
Sustainable
Energy & Fuels

PERSPECTIVE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
de

se
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

3.
6.

20
25

 2
2:

15
:1

6.
 

 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
An overview of v
From left to right ðtop row

aDepartment of Chemical and Life Scienc

University, Richmond, VA, 23219, USA. E-m
bChemical Sciences Division, Oak Ridge Nat

USA

nblox, Fremont, CA, 94538, USA

Cite this: Sustainable Energy Fuels,
2025, 9, 724

Received 30th August 2024
Accepted 7th December 2024

DOI: 10.1039/d4se01206b

rsc.li/sustainable-energy

724 | Sustainable Energy Fuels, 202
arious critical aspects of low-
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Cathodes of lithium-ion batteries (LIBs) significantly impact the environmental footprint, cost, and energy

performance of the battery-pack. Hence, sustainable production of Li-ion battery cathodes is critically

required for ensuring cost-effectiveness, environmental benignity, consumer friendliness, and social

justice. Battery chemistry largely determines individual cell performance as well as the battery pack cost

and life cycle greenhouse gas emission. Continuous manufacturing platforms improve production

efficiency in terms of product yield, quality and cost. Spent-battery recycling ensures the circular

economy of critical elements that are required for cathode production. Innovations in fast-charging LIBs

are particularly promising for sustainable e-mobility with a reduced carbon footprint. This article provides

an overview of these research directions, emphasizing strategies for low-cobalt cathode development,

recycling processes, continuous production and improvement in fast-charging capability.
1. Introduction

The rapid expansion of the global electric vehicle (EV) market
demands increased production of high-performance Li-ion
followed by bottom rowÞ
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batteries (LIBs). In 2022 alone, there was a 55% rise in new EV
registration, which was also coupled with an increase in the
global automotive lithium-ion battery demand by 65%.1 The
global LIB market is predicted to reach up to $91.9 billion by
2026.2 Among the various components of a complete LIB pack,
the cathode active material (CAM) is responsible for about 25%
of the total mass and cost.3 Hence, attaining sustainability in
LIB cathode production is the very rst step towards sustainable
materials, and technologies.

This journal is © The Royal Society of Chemistry 2025
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e-mobility, which is supported by three interlinked
fundamental pillars: economic, environmental and social
viabilities. Signicant reduction in the cost of CAMs without
affecting their charge storage performance can make LIB
technology affordable and consumer friendly. Owing to their
benet of possessing multiple oxidation states, various
transition metals, such as nickel, cobalt, manganese, and
iron, are needed to produce stable and high performance
cathodes. Among them, cobalt has been the most expensive
but important element. Hence, scientic innovations integrated
with serious industrial efforts are required to produce
EV-relevant low-cobalt or cobalt-free CAMs. Moreover,
production of cobalt-free cathodes has socio-political
signicance. Presently, Democratic Republic of Congo (DRC)
is the single source of about 75% of cobalt used for cathode
manufacturing. Severe violation of human rights, brutal and
militia-controlled mining practices, involvement of child labor
and human trafficking for cobalt mining in DRC have placed
the socio-political viability of the LIB industry in serious
doubt.4 The other reliable domestic source for cobalt is
recycling of spent batteries. Hence, the recycling aspects of
spent batteries are discussed later. In addition, serious efforts
are required to make LIB cathodes free of cobalt. Technical
issues arising upon elimination of cobalt include cation
mixing, irreversible phase change, and poor cycling
performance, which should be judiciously managed.5

Although LIB technology is considered greener than fossil
fuel-based technologies, the extraction and rening of raw
materials for battery cathode production can cause several
environmental impacts, including degradation of land and
biodiversity as well as contamination of water, soil, and air with
hazardous wastes. These issues can be reduced signicantly by
using less hazardous chemicals, water-based green synthesis
processes, minimizing chemical wastage during the production
of electrode materials, and development of advanced direct
recycling processes. Selection of cost-effective and eco-friendly
synthesis procedures together with efficient reactor design is
one of the important aspects of battery cathode production,
which needs special attention. In this context, it is worth
mentioning that continuous manufacturing techniques have
proven to be advantageous compared to the batch processes for
reducing waste generation, energy use and chemical consump-
tion when successfully implemented in various other industries
such as pharmaceuticals, food-processing, papers, pastes, and
oil rening.6 Hence, development of suitable continuous
manufacturing platforms for electrode active materials has great
signicance. On the other hand, it is predicted that a huge
amount of spent batteries will be generated in the near future, up
to the rate of 2 million metric tons per year.7 Therefore, devel-
opment of efficient battery recycling techniques could effectively
mitigate the supply-chain constraints of individual elements,
including cobalt recovery, required in the manufacturing of
a new battery pack and largely reduce the battery production cost
as well as the mining-related environmental impacts. For
example, the industrial market size of LIB recycling in China
reached $2.18 billon with a year-on-year growth rate of 183% in
the year 2022 8 and the demand for global lithium-ion battery will
This journal is © The Royal Society of Chemistry 2025
grow approximately 33% annually, reaching around 4.7 TW h by
2030.9 Thus, development of cost-effective and advanced recy-
cling technologies will facilitate the sustainability of the LIB
industry. Another crucial concern of the existing EV-batteries is
their slower charging rate. Hence, there is a tremendous scope to
upgrade LIB technology to the fast-charging standard to reduce
the mileage anxiety and demand for high energy electrodes,
leading towards sustainable e-mobility by supporting
consumers' everyday life. Currently, a third-generation charging
station of 250 kW is used by Tesla and it can charge for traveling
about 250 km distance in 15 min.10 However, a signicant
improvement in fast-charging technology is needed.

This perspective article is focused on the current critical
aspects of LIB technology: low cobalt or cobalt-free cathode
active material production, cathode recycling, and fast-charging
LIBs. Comparative studies on commercialized cathode mate-
rials, batch versus continuous manufacturing processes, and
various recycling technologies for recovering all critical
elements such as lithium, nickel, and cobalt (e.g., hydrometal-
lurgical, pyrometallurgical and direct recycling) are discussed
here. The prospects of fast-charging LIB technology are also
elaborated in this article.
2. Journey towards low-cobalt/
cobalt-free cathodes

Li-ion intercalation behavior was rst observed in a cobalt-free
layered material, TiS2, by Prof. M. S. Whittingham in the year
1976.11 However, a low discharge voltage of <2.5 V and short-
circuiting caused by the dendritic growth of lithium at the Li-
metal anode electrolyte interface impeded the successful
demonstration of the sulphide cathode based LIB. In order to
increase the cell voltage by lowering the cathode energy asmuch
as possible compared to the Li anode, transition metal oxides
were explored as LIB cathodes.12 Finally, in 1980 Prof. J. B.
Goodenough and his team successfully demonstrated the use of
LiCoO2 (LCO) as the LIB cathode with a higher operating voltage
of 3.9 V and a high theoretical capacity of 274 mA h g−1.13 This
was the rst commercialized CAM (in 1991) containing
a signicant amount of cobalt. The primary limitations of the
LiCoO2-based LIB cathodes were a low practical charge capacity
of ∼149 mA h g−1 and severe interlayer repulsion in the high
voltage range causing structural damage. Although the other
congeners of lithiated mono-metallic oxides, such as LiNiO2

and LiMnO2, with a high theoretical capacity within the range of
275–285 mA h g−1 are investigated as layered cathode active
materials during the years 1990–2000, they also suffer from
a number of intrinsic drawbacks, which limits their commercial
use. The LiNiO2 faced the issue of Ni2+/Li+ mixing during the
synthesis and low thermal stability in the delithiated state,14,15

whereas the LiMnO2 structure shows poor stability upon
consecutive Li+ intercalation/deintercalation and transforms to
a spinel and nally to a cubic structure.16,17 Moreover, the
disproportionation of Mn3+ to Mn2+ and Mn4+ causes severe
cation mixing and cathode dissolution related issues.18 In order
to mitigate the issues of mono-metallic oxides, lithiated bi-
Sustainable Energy Fuels, 2025, 9, 724–738 | 725
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Fig. 1 Various lithium-ion battery (LIB) cathodes.
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metallic oxides, such as Li(Ni,Co)O2, Li(Ni,Mn)O2 and
Li(Co,Mn)O2, were synthesized.17 Among the three, the
Li(Ni,Co)O2 showed improved electrochemical performance in
terms of specic capacity (∼180 mA h g−1), rate capability and
stability of the layered structure in the charged state. Actually, in
this case the presence of Co3+ effectively prevents the Ni3+ to
Ni2+ transition followed by cation mixing.18,19 In order to ensure
a tradeoff between the chemical stability, structural stability
and the energy storage performance of the layered cathode
material, LiNi1/3Mn1/3Co1/3O2 (NCM111) was rst synthesized in
2001.20 The NCM111 based LIB showed promising electro-
chemical performance in terms of a practical achievable
capacity of∼150 mA h g−1 (within 2.5–4.2 V vs. Li+/Li), good rate
capability and stable cycling performance, and hence was used
in several commercial products.21,22 However, the high cost and
socio-political turmoil related to the extensive cobalt-mining
and the requirement for high energy density cathode mate-
rials for EV technology stimulate the search for alternate
materials. Current research on low-cobalt/cobalt-free cathodes
is directed towards developing (i) Li-rich cathodes, (ii) Ni-rich
cathodes, and (iii) Co-free alternatives (as shown in Fig. 1).
2.1 Li-rich cathodes

Li-rich layered cathodes are considered as excess Li+-substituted
materials in the transition metal layer with the general formula
726 | Sustainable Energy Fuels, 2025, 9, 724–738
of Li(LixNi1−x−y−zMnyCoz)O2 and an O3-type monoclinic crystal
structure.23 Among the various Li-rich cathodes, Li2MnO3 has
been explored the most.24,25 It is worth mentioning that
although the Li-rich layered cathode possesses a very high
theoretical capacity of 460 mA h g−1, the structural degradation
caused by the parasitic side reactions with the electrolyte limits
its practical capacity to ∼250 mA h g−1. Primarily, the stepwise
formation of Li+ vacancies in octahedral sites and migration of
Mn to the Li layer at >4.5 V cause irreversible phase transition
from a layered to spinel structure.26 Besides this, chemical
changes, including O2− migration, and overoxidation of tran-
sition metals limited the commercialization of the Li-rich
layered cathodes.18
2.2 Ni-rich cathodes

Ni-rich layered oxide cathodes, with the general formula of
Li(Ni1−x−yMnxCoy)O2, where (0 < x + y # 0.5), are attractive due
to their high energy density and low cost. The theoretical
capacity of Ni-rich NCMs is 270 mA h g−1. Various Ni-rich
layered cathodes are already explored, including NCM442,
NCM532, NCM622 and NCM811.27 Except NCM811, most of
them are almost commercially utilized in the EV industry.28 On
the other hand aluminium containing Ni-rich layered oxide Li
[Ni0.8Co0.15Al0.05]O2 (NCA) has also been utilized in EV produc-
tion by Tesla Motors.28 However, LIBs based on the Ni-rich
This journal is © The Royal Society of Chemistry 2025
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NCMs, specically NCM-811, faced some major challenges,
including severe cation mixing, microcrack formation, and
phase change related issues. A detailed discussion on those
issues and probable remedies are already elaborated in our
previously published review article.5

2.3 Cobalt-free alternatives

Spinels and olivine type cathodes can be categorized as Co-free
alternative CAM for LIB, as described below.

Spinels: the spinel, precisely LiMn2O4 (LMO), was rst
utilized as the LIB cathode in 1986.29 This material is advanta-
geous due to its low cost, environmental benignity, and high
natural abundance. However, Jahn–Teller distortion of Mn3+,
Mn2+ dissolution, O2− migration and poor stability are few of
the bottlenecks of this kind of material. Incorporation of Ni into
the spinel structure (LNMO) increases the capacity and working
voltage up to ∼4.7 V. Unfortunately, parasitic side reactions
with the electrolyte in the higher voltage region cause severe
performance decay.30 Although surface coating and doping in
the spinel crystal lattice signicantly mitigate those issues, large
scale production of the modied spinel structure is still a chal-
lenging task.

Olivine: olivine-type compounds with a general formula of
LiMPO4, where M = Ni, Co, Fe, or Mn, are proven to be
a promising class of cathode materials for commercial LIB
production. Among all, LiFePO4 (LFP) is already utilized in EV
technology due to its several advantages, such as low cost of raw
materials, high thermal stability and safety, long cycling
stability and rate capability.31 It was rst discovered by Prof. J. B.
Goodenough's group in 1997.32 It offers a moderate capacity of
170 mA h g−1 with an operating voltage of 3.2–3.3 V. The
primary reason behind the high structural stability of the
LiFePO4 cathode during cycling lies in the fact that the ortho-
rhombic structure of LiFePO4 remains unchanged upon
complete delithiation (FePO4 formation) in the higher voltage
region, leading to a small volume change of only∼7%.33 Among
others, the LiFePO4 is also a good choice as a fast-charging
cathode. On the other hand, poor electronic conductivity,
a low Li+ diffusion co-efficient and a low volumetric energy
density are the primary drawbacks of this material.34 In spite of
all these issues, LiFePO4 is a good option as a cheap and safe
cobalt-free cathode material for EV applications.

2.4 Challenges of low-cobalt cathodes and effective remedies

2.4.1 Cation mixing. Possession of Li+ sites by the transi-
tion metals, precisely Ni2+/3+ in the layered structure of Ni-rich
NCM cathode materials, is one of the major challenges, which
severely deteriorates the cycling and rate performance of the
battery. The primary reasons for cation mixing are similarity in
size, and superexchange interaction, which are already dis-
cussed in our previously published review article.5 Presence of
a sufficient amount of cobalt (Co3+) plays an important role in
mitigating the issue. In case of low-cobalt containing layered
materials, cation mixing can take place both at the time of
material synthesis and during the electrochemical charge–
discharge process. The high temperature (700–850 °C) and long
This journal is © The Royal Society of Chemistry 2025
(10–12 h) lithiation process during the synthesis of CAM cause
thermal diffusion of the transition metals, leading to increasing
occupancy of the Ni2+/3+ at the Li+-sites. On the other hand,
during the charging process the Li+ ions are completely de-
intercalated from the layered structure and the Ni2+/3+ ions get
the chance to occupy the Li+ sites and resist Li+ re-intercalation
during the discharge process. The thermal diffusion of cations
during lithiation can be partially prevented by optimizing the
calcination temperature and time. The mixing-related issue can
be signicantly mitigated by doping of suitable cations, such as
non-transition metal cations (such as Na+, K+, Mg2+, Al3+, Si4+,
etc.) or transition metal cations (such as Nb5+, V5+, Fe3+, W6+,
Mo6+, Zr4+, Ti4+, etc.), in the Ni-rich NCM-moiety.5

2.4.2 Side reactions and irreversible phase change. The
thermal or potential-induced migration of Ni2+/3+ may cause the
irreversible phase change of the Ni-rich layered oxide to a spinel
and rock salt structure. This phase transition is primarily
promoted by the escape of lattice oxygen in a highly delithiated
state. The chance of electrolyte oxidation also increases at this
point. On the other hand, a NiO-based rock salt phase may also
form during the incomplete oxidation of Ni2+ during the lith-
iation process of precursors. This phenomenon severely affects
Li+ diffusion and deteriorates the charge storage performance.
Ni-rich cathodes also suffer from various parasitic side reac-
tions during high temperature applications. The Ni-rich mate-
rials become more reactive towards the LiPF6-based electrolyte
and Al-current collector, which may nally lead to thermal
runaway of the cell. As previously mentioned, the cation
migration and related issues can be effectively mitigated by
cation doping. The issue of incomplete oxidation of Ni2+ during
lithiation can be avoided by maintaining a continuous oxygen
ow during synthesis. Surface coating and synthesis of a core–
shell or concentration gradient structure with a Ni-rich core and
Mn-rich shell are efficient strategies to stop the side reactions
between the electrode and electrolyte.5

2.4.3 Formation of microcracks. Microcrack formation is
one of the primary issues for the Ni-rich NCM cathodes, which
adversely affects the cycling performance of the battery. The key
reason behind this is the severe volume change of the NCM
crystal moiety during the consecutive charge–discharge
processes due to Li+ deintercalation/intercalation. Besides this,
H2 to H3 phase transition, lattice oxygen escape, etc. also
facilitate the microcrack formation. Once a microcrack forms
on the surface of the primary particles, it starts to propagate
towards the core. The issue is more aggravated due to the high
reactivity of the surface Ni4+ with the electrolyte in the high
voltage charged state. The propagation of microcracks can be
effectively mitigated by coating the surface with various func-
tional materials, including metal oxides, conducting polymers,
Li-containing compounds, phosphides and uorides, which
simultaneously protects the electrode from direct contact with
the electrolyte and facilitates Li+ diffusion by offering the Li-
transport path. Core–shell and concentration gradient struc-
tures are also effective. Synthesis of single crystal NCMs can
effectively reduce the number of grain boundaries in each of the
secondary particles and prevent the electrolyte from penetrating
inside the core, thus improving the structural robustness.5
Sustainable Energy Fuels, 2025, 9, 724–738 | 727
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Fig. 2 Comparison between the commercialized (a) NCM-based cathodes and (b) other cathodes used for EV production. The qualitative radar
plots are made based on ref. 27 and 28. The list of manufacturers and EV models is included in the figure based on ref. 28.
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2.5 Comparison of commercialized cathodes used in the EV
industry

Cathodes with high energy density, low cost, and high thermal
as well as cycling stability are critically needed for a sustainable
EV industry. Although the NCM111 performs well in many
aspects, the high cobalt content and low energy density limit its
widespread application as an EV battery. Hence, various Ni-rich
cathodes are developed. Besides the NCM based cathodes, LIBs
based on LCO, LMO, NCA and LFP cathodes are also utilized by
various EV manufacturers. Qualitative comparison between
NCM (Fig. 2a) and other commercialized cathode materials
(Fig. 2b) is made based on six critical parameters: cost, energy
density, cycling stability, safety, specic capacity and rate
capability. Names of manufactures and corresponding EV
models are also shown with their preferred cathode materials.
3. Continuous production of
cathodes

Continuous production of LIB cathodes with high purity and
particle uniformity can help improve the economic and envi-
ronmental sustainability of the battery industry. Various
synthesis methods, including co-precipitation, solid-state
synthesis, spray pyrolysis, sol–gel method, hydrothermal
method, etc., are developed to produce high quality cathode
precursor materials.5 However, except co-precipitation and
solid-state process, most of them are limited to lab-scale
728 | Sustainable Energy Fuels, 2025, 9, 724–738
production due to their complexity, expensive feedstock and
poor reproducibility. Solid-state synthesis also has some
intrinsic drawbacks, such as low homogeneity, impurity and
high energy consumption. Hence, among all the synthesis
methods, the co-precipitation method is used for the industrial
scale production of cathode precursors due to its virtues of cost-
effectiveness, controllable size, morphology and composition
and scalability. The stirred tank reactor (STR) based batch
process is an early manufacturing platform for the co-
precipitation synthesis of NCM based cathode precursors.35

Although the process is easy to handle and good for low-scale
production, the batch-to-batch variation of the products limits
the reproducibility. Besides this, agglomeration and breakage
of particles, inhomogeneity of reaction conditions and forma-
tion of dead zones at different parts of the reaction vessels are
the bottlenecks for the tank-based reactors.5 Hence, serious
efforts to develop a continuous manufacturing platform for
battery cathode precursors are highly needed. Fig. 3 shows a few
of the continuous manufacturing platforms developed so far.
3.1 Continuous stirred-tank reactor (CSTR)

The CSTR is an extension of batch reactors with the facilities for
continuous input of reactants and output of products in
a controlled fashion. This is a commercially used process for
bulk scale production of various LIB cathode precursors.35–37

Together with factors like pH, NH4OH and metal-ion concen-
tration, and temperature, which are common for tank-based
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Various reactors used for synthesizing LIB-cathode precursors using co-precipitation methods [Taylor vortex: reproduced from ref. 40
with permission from Elsevier, copyright 2020; micro-fluidic: reproduced from ref. 42 with permission from Elsevier, copyright 2023].
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reactors, some additional factors like feeding rate of reactants,
removal rate of products, stirring rate, and shape of the
impeller, and baffle also play a crucial role in determining the
product quality. The co-precipitation synthesis of NCM-
precursors in CSTR can be divided into nucleation, dissolu-
tion, growth and maturation.35 Ideally, to achieve a steady state
in the CSTR, the reactant concentrations and temperature
should be uniform throughout the reactor. Although the
temperature and concentration variations are less for the CSTR
compared to the batch reactor, it is not completely free from all
of those limitations, causing some inhomogeneity in particle
size and morphology.
3.2 Taylor vortex reactor

This is a continuous ow reactor based on the working principal
of the Taylor–Couette mechanism.38,39 Taylor vortex ow is
generated in the small gap between the two concentric cylinders
when the inner cylinder is rotated and the outer cylinder
remains stationary. Tremendous eddy current generated by the
counter-rotating toroidal vortices ensures high mass and heat
transfer, intense micro-mixing zones, homogeneity in particle
size, and fast reaction kinetics.38 Within the last few years, the
This journal is © The Royal Society of Chemistry 2025
Taylor vortex reactor is successfully utilized as a continuous
manufacturing platform for the co-precipitation synthesis of Ni-
rich NCM-based LIB cathode precursors.40,41 In this case, the
reactor is rst lled with water and then all the reagents,
including metal salt solution, NH4OH and NaOH solutions, are
injected into the reactor through the front port. The hydrody-
namic condition of the reactor can be varied by two ways: (a)
controlling the inner-cylinder rotation speed, and (b) the ow
rates of the injected solutions. The co-precipitation product is
continuously drained out from the outlet port in a round
bottom ask (lled with DI water) to cease the reaction. The
vigorousness of the toroidal vortices and the dimensions of the
cylinders are the crucial parameters that determine the uid
motion as well as the quality of the co-precipitation product.
3.3 Micro-uidic reactor

This reactor is composed of two syringe pumps used to feed
metal-salt solution (A) and precipitating agent solution (B),
which pump solutions into the valve simultaneously through
inlets A and B, respectively. First, solution B forms an annular
ow along the mixing zone around the valve cone. Then solu-
tion A is pumped through inlet A, which mixes with solution B
Sustainable Energy Fuels, 2025, 9, 724–738 | 729

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se01206b


Sustainable Energy & Fuels Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
de

se
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

3.
6.

20
25

 2
2:

15
:1

6.
 

 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
through the radially distributed microchannels at the mixing
zone to form the co-precipitation product, which is collected
continuously through the outlet. An inert atmosphere is main-
tained by continuous N2 ow and a constant temperature is
maintained inside the reactor. The involvement of the micro-
channel platform enhances the mixing efficiency, facilitates the
mass and heat transfer kinetics, and ensures the formation of
cathode precursors with controlled size. The dimensions of the
uid lamellae on the mixing plate, such as height, width,
number and the injection angle, play important roles in deter-
mining the product quality. This reactor has been tested for
producing both poly- and single-crystalline Ni-rich NCMs.42,43
3.4 Slug-ow reactor

The slug-ow based continuous manufacturing platform has
been explored to produce pharmaceutical organic and inor-
ganic materials.44,45 Our group has implemented the slug-ow
based continuous ow reactor in cathode material
manufacturing.46 The working principal of the reactor is based
on microliter sized slug formation by the immiscible liquids
and gas alternatively inside the tube, where each of the slugs
work as a micro-reactor with very good internal mixing. It is
observed that to synthesize the NCM-based inorganic cathode
precursors, the three-phase slug-ow (composed of mineral oil,
aqueous solutions of reactants and N2-gas) outperforms the
two-phase slug ow (composed of aqueous solutions of reac-
tants and N2-gas) in terms of mixing efficiency and lower clog-
ging. Here, the oil phase protects the aqueous slugs from direct
contact with the inner tube wall. Proper injection ensures the
complete mixing of metal salts with chelating and precipitating
agents inside the aqueous slugs. The advantages of this
continuous manufacturing platform include (a) the possibility
of the sequential addition of reagents, (b) controllable chemical
and ow parameters during the course of reaction, (c) uniform
reaction condition, (d) better mass and heat transfer, and (e)
tunable production rate based on the feed rates. We observed
that the slug-ow derived NCM precursors show a narrower
particle size distribution with higher tapped density compared
to batch-derived products.47 Our group successfully produced
Ni-rich NCM precursors of various compositions using the
continuous slug-ow reactor.48–50

The above mentioned continuous reactors function based on
the co-precipitation chemistry and are to date demonstrated
only for the synthesis of various compositions of NCM-
precursors. In all the cases the nal lithiated oxide materials
are synthesized through high temperature calcination of the
precursor in the presence of lithium salt. These reactors are
obviously applicable for the production of other types of low
cobalt/cobalt-free cathode materials/precursors that involves
co-precipitation chemistry. However, solvothermal/
hydrothermal, solid-state and sol–gel methods are generally
used for the synthesis of LiMn2O4-based spinel cathode mate-
rials. On the other hand, the industrial production of LFP can
be classied into two major categories, such as solid phase and
liquid phase syntheses. High temperature calcination, carbo-
thermal reduction, microwave synthesis and mechanical
730 | Sustainable Energy Fuels, 2025, 9, 724–738
alloying are widely explored as the solid-phase synthesis of LFP.
The liquid phase synthesis involves the co-precipitation, sol-
vothermal and sol–gel methods.
4. Cathode recycling: to achieve
economic/environmental sustainability
and recovery of cobalt

The increasing growth of the EV industry requires cost-effective
production of low cobalt/Ni-rich LIB cathode materials, which
requires an increasing supply of the various cathode compo-
nents, such as lithium and transition metals. This huge
demand can be partially fullled by rational recovery of the
spent battery cathodes and judicious recycling of those for new
cell production. The cobalt recovered from the spent cells can
be utilized to produce low-cobalt cathode materials and this will
signicantly decrease the cobalt mining related issues and
expenses. Recycling of spent batteries is considered as the
domestic source of cobalt. Recently, Apple Inc. set a goal to use
100% recycled cobalt in all of its batteries by 2025.51 The US
government also announced investments in the eld of cathode
recycling through the Department of Energy. Hence, develop-
ment of green and efficient cathode recycling technology is
highly recommended. There are three types of major cathode
recycling techniques: (i) pyrometallurgical, (ii) hydrometallur-
gical, and (iii) direct recycling.
4.1 Pyrometallurgical process

High heating is the main driver in the pyrometallurgical process
where a temperature of ∼1500 °C is used to recover the critical
metals from the spent batteries.52 The spent LIBs are treated at
elevated temperature in a smelting furnace in which organic
solvents, carbon additives and polymers are all burned to
supply energy to the recycling process. The process involves
three major steps: (a) roasting in air to produce metal oxides
and gases, (b) smelting to reduce the metal oxides to metals
with the removal of oxygen as CO2, and (c) rening to separate
metals based on their chemical and metallurgical properties.
The metal elements are recycled in the form of metals or alloys.
With the help of carbon reductant, metal species like Ni, Co,
and Cu are reduced to alloys, while Li, Al, Si, Ca, and Fe stay in
the slag.53,54 This method in combination with the hydromet-
allurgical treatment is adopted by Umicore, Sony, Onto,
Accurec.55 Disadvantages of the process include the inability to
recover Li effectively, failure to recycle the electrolyte, emis-
sions, high energy consumption, and limited applicability,
which make this process difficult to deploy widely.
4.2 Hydrometallurgical process

The pretreated cathode material is leached as constituent
metal-ions in solution and reused to synthesize the cathode
precursors. This is an efficient recycling process and widely
utilized in the industry due its good recovery efficiency, low
complexity, high technology readiness, and moderate energy
consumption.56,57 Leaching is the key step in the
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Classification and (b) comparison of the three major cathode recycling strategies, including pyrometallurgical, hydrometallurgical and
direct recycling. The qualitative plot is constructed based on ref. 62.
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hydrometallurgical regeneration method and ineffective leach-
ing may cause poor recovery. The leaching can further be
categorized based on the leaching agent used: (a) organic acid,
(b) inorganic acid, (c) ammonia-based, and (d) bioleaching. It is
worth mentioning that a comprehensive knowledge about the
leaching process is helpful in selecting the appropriate leaching
agent for a given cathode.58 It is important to understand the
dependency of leaching rate and leaching efficiency on the
reaction conditions and material composition for effective
recycling of cathode materials. The leached metals are recov-
ered from the solution either by precipitation or by the solvent
extraction process.59 However, use of very strong acid and
alkaline solution leads to large volumes of hazardous wastes
with potential environmental impacts.
4.3 Direct recycling

Among the available options, direct recycling is the most eco-
friendly and cost-effective process with a high future pros-
pect.60 Here the battery active materials are separated through
physical means such as gravity separation and otation without
any chemical treatment. Next, a stoichiometric amount of
lithium is added to the material and subjected to thermal or
solvothermal treatment for regeneration of the cathode mate-
rial in original composition. Limitations such as contamina-
tion, Li-deciency, and transition metal dissolution are few of
the technological concerns of the direct recycling process.61
This journal is © The Royal Society of Chemistry 2025
However, the major advantage of this method is that the spent
cathode regains its initial electrochemical performance without
being deconstructed into elemental components. The following
methods have been tested for direct recycling:

� Solid-state: the spent cathode material is mixed with excess
Li salt and subjected to a high temperature sintering process.

� Eutectic mixture: the spent cathode material is mixed with
an eutectic solution containing a certain ratio of mixed Li salts,
which allows sintering at a lower temperature, even at <120 °C.

� Electrochemical: the spent cathode material is relithiated
electrochemically using Li2SO4 electrolyte and Ag/AgCl refer-
ence electrode.

� Solvothermal: the spent cathode material is treated with
specic Li-containing liquid reagents solvothermally followed
by sintering.

Fig. 4a shows various recycling methods for LIB-cathode
materials. Before proceeding to the main recycling step, the
spent LIBs are discharged, and dismantled and the black mass
of the cathode material is delaminated from the Al-foil current
collector. All of the three recycling processes have their intrinsic
pros and cons. The radar plot shown in Fig. 4b compares the
three recycling processes in terms of six parameters, including
cost, energy consumption, waste generation, technology readi-
ness, complexity and cathode material recovery efficiency.62

Although the hydrometallurgical process is the most widely
used recycling technology in commercial scale, the direct
Sustainable Energy Fuels, 2025, 9, 724–738 | 731
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recycling is superior in terms of low energy consumption, low
waste generation and complete cathode recovery. An advanced
and cost-effective technology is required to be developed to
utilize the direct recycling on a bulk scale.
5. Fast-charging LIBs: a rational mean
to achieve sustainable e-mobility

The main goals for fast-charging LIBs for EVs proposed by
United States Advanced Battery Consortium (USABC) are fast
charge rate of 80% useable energy in 15 min (4C rate) with
a power target of 275 W h kg−1; 550 W h l−1 at the cell level and
a battery life of 10 years and a cost of $75 per kW h−1 in
a temperature range of −40 to +66 °C.63 The current battery
architecture of graphite anodes and standard cathodes
including low-cobalt or cobalt-free materials described earlier
in baseline liquid electrolytes cannot achieve fast charging
without compromising the electrochemical performance and
safety. Hence, new modications and changes are needed to
achieve the fast charging targets. More understanding of the
degradation mechanism of the electrode materials and various
anode/electrolyte and cathode/electrolyte interfaces at the cell
level is necessary.
5.1 Strategies to improve the performance of fast-charging
LIBs

5.1.1 Cathode modication. Although the traditional low-
cobalt/cobalt free cathodes, such as NCM532, NCM811, LMO,
LFP, etc., can be utilized for fast-charging applications, most of
them suffer from structural pulverization or poor electronic
conductivity.64 Nano-structuring with suitable surface modi-
cation of cathode materials with carbon and metal oxides can
improve the stability of cathode electrolyte interphases (CEI) by
facilitating the charge transfer at the particle surface needed for
fast charging.64 Studying the correlation of ion solvation with
CEI properties and design of electrolytes with wider electro-
chemical voltage windows are needed. Advanced tooling is
needed to visualize the lattice structure and chemical valency,
and study the rapid transport mechanism during charge–
discharge cycles.65 Recently, photo-assisted charging leads to
fast charging.64 For example, direct exposure of LMO cathodes
during cycling leads to the improvement of charge rates by
a factor of two or more.65 This is mainly due to the presence of
enhanced charge states of Mn4+ and electrons by microseconds
during charging. Inorganic lithium compounds with high
lithium-ion conductivity have been successfully utilized in fast-
charging LIBs as electrolytes, active lters, coating materials
and interface governing layers.66

5.1.2 Anodes and electrolytes for fast-charging LIBs. The
challenges with graphite anodes are electrode polarization,
mechanical cracking of electrodes, and side reaction with the
electrolyte by lithium plating at the interface during fast
charging. These are mainly due to poor kinetics and low oper-
ating potential close to that of Li/Li+.67 The electrical conduc-
tivity and lithium diffusion coefficients of modied graphite
and carbon composite anodes, intercalation transition metal
732 | Sustainable Energy Fuels, 2025, 9, 724–738
oxides (Ti-based and Nb-based oxides), conversion transition
metal oxides (a-Fe2O3 and Co3O4), transition metal dichalco-
genides (TMDs), silicon and germanium alloyed anodes, and
phosphorus-based anodes are plotted in Fig. 5.67 Even though
signicant progress has been made with fast-charging anodes,
there are still challenges in improving the fast kinetics and ionic
and electronic conductivities through electrode architecture
design, and electrolyte additives and coatings. The critical value
of ionic and electronic conductivity identied for fast-charging
LIBs is about 5 × 10−5 S cm−1.68 Anything less than that is not
recommended for fast charging. Several materials such as
carbon materials (modied graphite, graphene, carbon nano-
tubes and other carbon-types),69 titanium oxides (TiO2 (ref. 70)
and TiNb2O7 (ref. 71)), and rock salt anodes72 have been iden-
tied as potential fast-charging anodes.

Recently, fast-charging LIBs have been reported by
combining asymmetric temperature modulation with thermally
stable dual-salt electrolytes and achieved an energy density of
265 W h kg−1 to 75% charge in 12 min for 900 cycles.73 The
thermal management strategy has been reported to cool
batteries during charging and preheat batteries in cold
weather.74 A novel uorinated ester-based electrolyte with
improved cycling stability at wider temperatures (−50 to −60 °
C) and with 5C charge rates with graphite and NMC811 battery
have been reported.75 Recently, improved reductive stability of
superconcentrated acetonitrile solution (>4 M) has been
demonstrated to produce reversible lithium intercalation into
a graphite electrode.76 Various lithium compounds such as
Li6.4La3Zr1.4Ta0.6O12, Li1.5Al0.5Ge1.5(PO4)3, and Li1.3Al0.3Ti1.7(-
PO4)3 are widely utilized as electrolytes in fast-charging LIBs.66

5.1.3 SEI modication and improvement of Li-ion diffu-
sion. The electrolyte plays a major role in transporting lithium
ions faster through the concentration graded electrolytes during
charging. Electrolyte additives can improve the lithium-ion
conductivity. For example, addition of 20 wt% methyl acetate
can increase the ionic conductivity by 50% compared to the
baseline electrolytes for NCM532 cathodes/graphite cells, which
can improve the charge rate to 2C.77 In general, short chain esters
can provide electrolyte stability with reduced solid-electrolyte
interphase (SEI) formation. In addition, reducing the Li+- diffu-
sion distances in the active materials through novel electrode
designs, reducing lithium plating through novel charging rates,
and incorporating sensors and thermal management at the cell/
module levels are needed to achieve the fast charging targets.77

The control of particle morphology in layered cathodes can lead
to microstructures with optimum porosity and low diffusive
tortuosity towards improved ionic and electronic conductivi-
ties.78 The overpotential to charge transfer lithium across the
electrode–electrolyte interface depends on the reaction pathway
of active electrode materials, where electrolyte additives play
a major role.78 Another strategy to shorten the lithium-ion
diffusion distance is to reduce the particle size of the active
materials, which can lead to the elimination of lithium plating
and improve the lithium intercalation kinetics.79 Alternatively,
replacing the standard graphite anodes with lithium titanate
(e.g., Li4Ti5O12, TiO2, and TiNb2O7) can eliminate the formation
of SEI layers and hence provide more stability with fast charging.
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Plot of electrical conductivity and lithium diffusion coefficients of selected fast-charging anode materials (carbon, intercalation transition
metal oxides (Ti-based and Nb-based oxides), conversion transitionmetal oxides (a-Fe2O3 and Co3O4), transitionmetal dichalcogenides (TMDs),
silicon and germanium alloyed anodes, and phosphorus-based anodes) reported in the literature67 (reproduced from ref. 67 with permission from
Wiley, copyright 2022).
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However, these electrode materials will compromise the high
voltage and energy density that are achieved with standard
electrode architectures. Also, suitable binders with high zeta
potentials are needed to enable the electro-kinetics of the elec-
trodes.79 Separators can also reduce the lithium transport rate
across the pore space. To increase the transport rate, few modi-
cations such as UV/electron beam curing and atomic layer
deposition of suitable polymer/oxide coatings are practised.79 An
asymmetric temperature modulation strategy has been utilized
where the charging of the batteries is carried out at 60 °C for
a short duration of 10 min for each cycle followed by discharging
at room temperature.80 This method improved the kinetics and
transport while reducing the SEI formation. This demonstration
led to a high energy density of 209W h kg−1 with retaining 91.7%
capacity aer 2500 cycles, far exceeding the USABC goal.80

Several types of microgrid facilities have been proposed for
charging EVs, which include the following: isolated and grid
connected; bus types: AC, DC, and hybrid; sources: renewable
and non-renewable; and usage: residential and commercial.81

To conclude, several new electrode formulations, electrolyte
additives, coatings and thermal management strategies have
been reported for meeting the goal of fast charging rates soon.

6. Economic and environmental
impacts of cathode chemistry

The cathode chemistry has a direct impact on the battery cost
and life cycle emission of EV. The utilization of low-cobalt or
cobalt-free cathodes is found to have signicantly increased
This journal is © The Royal Society of Chemistry 2025
worldwide during the last few years. Fig. 6a describes the
region-based variation of the share of EV battery capacity during
the past three years (2021–2023).82 According to this, there is
a rapid increase of LFP-based batteries for EV production,
which is primarily contributed by China. On the other hand,
Europe and the USA mostly rely on Ni-rich cathodes (low-cobalt)
due to their high energy performance. However, a decreasing
trend in Ni-rich cathodes and an increasing trend in LFP-based
battery production are noticed in the USA during the last three
years. The trend of transfer of battery chemistry from high
cobalt to low cobalt-based Ni-rich cathodes signicantly affects
the cost of individual elements as well as the overall battery
pack (Fig. 6b).83–85 Noticeably, the cost of cobalt steadily
increased from 2015 to 2018 when it reached its highest value,
due to the increasing gap between the supply and demand of
cobalt sulfate, mostly in the production of LCO and NCM111-
based cathodes. Aer that, due to the application of Ni-rich
cathodes (i.e., low cobalt) in EV battery production, the price
of cobalt salt started to decrease slowly, but the nickel price
reached a high value in 2023. As lithium carbonate is the most
common lithiating agent irrespective of the cathode material,
an ∼8 fold increase in LiCO3 price is observed from 2015 to
2023. In the case of overall cell price, it is observed that the price
dropped to almost half in 2020 compared to its initial value in
2015. Although the shi of battery chemistry towards low cobalt
is the primary driving force for lowering the cell price, other
improvements related to cell manufacturing, including anode
capacity, cycle life, improved cathode production technology,
electrolyte and separator manufacturing, also played a role
Sustainable Energy Fuels, 2025, 9, 724–738 | 733
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Fig. 6 Plots illustrating (a) the last three years' share of battery capacity of EV sales by chemistry (%); (b) ten-year trend in cathodematerial and LIB
pack cost; (c) expected growth of the recycling market by 2030; and (d) life cycle CO2 emission of NCM811 and LFP [ref. 82 is used to draw (a, c
and d). Ref. 83–85 are used to draw profile (b)].
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here. Now, the high demand of lithium-based salt has triggered
the shi of the battery industry towards the Na-ion battery. In
order to maintain a circular economy and resolve the high
demand of critical metals, efficient strategies and policies are
critically required for the end-of-life management of the EV
batteries. Hence, a signicant expansion of the battery recycling
industry is observed during the last few years. Presently, the
global battery recycling capacity is >300 GW h, which will reach
>1500 GW h by 2030 if all the announced projects materialize
(Fig. 6c).82 Although the battery recycling capacity is increasing
worldwide, China is holding the top position with ∼70%
contribution. Noteworthily, the battery chemistry has a crucial
impact on the battery recycling landscape. The NMC-based
cathodes are richer in valuable minerals compared to LFP and
hence more protable in terms of residual value. In terms of
environmental impact, it is observed that the lifecycle emission
per kW h of NCM-based cathodes (mostly NCM811) is ∼3 times
higher compared to the LFP cathode. In the case of NCM-based
LIBs the critical metal processing is responsible for <50% of the
total emission, whereas the battery manufacturing process
primarily accounts for 50% of the emission of the LFP-based
battery (Fig. 6d).82 The lifecycle emission of the NCM-based
batteries can be effectively reduced by increasing the effi-
ciency of critical metal processing, active material production,
and battery manufacturing in terms of energy and time. Recy-
cling of spent batteries has the potential to decrease the emis-
sion. It is predicted that there will be a 35% decrease in the
lifecycle emission within the next 10 years, which will be an
integrated outcome of electrodes with a high energy density,
734 | Sustainable Energy Fuels, 2025, 9, 724–738
decarbonization of power grids, advanced manufacturing
techniques, and recycling.
7. Summary and future scope

Various critical aspects of LIB research together with the effect of
cathode chemistry on the cost and environment are discussed
here. Undoubtedly, decreasing/eliminating the cobalt-content in
the active cathode material is the most essential step to achieve
sustainability in the LIB-industry. Among the various low cobalt
cathodes Ni-rich NCMs, more precisely NCM-622, are widely
utilized by many of the EV manufacturers. Attempts to further
decrease the Co-content in the NCM moiety are also in progress
and excellent progress has beenmade in the production of NCM-
811 during the last three years. However, keeping the crucial role
of cobalt in preventing the cation mixing and cracking related
issues in mind, suitable modication techniques are required to
be developed. Cation/anion doping, functional coating, synthesis
of single crystal, core–shell and gradient structured materials are
some promising modication strategies to improve the chemical
and structural robustness of low cobalt materials, which are
already discussed in detail in our previously published review
article.5 However, most of the modication techniques are
effective in laboratory scale production and the reproducibility is
poor in pilot scale manufacturing. Moreover, the effect of
modication techniques on the stability and electrochemical
performance of the low-cobalt cathodematerials is required to be
studied at both surface and bulk levels using various advanced in
situ characterization techniques. Besides this, a signicant
This journal is © The Royal Society of Chemistry 2025
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performance improvement is required for cobalt-free alternative
cathodes. Although LFP is emerging as a high prospect material
for long cycling stability and fast charging, the low specic
capacity is one of the primary limitations for this material.
Signicant scientic and industrial efforts are required to make
a trade-off between the production and rawmaterial cost and the
electrochemical performance determining parameters, including
the specic capacity, rate capability, and cycling performance.

There is a high prospect for developing continuous
manufacturing platforms for the LIB cathodematerials. Due to the
cost-effectiveness, scalability, and good control over particle size
and morphology, the co-precipitation chemistry is widely adopted
for both the batch and continuous production of cathode precur-
sors. Development of suitable equilibrium models to predict the
interdependence between reactant concentrations and pH and
product yield is useful in controlling reactions and improving
product quality.22 The development of continuous production
platforms is needed in the following three directions: (i) proper
optimization of the ow as well as chemical parameters, including
kinetic and thermodynamic aspects, is crucial to obtain good
quality products. Collaborative efforts of engineers and chemical
scientists are essential to improve the product quality and yield
and reduce the manufacturing cost of the existing reactors. Arti-
cial intelligence-controlled modelling of ow dynamics will be
helpful in predicting and optimizing the co-precipitation condi-
tion inside the continuous reactor. (ii) Development of new
continuous manufacturing platforms for cathode precursor parti-
cles based on co-precipitation or other reaction chemistries. (iii)
The existing co-precipitation-based continuous manufacturing
platforms are limited to cathode precursor production only. The
nal lithiated NCM oxide materials are produced by high
temperature calcination under oxygen ow, which is not a contin-
uous process. Hence, the nal product quality and total yield can
vary. Single-step manufacturing platforms for the continuous
production of NCM and other lithiated TMO-based cathode
materials can improve the product quality and reproducibility of
the material performance.
Fig. 7 Inter-relations among the various critical aspects of the LIB catho

This journal is © The Royal Society of Chemistry 2025
One of the paramount requirements to improve the
economic and social sustainability in the battery industry is to
upgrade the existing recycling technology and to develop effi-
cient alternative recycling routes for spent LIB cathodes. Among
various emerging recycling processes, the hydrometallurgical
recovery process has good efficiency, component recovery, and
technology readiness. However, the energy and chemical costs
are too high due to the full deconstruction of NCM tometal ions
followed by separation and reconstruction of similar cathode
materials. In most of these cases the goal is to reproduce the
material with a composition and crystal structure similar to
those of the parent material. Hence, there is no improvement in
the electrochemical performance of the recycled materials
compared to original ones. Signicant scientic and techno-
logical efforts are needed to make hydrometallurgical recycling
technology more cost-effective and environmentally benign by
developing alternative less acidic leaching solutions and
continuous reactors with enhanced metal recovery efficiency.
The precipitation and solvent extraction processes for the
recovery of transition metals from the spent cathode also
require signicant improvement. A promising way to make the
recycling more sustainable is by applying the direct recycling
process on the industrial scale, where the recycling is done
without destroying the original crystal structure of the cathode
material. However, in order to achieve commercial success, the
direct recycling methods are required to be less complex and
suitable technologies for large scale application are required.
Deep eutectic solution (DES)-based direct recycling is prom-
ising, as it plays a dual role of both the reducing and leaching
agent and thus offers an environment friendly green recycling
process free of hazardous acids and strong reducing agents, like
H2O2.86 Proper formulation of DES composition based on the
cathode material and optimization of the reaction condition are
the crucial part of its success.87

The fast-charging LIBs can increase EV adoption and ensure
environmental sustainability by reducing carbon footprint with
satisfactory mobility. An improvement in fast-charging LIB
de and sustainability.
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technology can be achieved by judiciously resolving the issues at
the cell level (including cathode, anode and electrolyte), internal
heat management, fast-charging techniques, and fast-charging
infrastructure. The material level advancement requires more
attention to understand the degradation mechanism of the stan-
dard cathodes in the fast-charging condition. In terms of cathode
materials, the abrupt and fast volume change during charge/
discharge processes leads to microcrack formation and deterio-
rates the battery performance. Hence, materials which undergo
a lower extent of volume change during Li+ intercalation/de-
intercalation are suitable for fast-charging LIBs. Although LFP is
widely utilized as the fast-charging cathode, poor ionic and elec-
tronic conductivity is hampering its commercial success.88

Rational modication of the LFP and searching for suitable alter-
natives are needed. In the case of anodes, specically for graphite,
the increasing rate of Li-plating with increasing the C rate signif-
icantly affects the battery performance. Rational selection of anode
materials and formulation of electrolytes is the only way to achieve
lower Li+-intercalation overpotential, which is critical to reduce the
Li-plating.10 Thermal management is another key aspect to miti-
gate Li-plating related issues during fast charging. It is observed
that the demand for the optimal temperature of the battery
increases with the increase of charging rate and proper manage-
ment of the temperature is required to keep the battery compo-
nents unaffected.89 Upgradation of publicly accessible fast
charging infrastructure, in terms of number of charging stations
and quality of DC fast charging facilities, is also necessary to
achieve sustainable e-mobility.

This perspective article focused on few of the critical aspects
of current LIB cathode research, which have high industrial
signicance. Specically, they are playing an important role as
an active or passive driver of cell manufacturing cost, supply-
chain stability, and environmental benignity and thus inter-
linked with the overall sustainability of the LIB cathode
research (Fig. 7).
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