicles,
consumer electronics

Very low High
(lead content)

Automotive, backup
power systems

Low High
(lead content)

UPS systems, emergency lighting

Moderate
to high

Low Grid energy storage

Low Low Grid storage, large-scale
applications

Low Low Grid-scale energy storage
High Low Future EVs, high-performance

devices
Moderate
to high

Moderate Electric vehicles,
consumer electronics

Unknown Unknown Future applications,
possibly high-efficiency
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Table 11 Pros and cons of different battery types

Battery type Pros Cons Common applications

Lithium-ion (Li-ion) High energy density Expensive raw materials Electric vehicles (EVs)
Long cycle life Risk of thermal runaway Portable electronics
Fast charging Limited recyclability Grid storage

Sodium-ion (Na-ion) Abundant and low-cost materials Lower energy density than Li-ion Grid storage
Safer, non-ammable Still under research (limited

commercialization)
Stationary energy storage

Lead–acid Low cost Heavy and bulky Automotive starter batteries
Reliable in standby applications Short cycle life Backup power (UPS)
Fully recyclable Slow charging Industrial power backup

Nickel–cadmium (NiCd) Robust, works well in extreme
temperatures

Toxicity concerns (cadmium is hazardous) Aviation and power tools

Long cycle life High self-discharge rate Medical devices
High charge/discharge efficiency Memory effect reduces capacity over time Emergency power backup

Nickel–metal hydride
(NiMH)

Higher capacity than NiCd More expensive than NiCd Hybrid vehicles

Environmentally safer (no cadmium) High self-discharge rate Consumer electronics
Solid-state Improved safety (non-ammable) Expensive manufacturing costs Next-gen EV batteries

Higher energy density than Li-ion Still in early-stage development Wearable tech
Sodium–sulfur (Na–S) High energy efficiency High operating temperature required Grid-scale energy storage

Long cycle life Complex thermal management needed Renewable energy storage
Graphene-based Ultra-fast charging (seconds) Expensive production process Next-gen portable devices

Extremely lightweight Limited commercial availability High-performance
electronics

Flow batteries Scalable for large-scale storage Bulky and low energy density Grid energy storage
Long lifespan High initial installation cost Industrial backup power
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ability to drastically reduce energy consumption during
charging and extend the lifespan of batteries, potentially
making them a highly sustainable option in the long run.

Sodium–Sulfur (Na–S) batteries are a molten–salt technology
that utilizes abundant materials like sodium and sulfur,
making them a highly sustainable alternative to lithium-ion
batteries. Na–S batteries have been used in grid-scale energy
storage due to their long cycle life and the low cost of materials.
However, they require high operating temperatures (around
300–350 °C) to maintain themolten state, which raises concerns
about energy consumption and safety. Despite these challenges,
sodium–sulfur batteries offer a promising solution for large-
scale, cost-effective energy storage, particularly in renewable
energy systems. Their sustainability is bolstered by the abun-
dance and recyclability of sodium and sulfur, although
improvements in operating conditions are necessary for
broader adoption.
Table 12 Comparative analysis of battery types

Battery
type

Energy density
(W h kg−1)

Cycle life
(number of cycles)

Shelf
life

Cost
($ per kW

Primary
batteries

80–300 Not rechargeable 5–15 years Low

Secondary
batteries

100–700 500–10 000 2–10 years Medium

Specialty
batteries

150–600 1000–20 000 5–20 years High

Emerging
batteries

200–800 2000–50 000 10+ years Medium t

3296 | RSC Sustainability, 2025, 3, 3266–3306
When comparing these emerging battery technologies, gra-
phene batteries stand out for their potential to increase energy
density and charging speed while reducing reliance on rare
metals. However, the production of graphene is still energy-
intensive and needs improvement. Silicon Anode batteries
offer a more immediate solution with a signicant boost in
energy density, but their sustainability is hindered by techno-
logical challenges like anode degradation. Quantum batteries,
though theoretical, could offer unparalleled efficiency, but their
real-world sustainability remains speculative until further
developed. Sodium–sulfur batteries, while highly sustainable in
terms of material availability, are hampered by the high oper-
ating temperatures required, which reduce their overall effi-
ciency. In terms of sustainability, sodium–sulfur batteries
appear to be the most promising for large-scale applications
due to their use of abundant materials and low cost, particularly
for stationary energy storage. However, graphene batteries may
per h) Environmental impact Key applications

Moderate (disposal concerns) Remote sensors, medical
devices, military applications

High (mining, recycling
challenges)

EVs, consumer electronics,
grid storage

Moderate (varies by chemistry) Aerospace, high-temperature
applications, submarines

o high Low (sustainable materials in
development)

Next-gen EVs, smart grids,
wearable tech

© 2025 The Author(s). Published by the Royal Society of Chemistry
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eventually surpass them if production methods improve,
offering higher energy density and faster charging for consumer
electronics and electric vehicles. Silicon anode batteries are an
attractive alternative for the medium term but require further
research to stabilize their performance. Quantum batteries hold
immense long-term potential but are still too early in their
development to be compared denitively. Ultimately, the “best”
battery depends on the specic application, with sodium–sulfur
batteries currently leading in sustainability for grid storage and
graphene batteries showing potential for broader uses in the
future. Table 9 provide a compressive trade offs in different
application.
6. Comparison and analysis

Table 10 below provides a comparative analysis of various
battery types, examining their performance across key proper-
ties such as energy density, cycle life, cost, and environmental
impact. This analysis highlights the trade-offs involved in
different applications, showing how certain battery types excel
in specic areas (e.g., energy density or cost-effectiveness), while
others are more suited for sustainable use or durability.
Understanding these performance trade-offs is essential for
selecting the most appropriate battery technology for a given
application, whether it's for portable electronics, electric vehi-
cles, or grid-scale energy storage. Table 11 on the other hand
provides a quick-reference comparison of the major battery
technologies currently dominating the energy storage market.
Highlighting key strengths and weaknesses that inuence
battery selection in various industries and help benchmark
emerging technologies (e.g., Sodium-Ion, Graphene, Solid-State,
Flow Batteries) against conventional ones.
7. Conclusion and future research
directions

The future of battery technology is poised for signicant
transformation, driven by the increasing demand for efficient,
sustainable, and high-performance energy storage solutions.
One potential trend is the continued advancement in solid-state
batteries, which promise enhanced safety, energy density, and
longer cycle life compared to conventional lithium-ion
batteries. Researchers are exploring various solid electrolytes,
such as suldes and oxides, to improve ionic conductivity and
reduce manufacturing costs. Nanotechnology also presents
exciting opportunities, enabling the development of batteries
with superior performance characteristics through materials
like graphene and silicon, which can enhance energy density
and charge rates. Additionally, the integration of recycling
technologies is becoming increasingly important as the
industry strives for sustainability. Future research should focus
on developing efficient recycling processes for lithium-ion and
other battery types, aiming to recover valuable materials while
minimizing environmental impact. This includes optimizing
the design of batteries for easier disassembly and material
recovery.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Articial intelligence (AI) and machine learning are set to
revolutionize battery development by enabling faster design,
testing, and optimization processes. These technologies can
analyze vast amounts of data to predict battery performance
under various conditions, accelerating the identication of new
materials and congurations that can improve energy density,
cycle life, and charging rates. Furthermore, the exploration of
alternative battery chemistries such as sodium-ion,
magnesium-ion, and lithium–sulfur batteries can potentially
alleviate resource scarcity and environmental concerns associ-
ated with lithium extraction. Research into these alternative
chemistries can lead to the discovery of low-cost and abundant
materials, ultimately contributing to the establishment of
a more sustainable battery ecosystem.

Lastly, there is a growing emphasis on smart battery systems
that incorporate advanced monitoring and management tech-
nologies. Future innovations may include batteries equipped
with sensors and communication systems that provide real-
time data on performance, health, and environmental condi-
tions. Such advancements could signicantly enhance the reli-
ability and efficiency of battery systems in applications ranging
from consumer electronics to electric vehicles and renewable
energy integration.

In summary, the evolution of battery technology is charac-
terized by a dynamic interplay of innovation and increasing
demand for energy solutions that meet the needs of modern
society. This review has highlighted the various types of
batteries, their properties, applications, and environmental
impacts, providing a comprehensive understanding of the
current landscape of battery technology. The insights gained
underscore the importance of selecting appropriate battery
technologies based on specic application requirements,
balancing factors such as energy density, cycle life, cost, and
sustainability. The implications for industries and technology
are profound, as advancements in battery technology can
signicantly enhance the efficiency of electric vehicles, renew-
able energy systems, and portable electronics. As industries
increasingly adopt electrication and renewable energy sources,
the demand for high-performance batteries will continue to
rise. This shi is likely to accelerate investments in research and
development, leading to breakthroughs that will drive down
costs and improve performance across various applications.

Moreover, the pursuit of sustainability in battery technology
is essential for mitigating environmental concerns associated
with battery production and disposal. By focusing on innovative
materials, recycling processes, and alternative chemistries,
researchers can contribute to creating a circular economy in the
battery industry. Final thoughts on the future of battery tech-
nology indicate a promising landscape where continued
research and innovation will pave the way for next-generation
energy storage solutions. The integration of advanced technol-
ogies such as AI, smart monitoring systems, and sustainable
materials will not only enhance battery performance but also
foster a more environmentally responsible approach to energy
storage. As the world transitions towards a more sustainable
energy future, the development of cutting-edge battery tech-
nologies will play a pivotal role in shaping the way we generate,
RSC Sustainability, 2025, 3, 3266–3306 | 3297
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store, and utilize energy. Table 12 provides a systematically
difference and analysis of battery types.
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