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The unprecedented consumption of lithium-ion batteries (LIBs) is underway to meet the needs of modern transportation

electrification. Recycling-friendly designs intrinsically facilitate the long-term sustainable utilization of natural resources,

reduces the detrimental impacts of spent LIBs on the environment, and improves the economic viability of recycling. For

this, we propose the incorporation of an intelligence-assisted predesign strategy into the battery management system and

battery chemistry, including ameliorating traceability of battery structure and operation status, promoting cost-effective

material sorting and separation, and adoption of sustainable battery materials. Purposeful predesign of intelligent “Reuse-

Refurbish-Recover” (3R) LIBs could be realized in an economically and environmentally sustainable (EES) manner. The

intelligence-assisted predesign strategy will promote multi-disciplinary cooperation in a systematic and synergetic way, and

empower government to establish and implement a series of regulations and standards to address the environmental

pollution issues from spent batteries and avoid the ever-increasing consumption of natural resources.

Introduction

In recent decades, lithium-ion batteries (LIBs) have played a
major role in modern society and industries, from a power
supply for electronic devices to large-scale energy storage
management in smart grids. The production scale of LIBs is
expected to surpass 1.3 TWh in 2030.* The massive production
and consumption of LIBs demand a strong and continuous
supply of various natural resources. By 2018, the consumption
of lithium for batteries reached 270,000 metric tons of Lithium
Carbonate Equivalent, while over half of Cobalt produced in the
world has been used in battery production.? Under such
circumstances, effective management of spent LIBs are urgently
needed to help reclaim critical metal resources, alleviate the
shortage of natural resources,
pollutions from the mining of raw materials, culminating in the

and lenify environmental
achievement of economically and environmentally sustainable
(EES) recycling.?

Currently, the rigorous
challenges. Unlike the successful and cost-effective recycling of
spent (LABs), the recycling
percentage, efficiency, and profitability of spent LIBs are far

recycling of spent LIBs faces

lead-acid batteries current
from satisfactory. This can be attributed to their poor full life
cycle management and chaotic battery construction. Though
certain economic returns can be achieved through metallurgy-
based recycling (i.e. MBR,
hydrometallurgy) on account of the high market value of

namely pyrometallurgy and

transition metals (e.g., Co),* the high energy and chemicals
consumption inevitably leads to significant environmental

footprints. More recently, human-assisted direct recycling
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(HADR), consisting of a human-assisted pre-treatment and a
chemical regeneration process, has been proposed in repairing
the compositional and structural deficiencies of spent
electroactive materials and regenerating them into new battery
materials with minimum energy and chemicals inputs. At
present, a financially viable commercial scale-up of the pre-
treatment and material separation processes of HADR of LIBs
has not been achieved. This is probably due to the main pitfalls
of modern commercial lithium-based batteries: sophisticated
chemical composition and poor traceability. To regenerate
different electroactive materials, specific strategies are needed
on account of their inconsistent phase transition, which entails
significant human intervention and, therefore, high labour-cost
in the sorting and disassembly.> ® Moreover, obtaining pure
electroactive materials for regeneration requires intricate
separation. These challenges impede the commercial
applications of HADR.

Fundamentally, the high cost and environmental footprint of
current recycling processes largely stem from the fact that
modern LIBs are not designed for post-use recycling.” A lack of
consideration for life cycle management and recycling-
unfriendly design means that LIBs cannot presently be recycled
in an economically and environmentally sustainable manner.
From the ground-breaking development of intelligent
technologies such as Artificial Intelligence (Al) and Machine
Learning (ML), the current battery management system is
expected to gain substantial improvements in terms of battery
health diagnosis and prediction and automatic battery cells
sorting, and disassembly. There is room for improvement in the
intrinsic recyclability and sustainability of batteries, especially in
light of recently developed battery materials and novel battery
structures.

From the aforementioned challenges of current LIBs
recycling technology, it is time to systematically revisit the cell
manufacturing protocol and engineering management to re-
design the future batteries for EES recycling. Specifically,

intelligence-assisted predesign of LIBs, including well-
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Fig. 1 State-of-the-art recycling processes for spent batteries: Path 1: Metallurgy-based recycling (MBR), involving high energy consumption
and high pollution production (but with low labor costs and selectivity). Path 2: Human-assisted direct recycling (HADR) - the environmentally
friendly recycling process, including collection, manual sorting and disassembly, separation, regeneration, and new battery production (with

high labor costs in the collection, sorting, and disassembly phases).

considered battery management system and battery chemical
design, is proposed herein. Intelligence-guided “Reuse-
Refurbish-Recover” strategies (hereinafter “3R” strategy) are,
therefore, put forward in the EES recycling scenario. We will
convey to readers the necessity of incorporating recycling into
future battery design and provide a way of synergizing
intelligent technologies and advanced materials for battery
predesign. We believe that our proposed strategies could
significantly increase LIB recycling rates and realize a truly
renewable and sustainable battery economy. Moreover, these
strategies will empower government to establish robust
regulations and standards to address the environmental issues
and minimize the use of natural resources as we move to mass
produce LIBs globally.

State-of-the-art recycling technologies of LIBs

State-of-the-art recycling technologies for spent LIBs can be
classified into two pathways, as illustrated in Fig. 1. Path 1 is the
MBR process, while path 2 is the HADR process. Path 1 is
commercially adopted in current LIBs recycling practices due to
several reasons. Firstly, due to the complexity of LIBs, the
adoption of existing metallurgical technology and relevant
facilities demands less human intervention in sorting and
separation; secondly, these technologies have less sensitivity to
the impurity of the electrode materials; thirdly, they could be
applied to a wide spectrum of electrode materials. By contrast,
Path 2 demands a less intensive chemical process and,
therefore, is more environmentally friendly. The widespread

adoption of Path 2 is highly challenging due to labor-intensive
sorting requirements and identifying the LIB type, and the
composition of the battery materials.

Metallurgy-based recycling (MBR)

To date, MBR has dominated the recycling market, which mainly
aims at breaking cathode materials down into metal alloy or
metal salts through pyrometallurgy or/and hydrometallurgy.®
Pyrometallurgy (as depicted in Fig. 1), which handles the mixed
batteries stream, involves a series of, sorting, disassembly, and
melting processes, but at the expense of energy usage and
associated greenhouse gases (GHG).? At high temperature,
spent anode materials are burnt off, and Li species normally end
up in slag along with the toxic organics released from the
decomposition of electrolytes and binder.® Comparatively,
hydrometallurgical recycling, as shown in Fig. 1, is also capable
of processing mixed batteries stream but with ameliorated
recycling efficiency and selectivity. For spent cathode materials,
valuable metals are dissolved using strong acids and can be
subsequently precipitated and recovered in the form of metal
salts after intricate purification and separation processes.”
Spent anode materials are separated from cathode materials
and collected but further commercialized recycling processes
remain unexplored. More information on MBR regarding the
detailed technologies is out of the scope of this perspective and
can be found in other works.1®%2 still, hydrometallurgical
recycling has certain environmental and economic limitations,
including the large volume of wastewater produced, strong
acid/alkali solution used, and the high number of chemicals
required.>1!



Overall, MBR, including pyrometallurgy and hydrometallurgy
in Path 1, has the main advantage of being able to cater to
mixed batteries types at relatively low cost and with less human
intervention. Nonetheless, its high energy consumption and
associated GHG emissions, as well as difficult solid/liquid waste
disposal detract from its
sustainability.

requirements, environmental

Human-assisted direct recycling (HADR)

As depicted in Fig. 1 Path 2, HADR includes labor-intensive pre-
treatment, material separation, and chemical regeneration
processes for specific electroactive material. The first two steps
concentrate  high purity electroactive materials for
regeneration.’®> Without breaking down the electroactive
materials into their elemental state, the last step of HADR,
namely regeneration, is a non-destructive process aiming at
rejuvenating the Li deficiencies and structural damages in spent
cathode materials and repair damage layer structure and
remove impurities in spent anode materials with minimal
energy and chemicals inputs.’* Such processes are deemed
more desirable as the decayed electrochemical performance
caused by the impaired structure is replenished, and the
regenerated electroactive materials can be directly used to
prepare new batteries, thereby transferring waste into
resources and reducing the environmental footprint of battery
manufacturing. The regenerated cathode and anode material
could deliver satisfactory electrochemical performance in
battery setup.® 1518 Compared with MBR, these processes
require a lower reaction temperature and fewer chemicals.
Short annealing processes are generally needed to improve
crystallization further.

In an ideal situation, such a regeneration process will
contribute to the carbon neutrality of battery manufacturing
and recycling. However, academia mainly focuses on the
optimization of chemical regeneration, while overlooking
another imperative obstacle to its practical uses, that is, the
high labour cost caused by ensuring purity during the labour-
intensive pre-treatment and material separation. Therefore,
the chemical regeneration process confronts considerable
challenges before its commercial application. Firstly,
regeneration targets a specific cathode and thus requiring
specialized processes for different cathodes.!> Facing the
progressive variation of battery chemistry, regeneration places
strict requirements on sorting. Currently, regeneration
conducted on a lab scale normally adopts manual sorting, which
is obviously labor-intensive and uneconomically viable for
commercial upscaling.’® Secondly, maintaining purity is the
opportunity. The quality of the regenerated electroactive
material is sensitive to trace doping elements and other
impurities such as Cu and Al,2° therefore manual disassembly
and intricate material separation are necessary to help obtain
pure electroactive materials. These two phenomena are actual
reflections of material acquisition methods in lab-scale
regeneration methods. We argue that this human-assisted
manner is not economically viable in practice. Thirdly, the state-
of-health (SOH) of electroactive materials is reported to have
vital impacts on the efficacy. Unfortunately, at this stage, it is
impossible to predict and obtain the SOH value of the

electroactive materials in today's LIBs. If not managed properly,
recycling chaos will inexorably transpire. Lastly, the non-
systematic regeneration mechanism will lead to the
questionable quality of the regenerated materials in large-scale
applications.?! The effectiveness of the regeneration
technology can be reinforced through in-depth research, but
the cost-effective sorting and disassembly and the intractable
SOH value will remain challenging.

Gaps and challenges in current battery recycling

In the current battery recycling scenario, Path 1 in Fig. 1 is the
most cost-effective choice, and therefore, it is preferentially
selected to deal with the massive number of mixed spent
batteries, but at the cost of adverse environmental impacts. The
inherent drawbacks of high energy and chemicals consumption
are difficult to overcome. Nonetheless, as previously discussed,
the benefits of Path 2 in facilitating carbon neutrality and
minimizing environmental footprints in manufacturing and
recycling are clear. Regenerated electroactive materials have a
maximized payoff to battery manufacturing and the
environment.?? Thus far, we argue, Path 2 would not grab the
recycling market until its pitfalls mentioned above are handled.
Optimizing regeneration technologies and diminishing human
intervention are the two essential enablers of Path 2
commercialization. However, battery manufacturers prioritize
the performance and profit without considering recycling,
leading to poor management and recyclability of the battery
itself. Therefore, the high cost for maintaining the purity for
regeneration in sorting, disassembly, and material separation is
hard to surmount based on today’s battery design.

Additionally, the current recycling market adopting Path 1 is
suspected of wasting resources. In the absence of a sound
management system and unified recycling standards, batteries
with remaining useful life (RUL) may be decomposed into
substituent elements, which is a manifestation of the
underutilization of batteries. A “Secondary Utilization” strategy
has been proposed to reuse the retired LIBs from electric
vehicles for energy storage grid and various other applications.
For this reason, the relevant standards for measuring the
service life of the battery need to be created, and the real-time
traceability of the battery cells’ and battery pack's condition
over their full life cycle needs to be improved.

The current poor monitoring of the health status of battery
materials and the limited traceability of related data, the
unstandardized battery structure, the complex LIB composition,
and various other challenges are preventing the establishment
of an EES recycling system. Many of these challenges can be
overcome by placing end-of-life (EOL) recycling as a core LIB
product design objective.

Strategies towards EES recycling

The inherent recyclability and sustainability of batteries,
including a full life cycle battery management system with high
traceability and battery design with simplified structure and
renewable materials, will be the cornerstone of the
establishment of EES recycling. The former can help the orderly
maintenance of batteries in use, refurbishment after use, and



regeneration at the EOL stage. The latter will promote simple
material separation and enhance the sustainability of battery
materials.

The complexity in the design of today’s battery is a
recognized challenge,’> and the importance of design for

Scientific standards should be formulated to regulate the
implementation of the “3R” strategy. Standardized health
indicators, such as SOH and RUL, as well as the performance
indicators for each step in the “3R” strategy, when evaluating
the health condition, should be calibrated to help decision-
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Fig. 2 The intelligence-assisted predesign for “Reuse-Refurbish-Recover” in economically and environmentally sustainable (EES) recycling:
Intelligence-assisted predesign provides enablers for intelligence-guided health diagnosis, redistribution, sorting, and cost-effective material
separation, which facilitate the “Reuse-Refurbish-Recover” to realize a closed-loop battery recycling and manufacturing scenario.

recycling has been argued.?® In the past, some ideas such as
applying the minimum number of battery components,
standardizing the formats, and electroactive materials have
been proposed to increase recycling.?? 23 These ideas are rarely
systematically embedded in the design and manufacture of
batteries to guide industry and research. Consequently, these
challenges remain unresolved and poor LIB recycling rates still
prevail in society.

To this end, we envision a “3R” strategy based on the
intelligence-assisted predesign of the battery management
system and battery chemistry (see Fig. 2). Predesign will
facilitate the redistribution,
sorting, and material separation to manage the battery in an

intelligence-guided diagnosis,

orderly manner throughout its life cycle, thereby maintaining
maximum economic value with the smallest environmental
footprint in the circular battery economy. In the chain of the
“3R” strategy, “Reuse” must ensure the safe operation of
batteries. Malfunctioning constituents such as the damaged
external protection circuits can be detected and maintained.
“Refurbish” tackles the gradient utilization of retired batteries
from high-demanding applications. “Recover” closes the loop
by cost-effectively extracting waste electroactive materials,
regenerating their defects, and providing
regenerated electroactive materials for new battery
manufacturing at a lower cost.

structural

making. Normally, as a figure of merit of the condition of a
battery, SOH is applied as the criteria for decision making not
only because it implies the ability of the battery to provide a
specified capacity and but also it affects the efficiency of
regeneration. To illustrate a scenario, we envision the SOH as
the criteria for decision-making (as illustrated in Fig. 2). For SOH
within 80%, the battery is determined as before end-of-services
and will be regulated through “Reuse” to prolong the safe
operation. When the SOH value is lower than 80%, the battery
reaches the end-of-services stage and will enter the “Refurbish”
stage. Batteries with SOH values lower than 20% will enter the
“Recover” stage for the chemical regeneration of electroactive
materials.

To fulfil the goal of EES recycling, recycling-friendly designs
need to be embedded into both the battery management
system and the battery chemistry.

Intelligence-assisted predesign

The intelligence-assisted predesign aims at resolving the
challenges facing the commercialization of Path 2, consisting of
the design of cognitive digital twin battery, intelligent battery
system, material separation, and sustainable electrodes. These
predesigns will be the essential enablers for the “3R” strategy
proposed for EES recycling. The design of cognitive digital twin
battery and the intelligent battery system integrates digital



twins, Al, Internet of Things (IoT), ML, and other high-tech into
the design of the battery management system, which will
improve the traceability of LIBs and establish a ‘cradle-to-grave’
online life-cycle database. Given the wide differences in
utilization of LIB batteries and the associated variation in their
health status, the creation of a predesigned battery
management system is essential 1> 13

Predesign for material separation and sustainable electrodes
will integrate advanced and renewable materials to improve the
inherent recyclability and sustainability of the battery itself.
Precisely, these designs will address how to open battery molds

Cognitive Digital Twin Battery

Intelligent Battery System

battery features from the sensor and communicate with the
cloud. Breakthroughs in nano-sensors demonstrate more
possibility in developing built-in sensors such as Fibber Bragg
Grating sensor for decoding the formation of solid electrolyte
interphase and the evolution of crystal structure at cell level.3°

Replacing the barcode on today’s batteries with RFID will
ensure that the recycling department can remotely record and
continuously monitor the SOH value. Smart labeling and
embedding information into the battery covering aspects such
as electrochemistry materials, assembly procedure, and other
pertinent information will facilitate fast sorting and disassembly
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Fig. 3 Intelligence-assisted predesign for ameliorated traceability and battery management system. (a) Design of cognitive Digital Twin
Battery with embedded loT sensors, radio frequency identification (RFID) to extract and store health indicators value via digital twin; (b)
Intelligent battery system gathers data transferred through loT gateway to build cloud database for the health management via artificial
intelligence; (c) Intelligence-guided decision making for the “3R” strategy.

and battery cells easily, how to separate electroactive materials
in a green and effective manner, and how to achieve sustainable
battery economy at the raw material level.

Cognitive digital twin battery

The core of the cognitive digital twin battery lies in the real-time
monitoring of the health state of batteries, which can be
achieved through embedding an loT sensor that interacts with
the digital twin using radio frequency identification (RFID) or
other communication protocols (Fig. 3a).2*

The built-in sensor will be capable of decoding the chemical
and thermal events in battery cells, networking with a digital
twin, and enabling data to generate big global datasets covering
a whole range of battery health-related information, such as
charge/discharge profile, resistance, and open-circuit voltage
(OcvV), over their life cycle.?> IoT has been popularly used to
support smart cities, 2% 27 but also increasingly used for a smart
waste management system.?® To date, few studies are using loT
embedded sensors, software, and other technologies within
physical objects to predict LIB’s SOH. Kim and co-authors
proposed the use of loT sensors to measure cell voltage,
current, and temperature that will be uploaded into the cloud
and processed using ML.2° Furthermore, a sensor called BMS-
Slave consisting of multi-cell battery monitors to predict SOH
and state of charge (SOC) was developed,?* where the loT
component deployed Raspberry Pi is responsible for collecting

processes, and inform how the battery should be reused,
refurbished, and recovered.3! Nowakoski32 has demonstrated
the feasibility of establishing a cost-effective e-waste
disassembly procedure through wusing RFID technology.
However, more efforts should be committed to improving this
concept since RFID presently only covers limited material data
from suppliers.

Going forward, the growth in the number of batteries used
vehicles, goods, etc., will be
unprecedented. Manufacturers will expect transparency in the

for electric electronic
source tracing of each raw input material of a battery over its
entire life cycle, including in any second life remanufactured or
direct recovery operations. To this end, the cloud-based digital
twin will facilitate ongoing tracking through loT infrastructure,
and the use of blockchains can enforce socially responsible
supply chains and security.33

Intelligent battery system

Intelligent battery systems connected with cognitive digital twin
batteries through IoT gateway will create big global datasets
covering a whole range of battery information over their life
cycle, and Al technology can process and visualize the useful
data for decision making (Fig. 3b).

Extracting health-related data is the first step. Utilizing the data
to predict the value of health indicators (in this scenario, the
SOH value) through Al will be the next stage. The embedded loT



sensor, which interacts with a digital twin in a cognitive battery
will transfer data through the loT gateway, therefore creating a
cloud database beneficial to real-time monitoring of battery
health. Advanced algorithms play a vital role in fulfilling real-
time predictions. Bayesian-based algorithms,3* 3> Artificial
Neutral Network,3¢ and Deep Learning?> 3738 39 have been used
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or mathematic models to predict SOH, Al-assisted data-driven
evaluation avoids the complexity of internal electrochemical
reaction and failure mechanisms and therefore, dominated this
research field recently.*> 42 However, limited by current
hardware and data storage technology, data-driven assessment
is not widely applied. It is expected that SOH prediction could
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reproduced with permission from ref.94. Copyright 2019, Wiley-VCH.
in recent researches, providing valuable knowledge for
developing intelligent battery systems. Normally, methods for
SOH prediction can be categorized into four types, including
model-based, data-driven, hybrid, and other assessments. °
Compared to model evaluation, which employs electrochemical

be achieved by extracting simple features such as the
charge/discharge profile and OCV. Follow this logic, the
ampere-hour integral method or the OCV method, which
calculates the battery capacity (or maximum usable capacity)
within a certain period and then realizes the real-time



prediction of SOH through a series of control strategies, has
been adopted in the industry.*3¢ Besides, due to the powerful
real-time prediction function that only requires the voltage and
charge/discharge capacity, breakthroughs in incremental
capacity (IC) analysis are worthy of attention.** Hybrid
assessments have complementary advantages and have
achieved commercialization. For example, inaccuracy
originated from environmental factors can be diminished
through the combination of IC and data-driven evaluation,*’
and the combination of data-driven and model methods can
help determine the model parameters.*® It should be noted that
breakthroughs in these technologies are remarkable, providing
various choices for battery manufacturers. Despite this, there is
still a big opportunity to improve existing research by improving
prediction accuracy and economic viability. Battery health
monitoring can also capitalize on Blockchain technology, which
allows the loT peer node to extract data from the battery and
control the module and communicate with other nodes and
cloud servers.* The combination of Al with loT will ultimately
lead to Al of things-based environment providing enhanced
human-machine interactions and better decision making with
respect to the complicated and dynamic battery system.>°

With continuous cyber-physical updating from an array of loT
sensors with edge-processing capabilities, bigdata repositories
can be set up, creating opportunities for real-time IC and data-
driven analysis of SOH/SOC/RUL.*¥ > Combined with RFID and
cloud, such a system can achieve fully automated health
prediction,>? which will aid expand the life of existing battery
fleets and guide the design and manufacture of new battery
technologies. Over time, the collection of data repositories of
both new and refurbished battery fleets will significantly
leverage knowledge on a certain battery's full life cycle
trajectory.

Cost-effective disassembly is the key aspect of EES recycling,
and a centralized database of battery performance will offer
significant cost savings to intelligence-guided sorting and
disassembly.”® Battery recycling cost-effectiveness is heavily
dependent on the ability to automate the sorting and
disassembly (Fig. 3c).}* >* Waste collection facilities must be
able to read RFID tags of entering batteries that then enable
authority for connection to cloud-based servers containing
detailed information on the battery digital twin. Blockchain
technologies can be used for secure authentication. After
collection and automated sorting, the battery will enter the
appropriate agile recycling chain, the digital twin will download
precise disassembly instructions to robots that commence the
disassembly process. Gradient utilization will be conducted
during this process according to the SOH value of batteries.
Battery disassembly robots are still in their infancy, but Al
techniques and robotic technologies are advancing rapidly and
will be able to conduct a range of critical tasks such as pack
removal and disassembly, module removal, and cell
separation.>® To this end, some researches can be adapted to
facilitate cost-effective sorting and disassembly. The reported
digital-twin product-recovery framework for e-waste could be
modified to spent battery recycling.”® Cloud-based information
repositories and RFID systems will be able to provide the
necessary specifications for establishing cost-effective and

rapid sorting and disassembly. Ultimately, the processes related
to recycling must use less energy than that necessary for
mining.>’

Overall, the cognitive digital twin battery and intelligent
battery system provide SOH data for each battery cell, offering
opportunities for intelligence-guided health diagnosis and
gradient utilization. The recycling sector will also be able to
identify the assembly and composition of the battery through
reading the embedded information in the RFID. A cost-effective
sorting and disassembly process for the following “Recover”
stage is also established.

Predesign for electrode materials separation

When it comes to the re-design of batteries for EES recycling,
the first chemical design that needs to be addressed is how to
access electroactive materials easily. The complex components
and architecture of today’s batteries place challenges in the
opening of pack/cell and the separation of battery material. The
standardization of the fixing type, fixing place, and glue used
have been proposed to enable the fast pack opening. At the cell
level, however, standardization is more challenging. How to
achieve rapid cell opening troubles the recycling department.
Thereby shredding and mechanical processes are
predominantly adopted to avoid this issue. Rational material
design will facilitate non-destructive disassembly to obtain pure
electroactive materials.

Predesign for electrode materials separation include the
design of battery cell configuration and the use of smart
materials, such as the materials with shape memory effect for
the sealing, fixing, and packaging and for low-cost and rapid
disassembly.>8 Pack and module design vary significantly, raising
a recognized challenge for non-destructive disassembly.>
Regardless of the number of cells and the connection
configuration, cells in the module are permanently affixed and
are not intended to serve individually. Standardization may
partially alleviate the burden of recycling by automating
dismantling. Endowing the pack and module an active
disassembly ability might be more straightforward and
promising. The manufacture of connection parts and the
module are expected to apply shape memory polymer (SMP),
which merits industrial viability, morphological versatility, and
synthetic flexibility.>> 6© SMP such as polyurethane, polyester,
polysilamine, and some responsive hydrogels including poly(N-
isopropyl acrylamide) (PNIPAAm) hydrogels, polythiophene gel
can be easily adapted to develop reversible insulating rings and
sealants for non-destructive pack and module opening.

Cell opening is another challenge facing the recycling sector.
Shredding is a widely adopted method to tear down the robust
battery cell casing, followed by a series of separation processes,
such as seizing, froth flotation, magnetic separation, etc. The
dilute concentration of valuable materials and the poor
selectivity are difficult to overcome in such processes. A
promising solution is designing a smart battery casing with
robust mechanical strength but morphological versatility. Rapid
development in lightweight shape memory alloy (SMA) such as
Mg-based alloy®™ 62 can offer essential knowledge. Shape
memory effects can be stimulated by temperature, light,
electric field, and magnetic field.®3 As such, the outer casing and



constitutions can be feasibly separated from inner
compositions. For pragmatic use, SMA or SMP should be
carefully selected based on the products’ requirements.>®
Unfortunately, current customer demand for higher
performance and lower prices hamper the uptake of this
technology.

Decoupling the electroactive materials from the current
collector (CC) is expected to be accomplished in a more
sustainable manner by EES recycling. Currently, heat treatment
or organic solvents are applied to detach the electroactive
materials. In a more sustainable scenario, the energy, chemicals
inputs, and environmental footprints are expected to be
significantly reduced. Substituting the organic solvents with the
simplest and the most environmentally friendly solvent, which
is water, is much more desirable. The development of water-
soluble binders holds promise in fulfilling a water-based
material separation processing line. Though the exploration of
low-cost, safe, and environmentally benign binders for
commercialized cathode materials has already become an
imperative topic of practical significance, few studies have
emphasized the importance of binders in recycling.?® Binders
play an important role in maintaining electrode integrity.
Following this logic, they also contribute to the rapid separation
of electroactive materials. Although there are concerns about
the poor resistance of cathode materials in water and the
relatively poor electrochemical stability under high pressure, it
is feasible for water-based binders to be used with cathode
(Fig. 4a). gum, a non-ionic
polysaccharide extracted from the Cyamopsis
tetragonolobus, has been successfully employed as a water-
soluble binder for Li-rich cathode materials and has the function
of reducing capacity degradation.® Li et al. demonstrated the
feasibility of water-based manufacturing and recycling with the
commercial water-based binder (CMC) and cathode materials
(Fig. 4a).5>%8 Numerous efforts have been committed to
developing suitable water-soluble binders for different cathode
materials. 279 Still, the impacts of water-soluble binder in the
performance of cathode and the feasibility of water-based
manufacturing varied cathodes should be systematically
studied. The development of water-soluble and the fluorine-
free electrolyte is expected to overcome the use of toxic and
expensive fluoride anions on the condition that the 1.23 V
electrochemical stability window of water could be extended.
Recent works on water-based electrolytes present
opportunities regarding safe and recyclable LIBs.”! A novel
“water-in-ionomer” electrolyte based on lithium polyacrylic
acid (LiPAA) and water developed by He et al.”2 opens a path for
the development of non-toxic and more sustainable
electrolytes with widened electrochemical stable stability
window (Fig. 4b,d).

Simplifying battery configuration and components are
theoretically favoured for convenient material separation.
Considering the complexity in composition originated from the
conventional prototype architecture, novel battery designs are
expected to simplify the compositions and therefore,
smoothing the material separation. Recently, a battery
structure, which is the bipolar electrode structure (BE), can be
adapted to assemble batteries using a unified current collector

materials Guar natural

seeds

for anode and cathode.”® 74 Referring to the connection of
multiple unit cells in series using external wiring, BE design not
only eliminates the need for housing components and
connecting essentials but also boosting electrochemical
performances.” This simplification makes fewer components
separated in battery recycling and cuts the cost in battery
manufacturing since the elimination of expensive Cu foil
provides the chance to achieve higher energy density. The
effective potential window of Al will surge the researches in
suitable electroactive materials (Fig. 4c). To avoid the side Li-Al
alloying reaction with Li (~0.3 V vs. Li/Li*), the approach of using
high voltage anode materials, such as LigTisO12 (~1.5 V vs. Li/Li*),
presents a big opportunity in achieving bipolar LIBs with
Notwithstanding the
excellent stability and safety of LisTisO12, the significant voltage

commercial electroactive materials.””
reduction of cells inevitably lost certain energy density. A trade-
off between BE structure and high energy density can be
achieved by exploring novel anode materials with discharge
voltages of 0.5 to 1.0 V (vs. Li/Li*). The breakthroughs in n-type
organic materials with lower redox potential hold promise for
designing BE LIBs’® and the reported materials such as 2,6-
Naph(COOLi), (discharge platform: 0.7 V vs. Li/Li*)”” 78 and 4,4’-
Bph(COOLi), (discharge platform: 0.7 V vs. Li/Li*)”® merit more
Beyond that, DRS-LizixV20s,
reversible two Li* redistribution intercalation reaction at an

attention. which delivers a
average voltage of ~0.6 V (vs. Li/Li*), represents a class of
inorganic anode materials using Al foils.?! This low-potential
intercalation reaction mechanism sheds light on identifying
other viable low-potential metal oxide anodes. Additionally, the
investigations of inert substrates such as stainless steel mesh
(SS) instead of Cu and Al foils have exemplified the feasibility of
SS as a shared CC.8% 81

Furthermore, the sophisticated chemistry in today’s LIBs
inherently dilutes the recyclable contents within batteries,
resulting in a reduction in the economic attractiveness of
recycling. Design a battery with unified electroactive materials
is highly promising in concentrating the cathode materials,
simplifying separation, and therefore, increasing the economic
viability. Notably, in light of the concept of the symmetric
battery, batteries can be simplified by using electrode materials
with two redox reactivity. Such an approach is expected to
increase the ratio of electroactive materials, which will make
recycling more economically worthwhile. Ideally, the two redox
reactions happen in both low and high potential, which endows
the materials to act as both anode and cathode. Such symmetric
cell structure is readily transferred to bipolar cell configuration.
Theoretically, the fundamental of designing these kinds of
compounds is the synergistic effect of a transition metal
element with low potential redox (Ti, V, Nb, and Mo) and other
transition metal elements with high potential redox (Cr, Mn, Fe,
Co, Ni, and Ru),®2 which is well exemplified by the works of other
researchers.®38> Materials such as phosphate-based salt
LizV2(POs)3 8 and NazV,(PO,)s 8¢ take advantage of the redox
reaction of V*/V3* and V3*/V?* and hold promises in developing
symmetric battery with cheap and abundant elements. The
design of fully recyclable NIB with Na3V,(PO,)s as electroactive
material and Al foil as CC is well demonstrated by Liu et al.®”
Based on the intrinsic property of Al foil, basic solution was used



to separate the electroactive materials and CC with a high solid-  polyethylene glycol (PEG) was introduced onto the side chain of
component recycling efficiency of ca. 99.7%. The design can be the poly(acrylic acid) (PAA) (Fig. 4e).28 Such an approach offers
extended to other battery systems, which is promising to be atestbed for exploring other sustainable binders. A further step
practically transferred to the commercial scale. towards simplified battery configuration is free of carbon black
On the account of the obvious advantages of aqueous inthe electrode, in which the feasibility has been demonstrated
polymetric binders regarding the limitations of PVDF, a by the conductive composite binders such as PEDOT:PSS.#°
foresight towards future EES recycling is to design a green and Notably, polymetric electrode materials that show cathodic
multifunctional binder for the emerging electrode materials and anodic reactions with two redox peaks, hold promise in
with high energy density such as Si anode. A conductive self- designing BE batteries with Li-based battery technology and
healing polymeric binder consisting of a ureido-pyrimidinone beyond. More and more researches have proven the feasibility
(UPy) unit is capable of self-healing while ion-conducting of constructing batteries with bipolar-type organic compounds,
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such as polyparaphenylene (PPP; (CsHa)n),%° poly(2,3-dithiino-
1,4-benzoquinone) (PDB; (C603S5)n),%* 2,5-
dihydroxyterephthalic acid (Na;CgH,Og) with enolate and
carboxylate groups.®> For example, an asymmetric all-organic
battery based on phenothiazine and naphthalene
tetracarboxylic dianhydride units is designed, presenting two
redox potentials at ~2.5V and 3.7V (vs. Li/Li*) (Fig. 4f).>3
Integrating cathode-active moieties with anode-active moieties
is another intelligent strategy to construct symmetric batteries.
Such a strategy has been successfully applied to design 4,4'-
(phenazine-5,10-diyl)dibenzoate (PZDB) containing cathode-
active phenazine moiety covalently sandwiched between two
conjugated (Fig. 4g).>*
Moreover, it is claimed that this compound has excellent

anode-active benzoate moieties
stability in common aprotic electrolytes and is promising for
real-world use.

Embedding these chemical designs into future batteries will
certainly smooth material separation, offering competitive
efficiency and convenience over the complex shredding and
material separation processes adopted in the current recycling
system. Moreover, the purity of spent electroactive materials
collected from such a process for regeneration will be ensured.
Though there is still a long way to go before the realization of
such designs for material separation, the strong driving force of
global sustainable development will force the transformation of
battery manufacturing.

Predesign for sustainable electrode

The intrinsic sustainability of electrode materials is the
prerequisite for EES recycling. A sustainable electrode that
contributes to the referring scenario should merit the potential
in cutting down the cost in recycling and manufacturing.
Considering the high cost and supply risk of Co, it is expected to
decouple the energy storage technology and the Co content.>
% To this end, reducing the cobalt content in the electrode or
replacing it with easily recyclable materials is a promising
strategy.

Though Co-based batteries are considered a green energy
technology, the supply risk of Co and its toxicity to the
environment/humans diminishes its sustainability. Today’s LIBs
recycling can recover Co in various forms, which partially
alleviated the demand for raw materials. However, the recycling
efficiency and the purity of the products are the bottlenecks for
a safe and long-term supply chain. Design of a cathode material
with less Co content or even without Co would be an excellent
contribution. Lithium-rich manganese-based materials (Li-rich
Mn-based) and Ni-rich materials have a strong potential for
commercial viability. Li-rich Mn-based and Ni-rich cathode
materials could mitigate the supply risk of Co, while also
increasing the sustainability of current LIBs technologies. More
importantly, less Co content will significantly reduce the
recycling costs. Reductive reagents are normally needed when
recycling Co owing to the poor solubility of Co3*. Comparatively,
metal ions with lower valence, such as Ni?*, have the intrinsic
merit of better solubility, therefore avoiding the usage of costly
reductive reagents.

Nevertheless, these materials suffer from the irreversible
layered-to-spinel and cubic-to-tetragonal phase transition

associated with Jahn-Teller distorted Mn3* ions and the
dissolution of Mn?* into the non-aqueous electrolyte, leading to
a poor cycling performance with continuous voltage fading.®®
Utilizing a sustainable binder for the enhancement of cycling
performance is a simple strategy. Commercial CMC-Na was
utilized as a binder for Li-rich Mn-based materials and the
proven ion-exchange of Na* in CMC into the lattice of the
cathode during the discharge process inhibits the phase
transformation of layered structure into the spinel structure by
suppressing the transition metal ion migration into the Li
vacancies (Fig. 5a).°® Guar gum has also been proposed as a
binder for improved cycling performance, which attributes to
the smooth and tightly coated layer containing both SEI and
guar gum on the surface, leading to the stabilization of Ni%*/Ni*
during the charge/discharge process(Fig. 5b,c).?” In addition to
the implementation of a suitable binder, the design of the
crystal structure®® and nano-scaled interface modifications®®
were actively investigated to stabilizes the crystal structure not
only of Li-rich cathode materials but also Ni-rich materials. A
structured Ni-rich oxide was developed with a linear increase
concentration of Mn and a linear decrease concentration of Ni
from the center towards the outer surface.® Such a design
takes advantage of the high energy density of Ni and the high
thermal and cycling stability of the Mn (Fig. 5e). A similar nano-
design strategy, which is the Li-rich interior and a Li-poor
surface was applied to ensure that Li-rich oxide cathode
materials are immunized against oxygen release with a.%8

Moreover, as a green cathode material for sustainable
energy storage, LiMnO, was actively investigated owing to its
low cost, abundance, and environmental friendliness.
Notwithstanding, the commercialization of LiMnO, has been
suppressed by the unstable structure associated with high-spin
Mn3*. To this end, the nano-scaled structural design holds
promises in resolving these limitations. Zhu et al. proposed a
hetero-structured layered and spinal domain with different
orientations to stabilize the crystal structure of LiMn0,.1% The
interfacial orbital ordering was observed by the HAADF-STEM
taken at the spinel-layered interface along the [010] zone axis,
which is originated from the almost perpendicular arrangement
of the Mn dz? in these domains (shown in Fig. 5d). Such design
helps suppress the cooperative Jahn—Teller distortion and Mn
dissolution, thus accelerating the commercialization of these
more sustainable energy materials.

Another sustainable material design that contributes to EES
recycling is the implementation of polymetric electrode
materials instead of inorganic compounds.!! Though the
improvement of organic electrode compounds is not as
spectacular as inorganic materials in the past decades, a
renaissance of organic electrodes is called upon since the
intercalation compounds have reached their intrinsic limits.”®
The production of organic electrodes avoids the mining and
high-temperature annealing process; hence a low CO; footprint
is expected. Coupled with its recyclability and low cost, organic
electrodes hold promise to make rechargeable batteries and
their recycling process more sustainable.’ 7 More importantly,
organic/polymetric compounds based on conversion reactions
are also electroactive towards other ions. The solubilization of
organic electrode materials in water and its insolubility in



organic solvents (such as ethanol), arguably, demonstrates a
significant improvement in the environmental and economic
sustainability of electrode material recycling processes.
Compared to those processes currently used for inorganic
electrode materials, which usually involves leaching with strong
acid and solvent extraction using toxic organic solvents, water
and ethanol can be used for recycling organic electrode
102 and dilithium

benzenediacrylate!®3, The potential of transferring this theory
102-104

materials such as Tetrakislawsone

into practice is well demonstrated by other researchers.

Future perspectives

The exponential growth in consumption of LIBs to achieve green
energy targets presents a new environmental challenge and
accelerates natural resources depletion. Recycling spent LIBs
has, therefore become a priority field of research since it can
reduce the demand for mining new raw materials. Well-
established recycling technologies including pyrometallurgy,
hydrometallurgy, and their combinations are capable of
recycling mixed spent batteries and recovering valuable metals,
especially Co, Ni, and Mn in its various compounds such as
Ni(OH),. However, the simultaneous goal of high efficacy, high
profit, and environmental sustainability has proven to be a
challenging task for the current recycling sectors. Numerous
efforts have been devoted to reducing the environmental
impacts of metallurgical recycling technologies. The harmless
treatment and recovery of toxic Li salt (such as LiPFg) and
electrolyte (such as diethyl carbonate and dimethyl carbonate)
have been achieved on a commercial scale. “Green solvents”
such as deep eutectic solutions were developed to substitute
conventional toxic solvents to extract critical metal elements.
After optimization of the processing conditions and reagents
used, the environmental sustainability of current recycling
technologies seems to be improved. Unfortunately, considering
their inherent energy intensity and chemical consumption,
along with the more precise material extraction, separation,
and purification processes, MBR technologies are not
considered sustainable. Fortunately, as researchers and
industries deepen their understanding of how to turn waste into
resources, direct recycling was proposed and has proven to be
a sustainable LIBs recycling technology.®

Direct recycling or direct regeneration is a non-destructive
strategy to restore the electrochemical performance of cathode
and anode, as well as recycling separator, electrolyte, and
lithium salts, realizing fully recycling of spent LIBs. Direct
recycling is often considered sustainable, but in reality, it is only
as sustainable as its full processing line, including the pre-
treatment process. If the pre-treatment process is highly
labour-intensive and energy-intensive, the economic viability
and sustainability of direct recycling diminish. This is the
obstacle facing today’s HADR, namely the high human
intervention. Therefore, while there are many markets for
recycling, it is believed that in the short term, current MBR
technologies, including pyrometallurgy and hydrometallurgy,
will continue to serve their respective roles in recycling market.
That is because the number of recycling companies
implementing the direct recycling strategy is negligible when

compared to the volume of literature published. This is most
likely due to the major pitfalls of modern commercial Li-based
batteries: sophisticated chemistry and poor traceability. The
pre-treatment process for direct recycling is always
understated, leading to a more costly recycling process on an
industrial scale.

Obviously, resolving these two pitfalls is an essential

requirement before realizing truly EES recycling of LIBs.

Fortunately, revolutionary breakthroughs in intelligence
technologies such as Al and ML, facilitate improved traceability
and management of batteries. Furthermore, recent advanced
materials science toward more sustainable rechargeable
batteries also provides solutions that can be easily adapted into
facilitating the sustainable recycling of LIBs and future batteries.
Moreover, the chemical predesigns referring to simple and
sustainable material separation and recycling proposed in this
perspective are expected to convey the concept of embedding
recycling into the materials selection and battery design
towards closed loop and economically viable recycling. For the
existing spent battery, we can still utilize the proposed “Reuse-
Refurbish-Recover” EES recycling strategies, combining the
state-of-the-art pre-treatment for the efficient separation of
metal and non-metal components, and the direct regeneration
of specific types of electroactive materials.

Beyond implementing predesign, some modifications,
though still in their infancy, can be applied before retrieving
damaged electroactive materials for the reduced need for
disassembly. For example,
batteries attributed to the drying of liquid electrolytes can be
restored through adding a proper supplement of electrolytes
without intricate disassembly. While from a nanoscale,
‘inactive’ Li species in the solid electrolyte interphase (SEl)
might be rejuvenated and served as a supplementary Li source.
Such a novel regeneration strategy has recently been proposed.
lodine species loaded by a biochar capsule host were used to
release the Li* in Li,O-dominant SEI and thus rejuvenating the
batteries back to acceptable electrochemical performances.'%>
Similar approaches await exploration to reduce the workload of
disassembly.

The superiority in GHG emission and economic offset from

direct recycling in terms of LFP cathode given the more

at a macroscopic scale, dead

energetical efficiency in mining the iron precursor materials and
the cost-effectiveness in manufacturing without premixing and
drying steps to combine transition metals remain
questionable.®> However, infinite mining will not be the ultimate
choice for environmental sustainability and the limited
resources under the ground will someday become the
bottleneck. Opportunities to increase the economic viability
exist in the proposed intelligence-assisted “Reuse-Refurbish-
Recover” recycling scenario. The recycling-friendly cell design
and the artificial intelligence (Al)-assisted processes will help
the cost-effectiveness in both recycling and

manufacturing. For example, the waste olivine FePO4 materials

increase

from selective recycling lithium from spent LiFePO4 could be
applied as a promising cathode material for NIBs.1% Oxidative
leaching reagents (such as Na;S;0g) can be used instead of
strong acids to achieve the leaching of Li* while maintaining the



olivine structure. As a result, the spent batteries in converted
into a resource, i.e., the "waste materials" within the spent
batteries is transformed into another energy storage material.
Though more efforts need to be committed, the concept of
intelligence-assisted predesigns in battery management
systems, for material separation, simplifying the composition of
batteries, and utilizing sustainable energy materials is promising
to realize sustainable recycling of LIBs and beyond. More
importantly, the intelligence-assisted predesign and “3R”
concept could help the authorities set up and implement
relevant regulations and even laws in the course of future
battery design, thereby avoiding the widespread plastic
catastrophe of the last century. LIBs product stewardship will
help the government to establish regulations, standards, and
that embed recycling
principles into design and manufacturing. For example, the tax

incentives innovative sustainable
rebate could support recyclers to realize the recycling of low
value spent electroactive materials, such as lithium iron
phosphate. With such “carrots and sticks”, the incorporation of
intelligence-assisted predesign into battery management
systems and battery chemistry will facilitate industrial sectors

to implement the transitions towards a sustainable economy.
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