
From Mining to Manufacturing: Scientific Challenges and
Opportunities behind Battery Production
Jie Xiao,* Xia Cao, Bernard Gridley, William Golden, Yuchen Ji, Stacey Johnson, Dongping Lu, Feng Lin,
Jun Liu, Yijin Liu, Zhao Liu, Hemanth Neelgund Ramesh, Feifei Shi, Jeremy Schrooten, Mary J. Sims,
Shijing Sun, Yuyan Shao, Alon Vaisman, Jihui Yang, and M. Stanley Whittingham

Cite This: https://doi.org/10.1021/acs.chemrev.4c00980 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: This Review explores the status and progress made over the past decade in
the areas of raw material mining, battery materials and components scale-up, processing, and
manufacturing. While substantial advancements have been achieved in understanding
battery materials, the transition to large-scale manufacturing introduces scientific challenges
that must be addressed from multiple perspectives. Rather than focusing on new material
discoveries or incremental performance improvements, this Review focuses on the critical
issues that arise in battery manufacturing and highlights the importance of cost-oriented
fundamental research to bridge the knowledge gap between fundamental research and
industrial production. Challenges and opportunities in integrating machine learning (ML)
and artificial intelligence (AI) to digitalize the manufacturing process and eventually realize
fully autonomous production are discussed. The review also emphasizes the pressing need
for workforce development to meet the growing demands of the battery industry. Potential
strategies are suggested for accelerating the manufacturing of current and future battery
technologies, ensuring that the workforce is equipped with the necessary skills to support
research, development, and large-scale production.
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1. INTRODUCTION
In light of the escalating importance of batteries for broad
applications in modern societies, it is crucial to establish a
sustainable strategy that pinpoints and addresses the scientific
challenges in battery manufacturing. For academic researchers,
manufacturing seems a little far from their daily research, as they
are not familiar with the manufacturing process which is usually
taken care of by industry. It is not clear what kind of roles
researchers can play in supporting battery manufacturing.
Meanwhile, for industry, most of the published research is
valuable in deepening scientific understanding, but there is still
uncertainty whether those newmaterials or ideas are suitable for
large-scale production,1 because the first criterion to assess the
feasibility of any new material, component, or battery
technology is the cost, which includes both materials and
processing.

The cost of Li-ion batteries (LIBs) has dropped significantly
from a few thousand dollars per kWh in the 1990s to around
$100/kWh today.2 However, to further accelerate electric
vehicle (EV) market penetration and enable large-scale
deployment of grid energy storage, the cost must be reduced
below $100/kWh. Achieving this requires cost-efficient
materials and processing technologies along with increased
cell-level energy density,3 because the cost of a battery is defined
as $$/kWh. In addition to the cell-level energy from each
building block of the pack, battery lifetime�that is, the total
deliverable energy during the lifespan of the battery�also plays
a key role in determining the cost in the long term, which needs
more fundamental understanding about stabilizing the struc-
tures of cathodes and their interfaces, which is not the focus of
this Review. CO2 emission from battery manufacturing has been
covered by quite a few review papers4−8 and thus will not be
discussed herein.

Fundamental research related to battery manufacturing needs
to be cost oriented. For conventional LIBs, graphite production
is quite mature. To further reduce the cost of graphite
production, natural graphite is of great importance, but its
electrochemical performance still needs further improvement
without introducing an additional cost. The manufacturing of
high-performance graphite also relies on equipment such as
specialized furnaces to precisely tune the temperatures and
heating environments to control the electrochemical properties
of carbon. Hard carbon is also proposed for LIBs and, so far, is
the best anode material for Na-ion batteries. Synthesis of hard
carbon from sustainable resources is one of the promising
directions from a manufacturing cost and scalability point of
view.

For the conventional LiNi0.6Mn0.2Co0.2O2 (NMC622)
cathode, the manufacturing costs fluctuate with raw material
prices, including lithium salts and transition metal sulfates.
Additionally, various synthesis approaches also impact the
production cost of NMC materials.9 New approaches are
needed to increase the tolerance level of raw materials while
simplifying the manufacturing process of NMC cathode
materials and reducing the carbon footprint during production.
As more nickel is packed into NMCs, e.g., LiNi0.8Mn0.1Co0.1O2
(NMC811) or LiNi0.9Mn0.05Co0.05O2(NMC90), different chal-
lenges arise, delaying their large-scale adoption for use in
commercial EV batteries. For high-nickel NMCs, the moisture
sensitivity, gassing, and cracking issues are still not well
addressed; however, they might be overcome through cost-
effective synthesis innovations.10 Similarities can be found in
other cathode materials, such as LiFePO4, LiMnPO4, and
LiFe1−xMnxPO4, which still need to be downsized to nano-
particles for sufficient ionic conductivity, but that raises
problems in making dense and thick electrodes for high-energy
applications. All of these issues are new opportunities to
integrate materials science and engineering to tackle the pressing
challenges in reducing manufacturing cost for battery materials
with enhanced properties and performances.

Tomanufacture next-generation high-energy batteries such as
lithium metal (solid or liquid) or lithium−sulfur batteries,
processing costs need to be further lowered through
innovations. For example, ideally, if coupled with an NMC
cathode, no lithiummetal is needed on the anode side, assuming
the Li+ stored in the NMC cathode can be 100% reversibly
utilized back and forth. However, due to the aggressive side
reactions between Li and electrolytes, Li stored in an NMC
cathode is quickly consumed, leading to very fast cell
degradation.11 Before an “anode-free” cell is realized, an
appropriate amount of Li metal is still necessary on the anode
side to compensate for the continuous loss of Li+ ions upon each
cycle. The thinner the lithium metal foil, the lower the material
cost, but processing ultrathin lithium metal foil below 20 μm
could be quite expensive. Another good example is the sulfur
cathode. Sulfur is almost “free” compared to NMCs because it is
the byproduct of crude oil processing.12 But sulfur/carbon-
based composites still have challenges before their successful
implementation in Li-S batteries. For example, the highly porous
S/C electrode13 absorbs at least twice the amount of electrolyte
as in conventional NMC cathodes, thus sacrificing cell-level
energy.14 Reducing the porosity and tortuosity of the S/C
composite electrode is not easy because of the nature of their
nanostructures. Solid-state electrolytes have already achieved
high ionic conductivity at room temperature, comparable to that
of liquid electrolyte. But processing the particles into solid
membranes will result in some loss in conductivity due to the
presence of grain boundaries, which may become limiting15 at
practical conditions. In addition, large-format processing of
solid-state membranes without any defects is a prerequisite for
commercializing solid-state batteries, although most of the
demonstrated cells still have limited dimensions.16,17

To directly support battery manufacturing, different mindsets
are needed in performing fundamental research. It is critical for
us to understand the true challenges in lowering the cost of
battery materials and processing through a comprehensive
survey from the raw materials supply chain to production.
Advanced in-line characterization and smart manufacturing will
further increase the yields and reduce the cost of “waste”.
Scrapes from the production line as well as the spent batteries
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can be directly recycled and fed back into the manufacturing line
as “raw” materials. If the cost to recycle spent batteries becomes
comparable to that of the freshly mined materials, then those
recycled batteries would also be good “feedstock” to make fresh
batteries, reducing the supply chain risks. To ensure sustainable
manufacturing, workforce development�from operators to
researchers�needs to happen in parallel with tailored courses
for various industries, and they need to reach the best practical
impacts.

2. RAW MATERIALS MINING AND REFINING

2.1. Lithium Salts

2.1.1. Lithium Extraction. Raw lithium salts are the
building blocks of LIBs from cathode synthesis to electrolyte
production and anode prelithiation. Lithium is mainly extracted
from natural resources such as rocks, spodumene LiAl(SiO3)2,

18

or brines. There is more lithium stored in continental brines
than in hard rock ores.19 The former is the primary mining
method for lithium production.

Extraction of lithium from brines relies on evaporitic
technology, which pumps the saltwater from underground
aquifers to the surface and relies on open-air evaporation to
concentrate the brine. This process takes up to two years, which
is very slow and cannot respond resiliently to the market need.
The brine solution is then processed by adding chemicals to
precipitate and refine lithium salts.20,21 The locations of brines
suitable for lithium extraction are geographically restricted.
Brine sources with diluted lithium such as geothermal brines
cannot adopt the conventional evaporation method for lithium
extraction due to their different chemistry and much longer time
for processing. However, new extraction methods such as direct
lithium extraction, e.g., ion exchange,22 electrochemical
methods,23 etc. are being investigated which may accelerate
the process of concentrating lithium salts in all brines with
different lithium concentrations, if scalability can be demon-
strated.

In hard rock deposits, lithium is present in the form of Li2O in
spodumene, the content of which varies from 2.9 to 7.6 wt%.24

The mainstream approach to extract lithium from spodumene is
through acid roasting (phase transition and sulfuric acid
digestion) (Figure 1).21 A high-temperature calcination step is
required to first convert the α-type monoclinic structure of

spodumene to the β-type tetragonal form, with a selective
sieving process to increase Li2O concentration.25 Then the
converted spodumene is mixed with an excessive amount of
sulfuric acid, reacting at 250 °C. The related chemical reactions
for acid roasting are shown in Figure 1.21 Li2O will dissolve in
sulfuric acid, forming Li2SO4, which will eventually be converted
to insoluble Li2CO3 by using a Na2CO3 solution. It has been
found that the leaching rate of the impurities in the spodumene
is slow. Adding additional amounts of sulfuric acid does not
increase the extraction yield of lithium,26 indicating that not all
the impurities in spodumene are accessible by acid, depending
on their specific locations or environment in the hard rock. To
further improve the extraction yield, more fundamental research
is necessary to quickly understand the distribution of different
impurities before and after acid roasting. Energy involved in the
extraction of lithium is also intensive. Reducing the temperature
needed for phase transition of spodumene,27 shortening the time
used for high-temperature calcination by energy-efficient use of
fluidized-bed systems,28 or decreasing the amount of strong acid
used29 are all important research areas to improve lithium
extraction from rocks.30

Concentrated lithium, extracted from either brines or hard
rocks, will undergo a series of refining process to meet battery-
grade purity (Figure 1), removing major impurities such as Mg
and Ca by using chemical agents such as Ca(OH)2 and Na2CO3,
respectively, which counts for 30−40% of the total cost of
lithium production and is accompanied by CO2 emission.21 In
the refinery process, Mg removal is still much more challenging
than Ca removal because ofMg’s size being almost identical with
that of Li. The presence ofMg impurity considerably impacts the
extraction efficiency of Li from brines, making it challenging to
separate them. An increased Mg/Li mass ratio dramatically
decreases the feasibility of extracting Li from the corresponding
brines, most of which, unfortunately, have a high Mg/Li ratio.31

In addition, Mg precipitates into smaller particles compared to
their calcium counterpart, not to mention that the concentration
of Mg is higher than that of Ca, especially from those brines with
high Mg/Li ratios. All of these factors add to the increased cost
of eliminating Mg during the refining process. Therefore, new
but cost-efficient approaches are urgently needed to expand
available brine sources for lithium extraction.

A recent interesting work found that up to 1% Mg impurity in
raw lithium salt materials in fact improves the electrochemical

Figure 1. A simplified process diagram for lithium carbonate production with lithium brine extraction and hard rock mining. Modified and reproduced
from ref 21 under the terms of the CC-BY 4.0 license.
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performances of cathode materials synthesized using Li2CO3,
with this “high” impurity of Mg presumably assigned to the
doping effects of Mg.21 Indeed, Mg is a common dopant used to
tune the lattice structure and thus the rate and/or cycling
stability of battery materials.32,33 If some of the impurities in the
raw lithium salts can be utilized as dopants to positively impact
the later-formed functional materials, it will greatly ease and
accelerate the production of raw lithium salts and, therefore,
reduce the cost of lithium extraction.

The extracted salts are either further utilized to prepare
lithium metal ingots1 through electrolysis, which will be
discussed in a later section, or processed to battery-grade-purity
salts for battery materials synthesis or electrolyte use.
2.1.2. Salts as Precursors for Battery Materials Syn-

thesis. Li2CO3, LiOH·H2O, and LiOH, extracted and refined
from brines or rocks, are the commonly used salts for battery
materials production. The synthesis of commercial Ni-rich
cathodes such as polycrystal NMC811 often utilizes LiOH or
LiOH·H2O as a lithium salt precursor,34 while low-cost Li2CO3
is used for manufacturing NMC622, NMC532, and Li-
Ni1/3Mn1/3Co1/3O2 (NMC111), which have reduced nickel
content.

Li2CO3, LiOH·H2O, and LiOH along with LiNO3 and Li3PO4
are also used for synthesis of phosphate cathodes such as
LiFePO4 or LiMnPO4, depending on the specific route used.35

From a cost point of view, Li2CO3 is still the preferred raw salt
for mass production of phosphates cathode materials because, as
discussed earlier, Li2CO3 is the most common form of lithium
salt after being extracted and processed from rocks or brines. An
interesting work took advantage of a lithium salt such as
Li1−xMgyV2−zNzO5 as an additive mixed with preheated
LiFePO4 precursors, followed by milling and sintering to form
a composite-phase material.36 The salt additive has both good
ionic and electronic conductivities which “glue” nanosized
LiFePO4 into micron-sized particles (D50: 2 μm), which not
only increases the tap density of as-prepared LiFePO4 but
suppresses the particle growth of LiFePO4 during high-

temperature calcination, leading to excellent rate capabilities
for both charge and discharge.

Current wisdom believes that lithium salts need to be
downsized homogeneously to bemixed with different precursors
for a uniform chemical reaction to happen during high-
temperature calcination. This leads to the necessity of premilling
and/or sieving lithium salts, which adds on the cost. If chemical
lithiation can happen without the need to control the particle
size of lithium salts, the materials manufacturing efficiency will
be improved. Impurities such as iron and sodium in the lithium
salts need to be cautiously controlled and monitored because
they not only impact the structural stability of the as-prepared
cathode materials or electrolytes but also may contaminate the
anode or damage the solid−electrolyte interphase (SEI) upon
cycling.37

2.1.3. Salts for Electrolyte. Liquid electrolytes used for
batteries are made by dissolving salts in solvents. Dissociated
salts in the electrolyte solution provide ionic conductivity, which
is dominated by lithium hexafluorophosphate (LiPF6) for LIBs.
Some other salts, such as lithium hexafluoroarsenate (LiAsF6),
lithium borohydride (LiBH4), and so on, are also used but
mainly as additives. Lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) and lithium bis(fluoromethanesulfonyl)imide
(LiFSI) have corrosion issues at elevated voltages,38−40 but the
discovery of concentrated electrolytes enabled their broad
application in not only Li-ion41 but also Li metal batteries.42

LiPF6 is manufactured by reacting phosphorus pentafluoride
(PF5) with lithium fluoride (LiF) by following the overall
reaction below.43

+Overall reaction: LiF PF LiPF5 6

+ +s l g gReaction 1: PCl ( ) 5HF( ) PF ( ) 5HCl( )5 5

+ + +g s l s g
Reaction 2:

PF ( ) LiCl( ) HF( ) LiPF ( ) HCl( )5 6

From the above reactions, the key raw materials used for LiPF6
production are hydrogen fluoride (HF), LiCl, and phosphorus

Figure 2. Process flow for LiPF6 production. Reproduced with permission from ref 44. Copyright 2019 American Chemical Society.
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pentachloride (PCl5). The PCl5 is mixed with HF to prepare PF5
(Reaction 1). Then PF5 reacts with LiCl in liquid HF to form
LiPF6 (Reaction 2). Anhydrous HF, obtained by treating liquid
HF with high-purity fluorine (F2) gas (from electrolysis), is
needed for reactions. High-purity F2 gas is from an electrolysis
process.

The whole process is illustrated in Figure 2. Hazardous HF is
always needed for LiPF6 production, raising the manufacturing
cost due to safety and control measures.44 But for now, there is
no alternative solvent that works better than HF for LiPF6
production to give the high yield and purity needed in LiPF6
manufacturing.

LiFSI is emerging as a next-generation lithium salt for
electrolytes, complementing LiPF6. Following its initial
industrialization by Nippon Shokubai, major manufacturers
within the lithium battery supply chain in China, Japan, and
Korea have commenced the large-scale production of LiFSI and
are progressively expanding their production capacities.

The synthesis of LiFSI typically consists of three primary
steps: (1) preparation of dichlorosulfonimide (Reaction 1
below), (2) fluorination of dichlorosulfonimide (Reaction 2),
and (3) lithium ion exchange (Reaction 3).45 Although the
overall synthesis route for LiFSI is fixed, the raw materials and
process conditions utilized in each step can vary depending on
the specific route employed.45 The mainstream synthesis
pathway for LiFSI is illustrated in the reactions below.46−48

Recent market trends suggest a steady increase in market
penetration of LiFSI, with continued growth expected in the
foreseeable future.45 In comparison to LiPF6, LiFSI exhibits
substantially enhanced thermal and chemical stability with
higher resistance to hydrolysis.40 Electrolytes based on LiFSI
demonstrate improved performance across both high- and low-
temperature regimes,49 as well as superior rate capability,50

attributed to the higher ionic conductivity and reduced SEI
resistance. The development of high-concentration electrolytes
(HCEs) based on LiFSI has opened a brand new direction for
studying electrode−electrolyte interphases, which has a
potential to be applied in certain battery technologies.41 This
enhancement brough by HCEs is primarily attributed to the
solvation structure, wherein the Li+ cation exhibits a strong
association with FSI− anions as well as the solvent, facilitating
the formation of an anion-derived SEI.51 The resulting SEI is
more stable and robust than the conventional solvent-derived
SEI, as it is predominantly composed of inorganic components,
which exhibit resistance to dissolution and mitigate continuous
formation in subsequent cycles.52

However, a notable limitation of HCEs is the high
concentration of salts, which leads to increased viscosity and
higher costs. To mitigate these issues, localized high-
concentration electrolytes (LHCEs) have been proposed.53

LHCEs utilize weak or nonsolvating solvents as diluents, thereby
retaining the beneficial properties of HCEs while reducing the
overall salt concentration and viscosity to levels akin to those of

conventional electrolytes.54 This strategy helps reduce the cost
of LHCEs relative to HCEs by decreasing the salt concentration
in the electrolyte. It also improves the cycling stability, calendar
life, and operational temperature range of the batteries.55−57

Yet, the production cost of LiFSI still remains higher than that
of LiPF6, primarily due to the more complex synthesis route and
the lower yield of LiFSI, whereas LiPF6 has been in production
for a longer period and is well-established in the market,
benefiting from a more standardized synthesis process.1,18

However, ongoing advancements in the production processes of
LiFSI, coupled with potential breakthroughs in industrial-scale
manufacturing and accelerated market demands, could lead to
cost reductions, positioning LiFSI as a promising candidate for
future applications, particularly due to its reduced fluorination
compared to LiPF6.

19

Impurity Impacts. Impurities in electrolytes critically
influence the performance and safety of LIBs. LiPF6 commonly
contains impurities such as water, hydrofluoric acid (HF), metal
contaminants (such as Na, K, Ca, Mg, Fe, Cu), anion
contaminants (including Cl− and SO4

2−), and insoluble
particulates. Similar impurities are observed in other commercial
electrolyte salts, such as LiBF4, LiAsF6, and LiFSI, although
additional impurities may exist as well. Besides, impurities also
come from electrolyte solvents, usually including water and
organic contaminants. These impurities arise from various
sources and adversely affect battery performance in different
ways. For example, a trace amount of water can infiltrate the
electrolyte due to inadequate handling, insufficient drying, or
exposure to humid conditions. Water reacts with salts like LiPF6
to generate HF, a highly corrosive byproduct that exacerbates
electrolyte degradation over time.58−60

Metal contaminants in the form of metal particulates or metal
ions, commonly originating from contaminated raw materials or
equipment, negatively impact the anode performance by
inducing metallic deposition. These contaminants also poison
the SEI layers and accelerate the degradation of the electrolyte.61

Cl− and SO4
2− usually stem from contaminated materials and

the LiPF6 synthesis processes. These anions accelerate the
corrosion of the aluminum current collectors. Additionally, they
may react with other components to form insoluble precipitates,
thereby increasing the internal resistance of the battery. Organic
impurities, such as acids, alcohols, and aldehydes, are mainly
residual reactants or byproducts from solvent production
processes. They can engage in undesired oxidation/reduction
reactions at the electrode surfaces, diminishing battery
efficiency. In lithium metal batteries, impurities containing
active protons can undergo severe chemical reactions with the
lithium metal anode due to the highly reactive nature of metallic
lithium.62 Of note, there is also a report on the water-derived HF
“guiding” lithium metal growth into columns, smoothing
dendrite growth.63

Rigorous monitoring and control of electrolyte impurities are
essential to maintain the high quality of the electrolyte and
ensure optimal battery performance, reproducibility, and safety.
China has established a comprehensive set of chemical industrial
standards governing the production and application of common
electrolyte materials, including salts, solvents, and addi-
tives.64−67 These standards outline requirements for product
quality, test methods, and inspection procedures, as well as
guidelines for marking, labeling, packaging, transportation, and
storage. For instance, the standards stipulate that LiPF6 must
meet a minimum purity of 99.95%, whereas commonly utilized
carbonate solvents are mandated to achieve aminimum purity of
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99.99% for battery application. In academic research, when
developing innovative electrolytes that incorporate chemicals
beyond conventional salts and solvents, it is crucial for
researchers to exercise rigorous quality control during electro-
lyte preparation. Additionally, detailed information about
chemical purity and impurities may need to be disclosed in
publications to ensure the reliability and reproducibility of the
electrolyte for practical applications.68

Electrolyte Recycling. Considering the amount of electrolyte
(15−20 wt%) used in batteries and the cost of battery-grade
salts, electrolyte recycling is underemphasized in battery
recycling research. Early literature on LIB recycling proposed
liquid extraction methods for electrolyte recycling,69 while
subsequent studies of battery recycling often overlooked
electrolyte recovery.70,71 Considering the high volatility,
flammability, and toxicity associated with contemporary battery
electrolytes, improper management of these materials in spent
batteries poses substantial environmental and health risks.72−75

In addition to the economic benefits of recovering valuable
electrolyte components, it is imperative to address these hazards
effectively to mitigate potential adverse effects.

However, the electrolyte in spent LIBs is predominantly
absorbed within the porous electrode materials, making
electrolyte recycling more challenging. To overcome these
difficulties and improve the efficiency of the electrolyte recycling
process, several approaches have been proposed. The first
approach is to recover the electrolyte through a liquid extraction
method.69 Because of the high cost associated with liquid solvent
extraction, researchers have explored the use of liquid and
supercritical CO2-assisted methods to improve electrolyte
recovery rates.76−79 In contrast to traditional liquid solvent
extraction techniques, the supercritical CO2-assisted approach
facilitates the efficient removal and recovery of the electrolyte
through pressure relaxation. High effectiveness in supercritical
fluid extraction can be achieved by optimizing operational
parameters such as pressure, temperature, and extraction
duration.76 For example, a recovery rate of 89.1 ± 3.4 wt% of
the electrolyte from Panasonic 18650 batteries was attained
using supercritical CO2 and an acetonitrile/propylene carbonate
mixture in a 3:1 ratio.77 Given that spent electrolytes are
composed of a complex mixture of salts, solvents, additives, and
their decomposition products, and considering the wide variety
of battery types and electrolyte formulations on the market, the
optimal strategy for electrolyte reuse involves selectively
extracting individual components from the electrolyte mixture.
This selective extraction represents a potential area for future
research in the field of electrolyte recycling, with cost analysis
being conducted in parallel.
2.2. Nickel, Manganese, and Cobalt Salts for Li-Ion
Cathodes

Nickel, manganese, and cobalt are constituent elements of many
cathode chemistries for rechargeable batteries. All of these
relevant elementsmust ultimately be extracted from the earth via
the mining of ore. The concentration and quality of ore are
determined by geological history, as deposits are unevenly
distributed around the world in varying degrees of quality and
concentration. At the outset, the two most important chemical
characteristics of any ore are (1) the concentration of the
relevant element in the ore and (2) the presence of unwanted
impurities in the ore. Besides concentration, the financial and
environmental costs for refining the ore are direct functions of
the quantity and type of impurities present in the ore. Some

impurities may be in high concentration but relatively easy to
remove, while other impurities may be in low concentration but
difficult or even impossible to remove. Impurities can include
but are not limited to cations such as sodium, potassium, or
calcium or heavy metals such as molybdenum or chromium, just
to name a few.

In the example of manganese processing, the concentration of
the raw ore is critical.80 Because the raw manganese ore must be
roasted to make the manganese soluble in acid for leaching, the
amount of energy required to synthesize a specific quantity of
battery-grade manganese is ultimately a direct function of the
concentration of manganese in the raw ore. Low-concentration
ore still requires the same amount of roasting on a per-weight
basis as high-concentration ore while producing significantly less
manganese via leaching. The problem of low-concentration ore
bedevils the processing of nickel, cobalt, and other materials. At
a sufficiently low concentration, the processing of the ore
becomes economically unviable.

For manganese processing, the concentration of calcium in
the ore is problematic. Because manganese is extracted via a
leaching process, high quantities of calcium will lead to
significant blockages in the plant’s pipes and equipment, costing
time, energy, and money to clean and maintain them. Other
impurities are added as part of the extractive or refining process.
For example, in manganese processing, manganese sulfate
(MnSO4) is created as an intermediate product. If the process is
not carefully controlled, then the final product will contain
sulfate in varying concentrations.

Nickel is more expensive than manganese and still dominates
high-energy Ni-rich cathode materials. Only high-content
Nickel I is used by battery manufacturers to make nickel sulfate
(NiSO4), a precursor for NMC811 synthesis.1 Nickel II, with
lower nickel content, is mainly utilized in stainless-steel
production. Innovations to convert Nickel II, such as nickel
pig iron, to nickel matte and eventually NiSO4 for cathode
manufacturing with cost-efficient approaches will be of great
importance from the point of view of relieving the challenge of
the battery-grade nickel shortage.

Cobalt is still used, although its use is continuously
decreasing, in cathode materials. Two-thirds of the global Co
supply is mined in Africa, where there are concerns about child
labor and harm to workers’ health. Recycle and reuse of those
valuable metals in spent car batteries will help. But we also need
to understand that, for now, mining those metals is still less
expensive than recycling them from used EV battery packs. So
the key is to develop cheaper ways to recycle LIBs and make
them competitive with freshly mined ones.81 In addition, scale
will help reduce the recycling cost, especially if environmental
concerns can also be resolved.

It is not well understood whether some of the common
impurities in nickel, cobalt, and manganese can be used as
dopants, which should be determined by the type and
concentrations of those impurity “dopants”. Ores from different
geographical locations may contain various contents of the same
element impurity, so fast analysis and quantification of
impurities is needed.
2.3. Iron and Phosphorus Materials as Precursors for
Polyanion-Based Cathodes

Olivine cathodes, especially LiFePO4 (LFP), have been widely
commercialized for EVs in Asian countries and have been
deployed for grid applications.82 The majority of industrial
methods for the production of LiFePO4 utilize solid-state
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processes, which require the selection of appropriate raw
materials of iron, lithium, and phosphorus sources for
calcination. Based on the iron source, the process can be
categorized into iron phosphate (FePO4),

83 ferrous oxalate
(FeC2O4),

84 and ferric oxide (Fe2O3) routes.85

For the preparation of iron sources, iron ore, such as hematite
(Fe2O3) and magnetite (Fe3O4), is typically used as a raw
material to extract elemental iron.86 Compared to other non-
ferrous metals such as Ni and Co, the metallurgy of iron is more
large-scale and the resources are more abundant.86 In the
subsequent manufacturing processes, the metallic iron reacts
with different acids to form iron salts, such as FeCl2, FeSO4, and
so on.87 The ferrous oxalate-based sintering process is currently
the most widely used industrial route due to its simplicity and
scalability.84 The preparation of ferrous oxalate can be achieved
by adding oxalic acid to an iron salt solution.

Other precursors for LFP production include lithium
carbonate (Li2CO3), lithium hydroxide (LiOH), and lithium
acetate (CH3COOLi), which are commonly used as lithium
sources. Ammonium phosphates serve as phosphorus sources,
including ammonium dihydrogen phosphate (NH4H2PO4) and
diammonium hydrogen phosphate ((NH4)2HPO4).

84 H3PO4 is
also directly used as a phosphorus source for LFP synthesis, but
impurities easily dissolve in H3PO4, so strict quality control is
required.88 The production of ammonium phosphates is usually
driven by the neutralization reaction of phosphoric acid
(H3PO4) with ammonia in the reaction tower. Phosphoric
acid is a critical industrial raw material for the production of
phosphorus sources for polyanion-based cathodes, which can be
produced by treating phosphate rock (commonly apatite) with
sulfuric acid.89

For the route in which iron phosphate is chosen as iron
source, FePO4 precursor is first synthesized by the reaction of
ferrous sulfate with purified phosphoric acid or phosphates, e.g.,
NH4H2PO4. Then the iron phosphate precursor is subsequently
calcinated with lithium salt such as Li2CO3, carbon black, and/or
organic additives (glucose, sucrose, or starch) to coat carbon on
as-produced LFP to enhance its electronic conductivity.83 For
the processes that use ferric oxide as the iron source, lithium
dihydrogen phosphate (LiH2PO4) is used as both the lithium
and phosphorus source.85 Ferric oxide is manufactured from the
purification of hematite ore materials, for which purity is critical.
The production of lithium dihydrogen phosphate also involves
phosphoric acid (H3PO4) as the reactant, which reacts with
lithium hydroxide (LiOH) to form LiH2PO4.

85,90,91

Compared to LiFePO4, LiMnPO4 offers a higher operating
voltage (∼4.1 V), which increases the theoretical energy density
(21% higher than LiFePO4), but it is limited by poorer ionic and

electronic conductivity compared to its LiFePO4 countpart.92

LiMnxFe1−xPO4 combines the characteristics of both LiFePO4
and LiMnPO4 by the substitution ofMn2+ at the transitionmetal
Fe2+ site, providing a balance between energy density and
cycling stability.93 The synthesis of lithium manganese
phosphate (LiMnPO4) and lithium manganese iron phosphate
(LiMnxFe1−xPO4) can also be industrialized with the further
introduction of manganese sources using solid-state methods.
Common manganese sources include Mn(H2PO4)2, MnCO3,
and Mn(CH3COO)2.

93 Manganese ores,94 such as pyrolusite,
rhodochrosite, and manganite, can served as the primary raw
materials for obtaining these compounds, which has been
discussed in an earlier session. Iron sources still include iron
phosphate, ferrous oxalate, and ferric oxide, with corresponding
manufacturing routes.92,93

A key advantage of olivine cathodes is the abundance of
precursor materials needed to manufacture these cathodes. The
precursor raw materials are better distributed globally than Ni
and Co raw materials. A shortage of phosphorus for battery
applications is unlikely to happen on a global scale. However,
supply chain security may call for more distributed phosphate
processing facilities. Meanwhile, the supply of phosphate for
battery manufacturing should not impact fertilizer production,
which is the primary consumer of phosphorus. Fe and Mn are
both abundant and well distributed globally. Fe/Mn precursors
used to produce olivine cathodes can come in different chemical
forms, including metal, metal phosphates, metal sulfates, and
metal oxides. The wide selection space of Mn and Fe precursors
opens possibilities for manufacturing innovations. Different
manufacturing technologies could use different precursors,
allowing for a new process design that could reduce
manufacturing cost, liquid and gaseous waste, and energy
consumption.
2.4. Artificial and Natural Graphite

Natural and synthetic graphite are indispensable materials in the
construction of LIBs, albeit with distinct characteristics and
production methodologies. Usually, many energy-intensive
process steps are involved in the production of graphite (Figure
3), which is also carbon intensive.

Natural graphite, sourced from naturally occurring deposits,
primarily consists of carbon and is extracted through mining
operations worldwide.95 Conversely, synthetic graphite is
meticulously produced via the carbonization of organic
precursors such as petroleum coke or coal tar pitch.95,96 This
process yields graphite with highly controlled atomic structures
and purities, ensuring consistency in its electrochemical
properties. While natural graphite may exhibit varying

Figure 3. Flowchart illustrating the manufacturing process for graphite anode materials.
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compositions and structures due to its geological origins,
synthetic graphite offers a more uniform structure and purity,
enhancing its suitability for the most demanding battery
applications. Despite its typically lower cost stemming from
mining processes, natural graphite often suffers from higher
impurities and inconsistent performance, whereas synthetic
graphite’s engineered properties deliver superior electro-
chemical performance�most notably longer cycle life, less
swelling during charge/discharge cycles, and less gas generation
and therefore less pressure buildup in the cell. The choice
between natural and synthetic graphite hinges on factors such as
performance requirements, cost considerations, and application-
specific needs within the lithium-ion battery industry.
Approaches that can efficiently remove the unwanted impurities
and enhance the electrochemical properties of natural graphite
without increasing the total cost will be attractive to industry
processing.
2.5. Hard Carbons

In addition to natural and synthetic graphite, hard carbon has
been extensively studied as an alternative material for LIB
anodes. Hard carbon is a type of noncrystalline carbon material
distinguished by its inability to graphitize or form ordered
structures, even at temperatures exceeding 2800 °C. Hard
carbon is typically derived from biomass or petroleum residues
through controlled pyrolysis processes, resulting in a disordered
carbon structure with a high capacity for lithium storage.97

The interlayer spacing and porosity of hard carbon and,
therefore, its capacity can be adjusted by changing the
processing temperature, which enables customization based on
the desired application. The structure, being more amorphous
than that of graphite, can provide advantages with respect to rate
performance and capacity. However, challenges such as lower
initial Coulombic efficiency and limited understanding of its
structural evolution during cycling, leading to faster degradation,
warrant further research and optimization efforts to fully exploit
the potential of hard carbon in LIBs. The exploration of hard
carbon alongside natural and synthetic graphite represents a
significant avenue for advancing battery technology and
addressing the growing demand for energy storage solutions.

Furthermore, the investigation into natural graphite, synthetic
graphite, and hard carbon transcends LIBs, encompassing
sodium-ion battery systems. Despite LIBs dominating the
energy storage landscape, sodium-ion batteries have garnered
increasing attention due to the abundance and cost-effectiveness
of sodium resources that diversify the supply chain of battery
technologies. However, although sodium is cheaper and more
abundant than lithium, the necessity of utilizing hard carbon as
the anode material in Na-ion batteries sacrifices the cost
reduction brought by using sodium because hard carbon is much
more expensive than graphite, which is a common anode in
LIBs. More basic research is necessary to reduce the
manufacturing cost of hard carbon for Na-ion batteries. Recent
studies98−100 also show promising results from graphite when
used in optimized Na-ion batteries. If graphite can be directly
utilized as the anode for Na-ion at large scale, the cost of Na-ion
battery systems will be considerably reduced.

The fundamental operating principle of sodium-ion batteries
mirrors that of lithium-ion batteries, with sodium ions shuttling
between the cathode and anode via the electrolyte during charge
and discharge cycles. Analogous to their lithium counterparts,
sodium-ion batteries necessitate suitable anode materials for
effective energy storage. However, in sodium-ion batteries, the

movement of sodium ions within the stack of graphene sheets
constituting graphite is impeded.

While a few different cathode materials can be utilized for
sodium-ion batteries, hard carbon is currently the only viable
anode active material to realize the commercial viability of
sodium-ion batteries.101 Due to its large spacing between the
graphene sheets compared to graphitic carbon, hard carbon
possesses a higher sodium-ion storage capacity, reaching up to
300 mAh/g. The storage mechanism of Na+ in hard carbon
remains a subject of ongoing debate, with several models
proposed, including the “intercalation−filling”, “adsorption−
intercalation”, “adsorption−filling”, and “three-stage” models.
These models suggest various ways in which Na+ ions interact
with hard carbon electrodes during charge and discharge
cycles�some propose intercalation into graphitic layers during
specific phases, while others suggest adsorption at surface or
defect sites. Each model provides valuable insights into the
complex behavior of Na+ storage in hard carbon electrodes,
underscoring the need for further research in this area.102−108

The carbonization process plays a key role in tuning the
microstructures of hard carbon anode materials.109 The heat
treatment usually happens from a few hundred Celsius degrees
to about 2000 °C. For comparison, the temperature used to
prepare competitive synthetic graphite is usually greater than
3000 °C,95,96 half the temperature of the surface of the sun.
Specialized furnaces are needed to tune precisely the temper-
atures and heating environments to precisely control the
electrochemical properties of carbon. The temperature needed
for hard carbon production also depends on the precursors,
which contain various impurities.110,111 Sucrose,112 glucose,113

polymer resin,114 and natural biomass115 have all been used to
synthesize hard carbon. From the manufacturing cost aspect, it
may be worthy of study to find the lowest temperature needed
for each different precursor to produce hard carbons with
balanced performance. Alternatively, a low-temperature hydro-
gen reduction method116 or Joule heating117 to shorten the
heating time also may help to further reduce the manufacturing
cost by saving energy.

While hard carbons derived from biomass provide oppor-
tunities for cost reduction, the attainable purity, tap density, and
surface area vary depending on the different biomass
precursors.118 A stable massive supply of biomass raw materials
with consistent quality and controlled impurities remains a
challenge for hard carbon manufacturing.119 Nevertheless, the
abundance of carbonaceous materials and deepening under-
standing of the nanostructures available ensure that the
technology will continue to advance as new precursors and
processing technologies are developed to continue to provide a
high-energy, long-lasting, environmentally friendly, and sustain-
able anode material for years to come.
2.6. Silicon-Based Anodes

Silicon-based anodes are at the forefront of research and
development for next-generation LIBs with a targeted cell level
energy density of about 350 Wh/kg. However, the practical
implementation of silicon anodes is hindered by challenges such
as volume expansion,120 structural disintegration,121,122 and the
instability of the SEI.123,124 Novel synthesis and manufacturing
technologies have been developed and can address these issues
to a certain extent. There are a few key production pathways for
Si-based anodes, involving silane gas deposition, silicon oxide
reduction, and recycling silicon from solar panels.
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Silane (SiH4) is an important gas-phase precursor in
producing high-purity silicon for battery anode applications.125

The global production of silane is dominated by a few major
chemical companies, such as Air Liquide, Dow Chemical, REC
Silicon, and Wacker Chemie, through the operation of large-
scale facilities capable of producing high-purity silane gas. Key
production facilities are in regions with a strong presence in the
semiconductor and photovoltaic industries, including the
United States, Europe, and East Asia. The process of using
silane to create a silicon anode often involves chemical vapor
deposition (CVD) to deposit silicon onto a substrate. This
method is advantageous due to its ability to produce uniform,
high-purity silicon coatings with controlled texture.126 Applying
this method to a porous carbon substrate has also been
demonstrated to be effective for manufacturing C/Si composites
with controlled composition and morphology. The production
and supply of silane gas, however, can be limiting factors.
Specifically, silane’s properties as a highly flammable, reactive,
and toxic gas make it essential to handle it with extreme caution.
Co-locating a Si anode manufacturing facility with a silane
plant(s) is probably the most practical approach to address these
challenges, but it adds obvious constraints.

While silicon, at about 28%, is the second most abundant
element in the Earth’s crust, it is mainly found in the silica (SiO2)
or silicate (SiO4) forms.127 The use of silicon oxides as
precursors for manufacturing silicon-based anode materials
has gained significant attention. SiOx (silicon suboxide, x < 2)
anodes represent a hybrid approach, balancing the high capacity
of silicon with the stability of oxides.121 The reduction process
can be done through various chemical and thermal processes,
incorporating carbon to improve conductivity and buffer
volumetric changes.128 It often results in a composite material,
where silicon is dispersed within an oxide matrix. This structural
hierarchy can be carefully tailored to optimum structural
robustness. Despite improved cycle stability and moderate
capacity, SiOx anodes typically have lower initial Coulombic
efficiency and complex synthesis requirements which complicate
manufacturing process and cost.

Recycling silicon from end-of-life solar panels is an interesting
approach to produce silicon-based anodes, addressing both the

supply chain sustainability and environmental impact of silicon
production.129 As of 2024, many of the first-generation solar
panels installed in the early 2000s are reaching the end of their
typical 25-to-30-year lifespan.130 This initial wave of decom-
missioning creates a substantial volume of retired solar cells. The
recycling process involves collecting and mechanically process-
ing silicon wafers from decommissioned solar panels, followed
by chemical and thermal treatments to remove impurities. The
purified silicon is then processed into fine particles or
composites, enhancing its electrochemical performance and
stability.131 Recycling silicon from solar panels reduces waste
and the need for raw material extraction, contributing to a
circular economy. However, the variability in the quality and
composition of silicon from solar panels necessitates rigorous
purification and standardization processes. Overcoming chal-
lenges related to cost, safety, and processing complexity is crucial
for the commercial viability of these technologies.
2.7. Lithium Metal Processing
Lithium metal has become an important anode for next-
generation rechargeable lithium metal batteries that potentially
can double the cell-level energy of state-of-the-art LIBs.1 The foil
format of Li metal is processed by extrusion1 or a vapor-based
technique.132 Before that, lithium ingots are obtained from the
electrowinning process in a molten salt electrochemical
cell.133,134 Because of the different processing technologies,
surface roughness, impurities, the type and amount of metal
alloys, and the corresponding tensile stress of lithium metal foils
vary.

Metallic lithium is typically produced through the electrolysis
of lithium chloride (LiCl), which is derived from Li-containing
minerals or lithium-rich brines. The electrowinning process
takes place in a LiCl−KCl eutectic molten salt (400−450 °C),
with a graphite anode and stainless-steel cathode (Figure
4a).20,133,134 The lighter lithiummetal floats to the surface of the
molten salt and is collected, while chlorine gas is processed or
vented on the anode. After being collected and cooled, the
lithium ingot will be stored in an inert environment to prevent
oxidation before further processing.

In Li metal battery applications, the methods for processing Li
foil are crucial for both performance and cost. Currently the

Figure 4. (a) Illustration of molten salt electrolysis to produce Li metal ingots. Reproduced with permission from ref 20. Copyright 2020 Nature
Publishing Group. (b) Different processing methods to produce lithium metal foils from lithium ingots or similar. Reproduced with permission from
ref 135. Copyright 2023 Nature Publishing Group.
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widely applied methods can be divided into mechanical
processing, evaporation/sputtering deposition (Figure
4b),132,135,136 and electrochemical plating.137 The calendaring
process can reduce the Li foil thickness effectively from about
500 to 50 μm. Further reducing the thickness of the Li foil to
below 50 μm will need different approaches such as
sputtering,136 physical vapor deposition,138 and thermal
evaporation.139 However, challenges exist in reducing the
deposition time and cost while producing lithium foil on a
large scale, all of which are rooted in lithium’s low melting point
of 181 °C and high vapor pressure at low temperatures (10−4

Torr at 407 °C). Besides these three methods, Livent’s LIOVIX
or SLMP offers a flowable, stabilized lithium composition mixed
with binders and solvents.140 This enables the direct printing of
lithium layers onto current collectors with precise, controlled
loading. Another recently reported method, tape casting of
molten lithium, involves spreading molten lithium onto a
substrate using a doctor blade system, forming thin films (5−50
μm) as the metal cools. Under a processing temperature of 275
°C, the formation of the lithiophilic Li alloys layer enables the
self-wettability toward themolten Li, allowing for the fabrication
of ultrathin Li films.141

2.8. Sulfur and Sulfides for Next-Generation Lithium
Batteries

Sulfur materials, in the form of elemental S8, small-molecule Sx
(x < 4), or sulfurized polyacrylonitrile (SPAN), are promising
candidates for transition-metal-free cathodes.142−145 When
coupled with a lithium metal anode to form a Li-S battery, this
technology can theoretically deliver a gravimetric energy density
of 2500 Wh kg−1 at the material level,142 with demonstrated
practical cell-level energy exceeding 500 Wh kg−1.146 Addition-
ally, sulfur is an earth-abundant element and is readily available
as a massive byproduct of the petroleum/natural gas industries.
Another advantage of sulfur compared to transition-metal-oxide
cathodes is its ease of recycling via direct sublimation, which is
both energy efficient and cost efficient.

Despite these advantages, manufacturing Li-S batteries that
meet performance metrics for practical use still faces significant
obstacles, including limited cycle life, low rate-capability, severe
self-discharge, and potential safety concerns.147 A significant gap
still exists between materials discovery and cell performance
improvement.14 Nanosized and highly porous host materials
have been widely adopted to enhance sulfur utilization in sulfur
cathodes. Some of the host materials are very expensive,
sacrificing the cost advantages of sulfur itself. More importantly,
those highly porous hosts bring additional practical challenges
for manufacturing high areal capacity electrodes (>5 mAh
cm−2), as they need a large excess of inactive binders to “glue”
the nanoparticles.148 A detailed cost analysis of Li-S battery
technology including the processing cost will be very helpful.

All-solid-state batteries (ASSLBs) employing high-energy
cathodes and metallic Li anodes have a good potential to enable
high-energy Li metal batteries with enhanced safety attrib-
utes.149 Some inorganic solid-state electrolytes (SSEs) possess
high Li+ transference number (∼1.0), low activation energy
(<0.3 eV), and conductivities even higher than those of
conventional organic liquid electrolytes.150 Although oxides
are intrinsically more stable than sulfides, sulfide-based SSEs (S-
SSEs) are arguably more viable for bulk-type ASSLBs.151 This
stems from sulfides’ lowmaterial density,152 low elastic modulus,
and high ionic conductivity, which allow its intimate contact
with active materials and practical processability through slurry

or dry processing.150,151 Following the work on Li10GeP2S12
(LGPS),150 a series of sulfide-based compounds displaying
extremely high ionic conductivities (>10−2 S/cm) have been
developed.151,153 By using surface-coated cathodes, stable
cycling of LiCoO2 cells,154 high-power NMC cells,155 and
high-energy NMC cells156 have been demonstrated in pouch
cells, proving the viability of S-SSEs for high-performance
ASSLBs. S-SSEs are also compatible with sulfur both chemically
and electrochemically, making them feasible for S cathode
fabrication without additional cathode coating.157,158

Despite the advancement in SSEs, significant manufacturing
challenges, including materials’ mositure sensitivity, Li/SSE
interfacial stability, and scalable procesing of SSE films and
electrodes, need to be addressed before the large-scale
deployment of SSEs.159,160 To reach a cell level energy of 500
Wh kg−1 in a 2 Ah pouch cell, the areal capacity of S cathodes
needs to be greater than 8 mAh cm−2.157 Although S-SSEs allow
Li metal cycling at certain current densities and areal
capacities,161 stable Li cycling at capacities matching those of
high-areal-capacity S cathodes is still beyond reach. This is why
long cycling of high-areal-capacity cathodes usually requires the
use of indium as the interface for Li metal anodes to mitigate the
interfacial problems,157 which unfortunately sacrifices cell
energy due to the heavy material (In: 7.3 g/cm3) and its high
working voltage (0.6 V vs Li). Comprehensive strategies built on
innovations in material development, interfacial engineering,
chemo-mechanical management, and applicable processing are
essential to overcome the barriers with Li faced by
manufacturing practical ASSLBs.

Another significant challenge in manufacturing ASSLBs is
developing feasible processing technologies for the scalable and
efficient fabrication of ultrathin SSE separators, high-energy
electrodes, and full cells.159,162 Currently, most ASSBs are
evaluated at lab scale using binder-free electrolyte pellets, which
are very thick (>100 μm) to ensure appropriate mechanical
strength. This method is impractical due to poor processability
and a significant sacrifice in cell level energy, in addition to the
cost concern. Employing innovative manufacturing techniques
to fabricate thinner, yet robust, SSE membranes will help
address this challenge. The wet slurry coating process, a well-
established scalable approach in LIB manufacturing, requires a
small amount of polymeric binder and sufficient solvents to form
a uniform slurry. However, a chemically compatible solvent and
polymeric binder are necessary to minimize the side effects from
processing SSEs.163 Considering sulfides’ moisture sensitivity
and chemical instability, dry processing is usually preferred.164

This method has been adopted in commercial supercapacitors
but is not widely used in the fabrication of ASSBs, particularly
with S-SSEs.165 Without solvent, homogenizing the distribution
of SSE powders and polymeric binder particles is very
challenging when aiming to achieve a high-quality freestanding
film with a very lean amount of binder (<1 wt%). Through
fibrillation of polytetrafluoroethylene (PTFE), sufficient bind-
ing for high-mass-loading electrode fabrication can be achieved
with a very small amount of binder. However, the PTFE fibers in
the processed SSE separator easily react with Li metal
chemically, propagate through the separator, and short the
cell.166 Therefore, compatible binder materials, feasible
processing technologies, and dedicated equipment are required
to enable the scalable manufacturing of ASSLBs.
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2.9. Copper and Aluminum Processing: From
Electrowinning to Recycling

Current collectors are pathways for conducting electrons but are
inactive components, which means their weight needs to be
reduced as much as possible without sacrificing their mechanical
and electric properties in order to improve cell-level energy.
Today’s lithium batteries use copper and aluminum as the
current collectors for anodes and cathode, respectively�sodium
batteries can use aluminum for both electrodes because
aluminum does not form an alloy with sodium at the same
electrochemical potentials driving Na+ ions to go into or come
out of hard carbon structures. Because copper (density of 8.94 g
cm−3) is much heavier than aluminum (density of 2.7 g cm−3),
decreasing the thickness/weight of copper current collectors is
very effective for improving cell energy. In addition, copper is
more expensive than aluminum; thus, the following discussion
will focus on copper mining and processing.

Mining of copper is complicated because the ore usually
contains less than 1% of copper.167 Depending on the types of
ore, copper oxides or copper sulfides, different extraction
methods are utilized to yield 99.99% pure copper. Copper oxides
are more abundant in the ore, but they have a lower
concentration of copper. Copper sulfide ores contain more
copper but are less abundant. Copper processing operations
consume a huge amount of water and are very energy-intensive
in the mining industry.

A hydrometallurgical leaching process is usually used to
extract copper from copper oxide ores. Water-based solutions
are used to extract and purify copper from oxide ores at ordinary
temperatures. As shown in Figure 5, the process goes through
three steps: heap leaching, solvent extraction, and electro-
winning.167 Heap leaching is generally used for low-grade ores
like copper oxide by utilizing percolating chemicals such as

sulfuric acid to leach out metals. Sulfuric acid is sprayed through
sprinklers on top of a heap pile built by crushed ores on a slight
slope. The acid diffuses through the heap and dissolves the
copper from the ore. The resulting solution consists of sulfuric
acid and copper sulfate. The copper in the leaching solution is
further concentrated by solvent extraction. Two immiscible
liquids (leaching solution and another solvent) are mixed
vigorously and allowed to separate, with different minerals left in
each liquid. The copper sulfate moves from one liquid to the
other solvent due to different solubilities, leaving impurities in
the original leaching solution, which will be further recycled to
extract more copper out. Electrowinning is then applied to
electrochemically plate copper metal out of copper sulfate
solutions. An inert electrode is usually used as the counter
electrode in the electrowinning process. Common materials
include lead alloy and titanium plates coated with RuO2, IrO2, or
PbO2.

168 Oxygen is generated on the inert electrode side during
the electrowinning process.168,169 The presence of iron
impurities such as Fe2+ will be oxidized on the anode side,
forming Fe3+, which then goes back to the cathode and gets
reduced back to Fe2+, forming a shuttle and thus lowering the
efficiency of cooper plating. Pb/Sb alloy is therefore used to
retard the reoxidation process from Fe2+ to Fe3+.168,170

Sulfide ores are usually processed using the pyrometallurgy
method. Heat and intense energy are used to extract and purify
copper from the sulfide ores. Four steps are involved, as
presented in Figure 5: froth flotation, thickening, smelting, and
electrolysis. Sulfide ores are processed repeatedly into fine sands
before liquid is added to form slurries.167 Copper minerals are
separated from rocks through a froth flotation process. Chemical
reagents are then added to the slurry, which bind to the copper
particles, making them hydrophobic. Copper-rich particles,
created by blowing air into the slurry, rise to the top. The froth is

Figure 5. Manufacturing processes to convert different copper ores into pure copper.
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skimmed off for thickening, which allows the solids from bubbles
to sink to the bottom of a large tank called a thickener. After
filtering, the concentrated copper is ready for smelting at up to
2300 °F, leading to the formation of molten liquids. The heated
liquid goes through a slag-settling process. This step separates
the matte and slag from the molten liquids. The matte is a
mixture of copper, sulfur, and iron, while the slag is a dense and
glassy material composed of iron, silica, and other impurities.
About 0.3−6% copper is also trapped in the slag.171 The
flotation method172 is usually applied to recover metallic copper
resources from the copper slag in industrial use. Iron and sulfur
in the molten matte then burn off, concentrating the copper
content to 98%. After further smelting to burn off oxygen, the
molten copper now has 99% purity and is next refined through
electrorefining to electrochemically dissolve copper from a less
pure copper anode (99% copper purity) and redeposit it on the
cathode side, which has 99.99% purity of copper.

When copper or aluminum foils are too thin, it becomes
challenging to handle and coat active materials, because of
mechanical issues. So, the challenge is to manufacture ultrathin
metal foil (a few microns) that is still sufficiently durable for
battery use. The tabbing areas of those ultrathin current
collectors also raise challenges of increased resistance and heat
generation. Copper foils used for Li batteries are often
manufactured by rolling or electrodeposition. Rolled Cu foils
provide a double-sided smooth surface but may be too expensive
for batteries. Electroplated Cu is much cheaper, and more
importantly, it has higher surface roughness, which benefits
electrode coating. Besides making copper/aluminum foil
thinner and thinner, other approaches1 include metal mesh
current collectors, perforated current collectors, and composite
current collectors. An additional advantage of perforated current
collectors is that spikes are left on both sides of the perforated
metal foils to help integrate electrodes on the two sides together.
The integrated structures enabled by perforated metal current
collectors also provide the benefit of extending the electron
conduction “highway” inside the entire electrode. Composite
current collectors are prepared by coating super thin Cu layers (a
few hundreds of nm) on both sides of a thin polymer film, e.g.,
polyimide.173 As the current collectors become thinner and
thinner, the tabbing area needs appropriate design not only for
proper welding of thin tabs together but also for managing heat
due to resistance increases of each thin tab.1

The production of aluminum and copper metals is highly
carbon-intensive: about 12 tonnes of CO2 equivalents (CO2e)
per tonne of aluminum and 6 tonnes of CO2e per tonne of
copper.174 A more sustainable way to obtain such metals is
urgently needed. Today’s aluminum production involves high-
temperature electrolysis, also known as the Hall−Heŕoult
process, which consumes a significant amount of electricity
(over 14 MWh per tonne of aluminum)175�using renewable
electricity can reduce a large portion of CO2 emission. The high-
temperature electrolysis process itself is very emission-intensive
because the carbon anode used in the electrolysis cells reacts
with oxygen and electrolytes to form CO2 and perfluorocarbons
which have global warming potential (GWP) a few thousand
times as strong as CO2�the amount of CO2e released annually
during the high-temperature electrolysis process for global
aluminum production is more than the total combined annual
CO2e release from all the four states in the U.S. Pacific
Northwest region (WA, OR, ID, MT).176 Research to replace
consumable carbon anodes with inert oxygen evolution

electrodes is ongoing,177 but significant effort is still needed to
move the technology into the market.178

Aluminum and copper can be recycled repeatedly without
losing performance; they have an infinite recyclable life, and
their common recycling is much less carbon intensive. Recycling
copper and aluminum from batteries is still at an early stage
before commercialization but is attracting significant atten-
tion.179 Copper and aluminum recycled from other sources are
often coated with insulation or mixed-metal alloy scraps. For
battery current collector applications, upcycling of these mixed-
metal alloy scraps to pure metal is needed but challenging. For
example, only two industrialized technologies in use are capable
of refining aluminum: the Hoopes process and the segregation
method, which are limited by either purity, long upcycling
duration, or waste of aluminum recourse.180 New processes
capable of upcycling aluminum and copper for battery current
collector applications are needed.

3. SCIENCE AND ENGINEERING IN BATTERY
MATERIALS MANUFACTURING

3.1. Cost-Oriented Fundamental Research

Not only is understanding cost components important for
battery manufacturing, but it also provides new insights for
scientists and engineers to identify the key directions to support
industry in lowering production costs. In general, materials costs
account for 60−80% of the total cost, while manufacturing costs
are about 20−40% that of conventional LIBs.181 To reduce the
manufacturing cost of batteries, both materials and processing
need to be cost efficient. A completely different mindset is
necessary to revisit science and engineering solutions behind the
pressing challenges that industry faces, which are all related to
cost reduction.
3.1.1. Processing Lithium Metal for Rechargeable

Lithium Metal Batteries. Lithium metal has been used in
primary batteries such as lithium carbon fluoride (Li/CFx) and
lithium thionyl chloride (Li/SOCl2) batteries, which have been
commercialized for years. For example, Li/CFx batteries have
high energy density and long storage life, making them good for
military, sensor, and space applications.182 For Li/SOCl2
batteries, the electrolyte is based on sulfonated thionyl, which
also serves as the cathode. Li/SOCl2 batteries work at both very
low and high temperatures with excellent durability, making
their usage broad, especially for industrial applications and
defense.183

In recent years, rechargeable lithium metal batteries have also
received much attention. Good progress has been demonstrated
in both energy density and cycling stability.184 The safety of
rechargeable lithium metal batteries has not been fully
investigated yet, but one of the major root causes of lithium
metal battery safety is the pulverization of lithium metal after
extensive cycling, which also impacts the cycle stability. This
means that if lithium pulverization can be mitigated or
eventually eliminated in rechargeable lithium metal batteries,
safety and cycling will both be improved. Although challenging,
it is worthy of more effort to fully understand the stripping and
electroplating process through dedicated fundamental research
which needs to be conducted at testing conditions relevant to
practical cells.185

In lithium metal batteries, the lithium anode mainly exists in
the form of a foil.186 Lithiummetal foils are derived from lithium
ingots through either an extrusion process or vapor-based
deposition.184 Depending on the technology used, lithium foils
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with different thicknesses can be processed either for
prelithiation of the silicon anode or as a lithium metal anode
directly. As discussed earlier, lithiummetal thicker than 50 μm is
relatively convenient to produce and has been used in
rechargeable lithium metal batteries.187 Lithium metal thinner
than 50 μm is more challenging to manufacture, considering
thickness homogeneity at an enlarged scale, control of defective
sites, and surface roughness. Innovations are needed to develop
cost-efficient processing technologies to produce thin lithium
metal foils.186

For free-standing lithium foils, a special substrate is needed to
support sticky lithium metal which needs to be detached
conveniently to release it. For lithium foil attached to copper
current collectors, a protective film is still needed to cover the
surface of the lithium metal. If the protective film can directly
serve as the separator or even the solid-state membrane to be
used in solid-state batteries, the add-on value brought by this
functional protective layer will be nontrivial compared to the use
of pure lithium metal foil itself. Lithium metal alloys have been
investigated and compared with pure lithium metal in terms of
their reversibility and dendrite formation.188 Because the solid-
state electrolyte interphase layers still form and are being
accumulated within the alloys, the cycling improvement by using
different alloys is limited, if any. A different look at lithiummetal
alloys from the tensile stress and surface stickiness points of view
may bring some new insights toward reducing the manufactur-
ing cost of thin lithium metal or alloy foils.

Lithium ingots are derived from a lithium salt such as lithium
chloride (LiCl) through molten salt electrolysis (Figure 4a),
which is still the only commercialized production approach for
lithium metal. LiCl is usually converted from Li2CO3 by using a
chlorinating agent such as hydrogen chloride.20 Thus, lithium
metal is intrinsically extracted from hard rocks or brines, which
are the sources for producing Li2CO3, as we discussed earlier.
The electrolysis process to produce lithium metal is quite
straightforward. The cathode used is a steel on which liquid
lithium will be electroplated (Figure 4a). A graphite electrode is
employed as the anode on which the chlorine gas evolves. The
overall electrochemical reaction is shown in Figure 4a. The
electrolyte used in the electrolysis is a mixture of LiCl and KCl.
The former participates in the electrochemical reactions on both
electrodes, while the latter is a supporting electrolyte. One can
imagine that this process is energy and capital intensive. The
generation of chlorine gas also poses environmental concerns. A
concept of carbonate-to-metal lithium has been proposed to
convert lithium directly from lithium carbonate, thus removing
the harmful chlorine gas in the process.189 Directly reprocessing
lithium metal scraps into ingots has seen some success,190

although it may still need some time to understand whether
lithium scraps from different suppliers will produce the
consistent quality and purity needed for battery applications.
The manufacturing cost of those new innovative technologies
needs to be compared to that of the state-of-the-art electro-
winning process.
3.1.2. Low-Cost Processing of Phosphate Cathode

(LiFePO4/LiFexMnyPO4/LiMnPO4). Solid-state synthesis of
LiFePO4, LiMnPO4, or their mixed solutions is still the
mainstream approach.191 However, the solid-state method
usually lacks good control over particle morphology, especially
at the primary particle scale. Therefore, the solid-state method,
when used in practical production, usually requires repeated
mechanical grinding and high-temperature processing. These
tedious processes improve the final product quality but also

increase energy consumption during production. There is ample
room for new innovations in solid-state manufacturing.
Technologies that can decrease the manufacturing temperature
and duration will further decrease the cost of these materials and
improve the environmental friendliness of the production.
Solution-based methods, such as sol−gel, coprecipitation, and
hydro-/solvothermal techniques, may seem appealing, as they
could offer better morphological control. However, liquid waste
management could be a challenge and often does not meet the
“green chemistry” principles.

Further, during LFP synthesis, many impurities readily form,
such as Li3PO4

192 and Li4P2O.193 FeP, Fe2P, and Fe3P are also
found as impurities which develop under the reducing
environment and high temperatures.194 In addition, oxygen
leakage during high-temperature synthesis also leads to the
formation of Fe2O3, while Li deficiency promotes the impurity of
Li3Fe2(PO4)3. The roles of some impurities are still arguable.
For example, Fe2P is reported to improve the electronic
conductivity, while others believe that Fe2P formation needs
to be suppressed as an impurity in the LFP product. Similarly,
Li3PO4 and Li4P2O7 are also claimed to improve the rate
capabilities of LFP, although they will impact the stoichiometry
and thus usable capacity of LFP.195 These inconsistent
observations highlight the importance of reassessing cathode
materials in a battery system by designing specific full-cell
protocols to ensure the electrochemical performance of the
entire electrochemical cell is dominantly controlled by the
cathode and cathode−electrolyte interphase (CEI)196 instead of
the SEI or other limiting steps. Innovations are needed to realize
impurity control of LFP with reproducible performance without
increasing the manufacturing cost.

The chemical space of olivine cathodes has been well
established. The design principles for olivine cathode active
materials and electrode formulations have been well developed.
Olivine cathodes are compatible with different cell formats,
including prismatic, blade, and cylindrical battery types. BYD’s
balde battery also provides a new direction for enhancing the
utilization of cell space through structural design at the module
level to increase the energy density of LFP-based chemistry.197

Due to the competition and significant lithium salts dropping,
the cost of olivine cathode-based batteries has approached a new
low in the past year, falling below $100/kWh in 2023.198

Although the prediction for the market share of different
cathode materials could fluctuate, the use of olivine cathodes is
likely going to increase, especially when high energy density is
not a priority, such as electric buses and commuter vehicles.
Reports have suggested that the overall carbon footprint of
olivine-based batteries is lower than that of NMC-based ones.199

Further advancements in low-carbon manufacturing technolo-
gies, coupled with the adoption of renewable energy in
production regions, could amplify the environmental benefits
of these batteries. In the next decade, olivine-based lithium-ion
batteries are likely to face some competition from sodium-ion
batteries, although it is not clear which chemistry is safer due to
the lack of “apples-to-apples” comparisons for safety testing.
Continued innovation in olivine technologies from materials to
electrode and cell levels remains crucial for maintaining their
competitive edge.
3.1.3. NMC Synthesis and Scaleup. The dominant

approach for NMC synthesis is the coprecipitation method,200

during which transition metal cations such as Ni2+, Mn2+, and
Co2+ in their sulfate solutions are precipitated out into transition
metal hydroxide precursors, followed by multiple steps of
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heating, washing, and annealing to obtain the final products. The
coprecipitation method has been successfully adopted by
industry in producing tons of NMC cathodes such as
LiNi1/3Mn1/3Co1/3O2 (NMC111), LiNi0.4Mn0.4Co0.2O2
(NMC442), LiNi0 . 5Mn0 .3Co0 . 2O2 (NMC532), and
LiNi0.6Mn0.4Co0.4O2 (NMC622).

Although the coprecipitation method is a mature manufactur-
ing process for NMC synthesis, there are still spots for scientists
and engineers to work on to further reduce the production cost
and impact on the environment. For example, a huge amount of
wastewater is generated during the coprecipitation step.
Although the wastewater can be recycled and reused, the ideal
situation would be to minimize or eventually eliminate
wastewater generation. In addition, LiOH·H2O and LiOH are
usually preferred as the salt precursors due to their low melting
points compared to Li2CO3, especially for high-nickel NMC
synthesis. However, a huge amount of corrosive water is
generated during large-scale production, which becomes a key
challenge in cathode manufacturing.

In addition to conventional polycrystal NMCs, single-crystal
NMCs have been broadly investigated in the past few years.
Especially for nickel-rich NMCs, challenges such as cracking,
moisture sensitivity, and gassing plague their large-scale use in
batteries, but all originate from phase boundaries. Single crystals
without any grain boundaries are believed to at least mitigate
those problems associated with nickel-rich NMCs. However,
single-crystal synthesis is more expensive than that of
polycrystals, considering the reaction media10 and calcination
time at high temperatures9 needed for single-crystal growth. A
recent work201 utilizing Li2O instead of conventional LiOH as
the salt precursor provides a new direction for single-crystal
NMC synthesis by taking advantage of an interesting
sublimation phenomenon of Li2O. The self-generated Li2O
vapor from sublimation quickly diffuses and comes in contact
with the surfaces of all other precursor particles, which leads to
the rapid sintering of single-crystal NMCs.More innovations are
needed for lithium salts to address manufacturing challenges and
eventually reduce the cost of NMC production.

For the reasons discussed above, all-dry synthesis of
NMCs202,203 is now being revisited with an intention to simplify
the manufacturing process. Transition metal oxides are directly
mixed with Li2CO3 followed by calcination. All-dry synthesis is
not new and has been used for LiCoO2 production and high-
voltage spinel.204 However, LiCoO2 has only one transition
metal, Co, in the structure, while NMCs have three transition
metals that need to be mixed homogeneously at the atomic level
to ensure the structure stability and capacity from the mixed
layered oxides, which is why coprecipitation is employed to
prepare NMCprecursors. In addition, all-dry synthesis may pose
a challenge for impurity control due to contamination from
milling media, and it can damage the material structure or its
interface upon cycling. Nevertheless, if the milling energy and
media can be well controlled, the direct solid-state synthesis will
provide a new direction for scaling up NMCs; a detailed cost
analysis is still necessary because transition metal oxides used in
all-dry synthesis are also derived from sulfates by heating or
other processes that introduce additional steps in the entire
manufacturing process. Alternatively, NMC622, with medium
Ni, content is also being revisited to enhance its stability at high
voltages (>4.2 V vs graphite) to extract high energy similar to
that of NMC811 but without all the problems that NMC811
currently has, which will need a deep understanding of both
lattice structure stability and CEI properties at elevated voltages.

3.1.4. Impurity Control. As mentioned repeatedly in the
above discussions, impurity detection and control are of great
importance to ensure the consistently good quality of battery
materials and components. Throughout the battery manufactur-
ing process, from material synthesis to cell assembly, stringent
detection, monitoring, and control of impurities are critical, as
these contaminants significantly influence battery performance,
safety, and lifespan. Depending on the incoming materials,
synthesis method and assembly process, and manufacturing
environment, a variety types of impurities may be introduced
into the final battery product that impact the product
performance.

In general, impurities can be categorized into four main types,
namely particulate impurities, elemental impurities, organic
impurities, and chemical impurities.206,207 Particulate impurities
are foreign objects that are introduced from the raw materials,
manufacturing process, or environment, including particles and
fibers. These impurity particles include metallic particles (e.g.,
Zn, Fe, Ni, Cr, Cu, stainless steel) and nonmetallic particles (e.g.,
SiO2, ZrO2). Fiber impurities refer to those polyester or cotton
materials introduced from clothing, packaging materials, or
filters from the environment. Particulate impurities adversely
impact battery performance via internal resistance increase,
localized defects, and dendrite growth, potentially causing short
circuit and even thermal runaway.61 Elemental impurities
consist of both metallic and nonmetallic elements in ionic
form. These impurities can be either foreign elements
introduced during the manufacturing process or excess
quantities of elements beyond the expected levels. Elemental
impurities impact battery performance via various mechanisms,
including dendrite formation (Fe, Cu), enhanced corrosion (Cr,
Cl), and the promotion of side reactions and byproduct
formation (Mn, S, F).208 Organic impurities are compounds
arising from solvent residue, binder, and electrolyte decom-
position or other unwanted organic materials used in the
manufacturing process. This type of impurity tends to interfere
with electrochemical reactions, which potentially leads to
reduced capacity and lower efficiency. Chemical impurities
represent a broader category encompassing a wide range of
chemical contaminants, including acid or alkali residues,
phosphates, oxides, and moisture content. The presence of
chemical impurities primarily drives side reactions, resulting in
electrochemical instability, accelerated degradation, and a
reduced cycle life.

To mitigate the impact of impurities in battery materials and
the battery manufacturing process, a comprehensive strategy
encompassing both control and monitoring measures should be
implemented.1 From a control perspective, this includes
minimizing the introduction of impurities from incoming
materials by utilizing high-purity raw materials, maintaining a
strictly controlled manufacturing environment to reduce
environmental contamination such as moisture, dust, and
foreign particles, and enhancing chemical processing steps,
including purification and drying. Additionally, applying
preventive coatings on metal parts that come into contact with
materials or replacing metal parts with nonmetallic parts can
reduce the introduction of metallic particles due to wear and
tear. For the monitoring aspect, adopting both advanced
analytical in-line (optical detection, X-ray imaging) and off-
line techniques (e.g., optical microscopy, SEM-EDS, ICP-OES,
ICP-MS, microCT, FIB-SEM) to detect and monitor impurities
from incoming materials to the coating and cell assembly
processes to final failure analysis for root cause analysis is
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essential.1,205,209−211 Figure 6 shows an example of an impurity
control procedure from incoming materials quality control to
failure analysis via various imaging characterization approaches.
3.2. Equipment Manufacturing

Manufacturing battery materials or components relies on many
kinds of equipment, including characterization and data
processing. For example, to make competitive synthetic
graphite, a high temperature of at least 3000 °C must be
achieved, which, as mentioned earlier, is about half the

temperature of the surface of the sun. Many material properties
at such an extreme temperature become unknown, i.e., vapor
pressure, thermal and electrical conductivity, heat capacity,
strength, and so on. The questions remaining to be answered
include but are not limited to (1) Can graphite be produced in
alternative ways with lower temperatures? (2) Can we recover
the heat wasted? (3) Can plasma or induction be used to reduce
the manufacturing cost of broad battery materials? and (4) Is
there a better way to reduce the carbon footprint during

Figure 6. In-line and off-line imaging characterizationmethods for impurity detection in battery manufacturing. (a) Incomingmaterials quality control
for metal impurity identification in raw materials utilizing automated SEM and energy-dispersive spectroscopy. Reproduced with permission from ref
1. Copyright 2023 Nature Publishing Group. (b) In-line process quality control via an optical detection system. Top figure: Measurement setup of an
optical detection system with a camera and two lights at different angles to the camera. Bottom figure: Various defect types for the electrode coating
from a pilot-scale coater. Defects include agglomerates, cracks, contaminations, pinholes, slips, stripes, and microcompression. Reproduced from ref
205 under the terms of the CC-BY 4.0 license. (c) Correlative imaging analysis from micro-CT to laser PFIB/SEM to identify the impurities within a
pouch cell. In the current example, cathode particles mixed into the anode layer indicate cross-contamination issues in the manufacturing environment.
Adapted from Thermo Fisher Scientific and Waygate Technologies.

Figure 7. Illustration of the state-of-the-art synthesis of NMC cathode materials. Reproduced from ref 212 under the terms of the CC-BY 4.0 license.
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materials production? In addition, to meet the soaring demand
for graphite (and other materials), current suppliers may need to
expand their production capacity by installing new generations
of furnaces that will effectively address the issues of safety,
reliability, and smart control in equipment design.

Not only does equipment manufacturing need to meet the
different requirements of the manufacturer, such as space and
payload, but reduction of the carbon footprint needs to be
considered as well, saving energy and thus cost for materials
production through simplifying the manufacturing process. For
example, the state-of-the-art synthesis of NMC cathodes is
through a precipitation method, followed by multiple steps of
calcination, washing, and annealing (Figure 7).212 A consid-
erable amount of sulfate salts and alkaline solutions are used
during this process, which also generates a significant amount of
wastewater, creating an environment impact. Plasma technology
is reported to simplify NMC manufacturing by skipping the
coprecipitation step and avoiding the use of sulfates. Nitrate-
based salts, such as LiNO3, Ni(NO3)2, Mn(NO3)2, and
Co(NO3)2, can be directly mixed and heated quickly to form
desired NMC cathodes using a microwave plasma process.213

The plasma technology is reported to minimize energy use and
water consumption and eliminate solid/liquid waste produc-
tion.214 A detailed cost analysis and comparison between the
continuous synthesis process and the plasma approach is still
needed, because NMC precursors, e.g., Ni0.8Mn0.1Co0.1(OH)2,
are already commercialized, with a low cost of around $11.5/
kg.215

Solid-state batteries are another example that require more
innovations in engineering and equipment design. Although
some similarities can be found in the electrode processing and
cell assembly for LIBs, more challenges exist in scaling up the
solid-state batteries with minimum defects on large format cells
and consistent quality control.217 For example, different
fabrication approaches (Figure 8)216 can be adopted for making
solid-state electrolyte membranes, free-standing or coated

directly onto the electrode. The fabrication process of solid-
state membranes or batteries needs to be conducted in a strictly
controlled environment with rigorous requirements on cleanli-
ness and humidity control because of the sensitivity of
electrolytes, especially sulfides. Every single defect in the
separator membrane may become a hot spot that leads to an
internal short-circuit later in the solid-state batteries.216 A
similar level of cleanliness also applies to the equipment, which
needs enhanced durability when processing the hard oxide
particles. Due to the zero-fluidity nature of solid-state electro-
lytes, minimizing porosity within the separator membrane (and
within cathode) is critical but challenging for some of the
electrolytes, such as the oxide-based ones.218 A sintering process
with reduced temperatures aided by a sintering agent is reported
to help, but the potential contamination to the crucibles and
equipment raises the need for developing equipment dedicated
for solid-state battery manufacturing with reduced energy
consumption and contamination.

New equipment to recycle spent batteries is also needed. For
example, new equipment or tools are needed to improve the
ability to identify, sort, and characterize materials to facilitate
recovery and recycling of these materials into new products for a
circular economy.219

3.3. Fast and Reliable Materials Validation

Scaled materials or components need fast validation to provide
feedback to the production line to improve the manufacturing
efficiency. Efficient and quick testing has become extremely
important for this purpose. Half-cells using lithium metal as the
anode are very helpful to assess either cathode or anode
materials in terms of their usable capacities. However, to
effectively evaluate their cycling stabilities, full cells are needed
unless the assessment is for lithiummetal anode.196 For example,
freshly manufactured graphite- or silicon-based anodes need to
be coupled with an already known stable cathode to understand
if the long-term cycling stability, fast charging capabilities, etc.
are consistent with targeted performances. Similarly, newly

Figure 8. Fabrication of solid-state electrolyte membranes as separators. Reproduced with permission from ref 216. Copyright 2018 Elsevier.
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produced cathode materials need to be matched with stable
graphite anodes to check the stability of both the cathode itself
and the CEI layer. These seemingly very straightforward
requirements are overlooked frequently in the literature,
where Li metal is always applied as the counter electrode for
evaluating either anode or cathode materials, hiding the true
properties of the materials or their interfaces of interest. The
electrochemical performance of any electrochemical cell is
determined by the slowest step or worst component.15

Assuming the electrolyte, interphase, separator, etc. are all
good, the observed properties are usually dominated by the
worse electrode. To effectively assess electrode materials, the
counter electrode needs to be sufficiently good, at least better or
more stable than the one being assessed. In addition, depending
on the specific use of the batteries to be deployed, the testing
conditions of the scaled materials must be relevant for their
practical applications. Figure 9 displays the different oppor-
tunities arising during the process of materials scale-up and how
the scaled materials are validated first in small coin cells,
followed by further testing in realistic LIBs with specified
capacity, energy, or power to ensure quality consistency.
Protocols for fast coin cells testing need to be developed
based on the ultimate application scenarios so that the results are
helpful to estimate the materials’ properties in realistic
batteries.220,221

3.4. Electrode Processing

Electrode fabrication is a crucial step in battery manufacturing as
it impacts both the quality and cost of the batteries.222,223 There
are mainly two techniques employed for electrode manufactur-
ing: dry or wet processing, each with its distinct advantages and
challenges.224

Wet electrode fabrication is the conventional and most widely
adopted method in modern battery industries. This process
involves mixing active materials, conductive additives, and
binders with a solvent to create a homogeneous slurry.15 The
slurry is then coated onto a current collector, such as aluminum
or copper foil, followed by energy-intensive drying and solvent
recovery steps. One of the main benefits of wet processing is its
ability to achieve uniform coating thickness and electrode
structures, which are essential for optimal battery perform-
ance.224 However, this method poses significant challenges,
mostly related to the use, removal, and recovery of hazardous
solvents such as N-methyl-2-pyrrolidone (NMP). Efficient
solvent recovery and reuse, typically achieved through
distillation, can mitigate some environmental impact and reduce
processing cost.225 Sometimes, binder migration and slurry
instability also happen during the wet coating process, leading to
inhomogeneous distribution of materials.226

The solvent-free dry process provides an alternative coating
method by eliminating the need for solvent drying and recovery
steps, thereby improving efficiency and saving energy.227 This
technique usually involves the use of a dry powder formulation,
calendared onto the current collector under high pressure to
form an electrode layer. While conventional dry methods rely on
mechanical mixing, they face issues with uniform dispersion and
require a compatible binder and precise control of compaction
forces. Dry extrusion helps with the dry coating process by
offering superior mixing through controlled temperature and
pressure. One advantage of applying dry processing is its ability
to fabricate thick electrodes that traditional wet coating cannot
achieve.228 However, the impedance of dry-processed electrodes
is usually higher than that of conventionally coated ones because

Figure 9. Research cycles in small-scale laboratory synthesis and large-scale production. Reproduced with permission from ref 1. Copyright 2023
Nature Publishing Group.
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of the different types of binders used for dry coating, sacrificing
some of the capacities packed in the thick electrodes.

The choice between dry and wet electrode fabrication
methods should balance the specific requirements of the battery
application, available manufacturing infrastructure, and environ-
mental impact. For traditional battery materials, the traditional
wet coating process still dominates due to the production quality
and speed. For solid-state electrolytes or sulfur electrodes, dry
processing may become very helpful, since it eliminates the
necessity to expose those materials to solvents or moistures.
3.5. Characterizations in Battery Manufacturing

3.5.1. Characterizations for Quality Control. Quality
control is critical in battery manufacturing. It assures battery
reliability and safety and enables consistent performance via
monitoring multiple parameters through the whole production
cycle, from raw materials quality check and in-line process
control to end-of-line testing. Characterization techniques,
including imaging techniques (SEM, optical microscopy, FIB-
SEM, laser, X-ray radiography, X-ray computed tomography),
spectroscopic techniques (Raman, XRD, FTIR, ICP-OES),
mass spectrometry techniques (GC-MS, ICP-MS), thermal
techniques (TGA, DSC), and electrochemical techniques (EIS,
cycling, four-point probe), both at nearline and in-line enable a
holistic approach tomonitor physical, mechanical, chemical, and
electrical properties from battery materials to final cells.229

Recently, the control of particulate impurities, particularly
metal particles, has gained increased attention among materials
suppliers, battery manufacturers, and original equipment
manufacturers (OEMs) due to their potential to significantly
affect battery lifespan and safety through side reactions, dendrite
growth, and short circuits. Therefore, frommaterials synthesis to
the final cell assembly process, stringent control and monitoring
of the metal particles is required. For instance, in the process of
LiFePO4 manufacturing, metal particle impurities primarily
originate from three major sources: (1) the byproducts such as
FeP, Fe2P, or even pure Fe metal formed when LFP is
synthesized under a reduced atmosphere at high temperature

(600−700 °C) with incomplete reaction,194 (2) the mixing and
grinding processes that introduce metal particles due to the wear
and tear of the metal parts that directly touch the materials, and
(3) the floating metal particles in the air carried by operators or
generated from the particles released from machinery within the
factory. The corresponding mitigation strategies to control
impurities include optimizing the synthesis process to minimize
byproduct formation, applying coating layers (e.g., PTFE) on
components such as the inner tank of mixers and grinding
machines, incorporating magnetic separators or meshes into the
process, and maintaining strict operational procedures to
control the manufacturing environment. When moving to the
cell assembly process at cell manufacturers, the introduction of
metal impurities is then mainly from incoming materials,
multiple assembly processes, including mixing, coating,
calendaring, slitting, and welding, and the manufacturing
environment (Figure 10a). Similar mitigation plans including
preventive coating on the metal parts and strict control of
manufacturing environment have been adopted.

The industry complies with the technical cleanliness stand-
ards from the automotive sector, namely, VDA 19.2, to address
particle contamination detection. Recently, the publication of
GB/T 41704-2022 has provided specific guidelines for detecting
metal impurities with a focus on magnetic impurities in cathode
materials. Both magnetic metal particles (Fe, Cr, Ni) and
nonmagnetic particles (Cu, Zn) are of significant concern and
require precise detectionmethods. Given the critical importance
of particle morphology and compositional information for
impurity control, SEM and EDS, equipped with automation, are
extensively utilized for off-line impurity detection. These
techniques are employed to monitor the manufacturing process
and generate quality control reports.

Due to the intrinsic physical properties of the two particle
types, sample preparation methods differ when sampling
incoming materials to final products for impurity analysis.
Magnetic particles can be concentrated using a magnetic field,
whereas nonmagnetic particles are primarily concentrated using

Figure 10. Particle impurity quality control in battery production. (a) Critical steps in the battery manufacturing process that introduce metal particle
impurities. (b) Automated SEM-EDS analysis of the magnetic and nonmagnetic impurities collected from a battery manufacturing line. (c) Failure
analysis of the separator from a failed battery cell via Cryo-FIB-SEM. Adapted from Thermo Fisher Scientific.
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a sieving method. The sieving method separates particles solely
on the basis of size, which increases the likelihood of missing
impurity particles and impacts the reliability of the results. For
samples that need to be monitored in the manufacturing
environment, industrial standard filters (47 mm diameter) are
positioned at various locations within the manufacturing site to
collect particles. Figure 10b illustrates SEM-EDS results of metal
impurity particles collected from the manufacturing process.230

Morphological parameters and elemental information assist
quality engineers in monitoring the cleanliness of the
manufacturing environment and potentially tracing the source
of impurities. If the impurity is not well controlled during the
production process, it will stay as a contaminant in the final
product, resulting in potential safety concerns. Figure 10c shows
an example of failure analysis where a copper dendrite has been
observed penetrating through the separator that causes cell short
circuit and failure.

While off-line methods such as SEM-EDS are effective tools
for actively monitoring impurities in battery manufacturing,
offering both high-resolution imaging and accurate chemical
composition analysis, their throughput is limited in covering the
full sample volume, even with automation. Additionally, SEM-
EDS is a destructive method, which restricts its applicability to
access samples already in the manufacturing process. Con-
sequently, there is a demand for nondestructive and in-line
measurement methods.
3.5.2. In-Line Metrology in Battery Manufacturing.

Scaling cell production from research and development (R&D)
to high-volume manufacturing presents several challenges.
During the R&D phase, processes are typically optimized on a
small scale, where meticulous attention to detail and manual
adjustments ensure high-quality outcomes. However, transition-
ing to high-volume manufacturing necessitates consistent and
repeatable processes, which can expose variations and
inefficiencies that were not apparent on a smaller scale. Issues
such as maintaining uniform coating thickness, ensuring
material homogeneity, and achieving precise alignment and
layering become more pronounced. Additionally, high-volume
production requires robust quality control systems to detect and

rectify defects in real time, minimizing waste and ensuring
conformance to specifications.

In-line metrology has emerged as a critical quality component,
particularly in the context of cathode and anode coating
processes. Uniformity and consistency of active material loading
in the cathode and anode are among the most critical quality
attributes determining the overall performance, energy density,
and lifespan of batteries. The precise application of active
materials in uniform, defect-free layers is crucial for maintaining
the correct electrochemical balance in a battery cell. Variations
in coating thickness, density, or composition can lead to a
reduction in capacity, a shorter lifetime, and even safety
hazards.207

During the electrode coating process, in-line metrology tools
that provide continuous monitoring of the surface defects,
thickness profile, andmass loading are essential. High-resolution
machine vision inspection cameras are used extensively on
electrode coating lines to monitor the correct position of coating
on the foil and to detect defects such as cracks and flaking. For
mass loading measurement, traditionally, scanning noncontact
gauges have been the primary technique used to measure the
profile uniformity and thickness of electrode coatings. As shown
in Figure 11a, by moving point sensors, such as confocal
chromatic sensors for measuring thickness, or beta-ray and X-ray
sensors for measuring the loading profile, back and forth across
the electrode production line, scanning gauges provide high-
precision measurements. This technology has been used for
several decades in flexible film and metal sheet production.

While well established, scanning gauges have important
limitations. Point sensor scanning across the moving electrode
foil in the coating process samples only a small fraction of the
total production. Critical defects can be missed (Figure 11c).
Additionally, scanning across the foil can take several seconds,
during which tens of meters of nonconforming electrode can be
produced, resulting in costly scrap.

The need to improve production yield and the potentially
severe impact of in-field failure of battery cells call for new
approaches. An emerging advanced metrology technique called
in-line mass profilometry (Figure 11b) can analyze the mass

Figure 11. (a) Traditional noncontact scanning gauge with a single-point sensor. The resulting data represents a zigzag sampling path across the
electrode as the coated foil moves through the process, typically capturing <5% of the electrode. (b) In-line mass profilometry maps the active material
loading on the entire electrode. (c) Quality parameters and examples of coating defects that require 100% analysis of electrode coatings in battery
manufacturing. (d) In-line metrology system configuration for a double-sided cathode coating line, which requires two synchronized in-line mass
profilometry analyzers. Inset shows mass profilometry mapping of an NMC532 cathode as an example. Used with permission of Thermo Fisher
Scientific, the copyright owner.
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loading across the entire electrode in real time and at full
production speeds. Figure 11d shows an example system
configuration of a double-sided cathode coating line, where
two in-line mass profilometer analyzers are positioned before
and after the dryers on each side to provide real-time quality
assurance by analyzing 100% of the coated area. Capturing a
complete side-to-side loading profile every millisecond, this new
technology allows the user to detect previously invisible defects
and make corrections to the process much faster than previously
possible.

4. DIGITALIZATION OF BATTERY MANUFACTURING
Digitalization is transforming battery manufacturing by enabling
an accelerated scale-up of new innovations to build safe, energy-
dense, and affordable batteries.231,232 By integrating emerging
digital technologies, such as digital twins, artificial intelligence
(AI), big data, the Internet of Things (IoT), and automation,
manufacturers gain a competitive edge through improved
production efficiency, resource management, and closed-loop
optimization. It has been reported that tens of millions of dollars
could be saved annually using digital solutions for a gigafactory
capable of 40 GWh production capacity.233

Current efforts in production lines involve sensors coupled
with machine learning (ML) algorithms to improve quality
standards by identifying defects in electrode coating and early
elimination of substandard cells.234,235 Many defects arising
from manufacturing variability, such as cathode overhang and
tab weld failure, go unnoticed during electrochemical tests.236 In
these scenarios, computer-vision-aided computed tomography
scanning can reveal those defects and enhance cell quality
metrics. In the context of battery testing, the application of data-
driven methods has significantly shortened cell formation and
aging studies by accelerating the test protocols and facilitating
more rapid sorting algorithms.237−239 Overall, improvements in

the efficiency of resource management and a lower footprint via
digital manufacturing can make a considerable impact when
building gigafactories.
4.1. Digital Twin

In recent years, the concept of digital twins has gained
considerable interest from academia and industry, as it
eliminates the need for trial-and-error techniques and facilitates
intelligent manufacturing process. As shown in Figure 12,
battery digital twins are cyber-physical systems created based on
detailed mapping of physical assets (raw materials, cells, and
manufacturing process) using sensors.240 A digital framework
that constitutes data collection methods, cloud computing, and
several ML algorithms and physics-based simulations also
interacts with physical assets through actuators to deliver data-
driven and simulation results. This two-way communication
promotes real-time monitoring and continuous updates of the
digital twins. Finally, human integration in manufacturing will
bridge the physical and digital spaces by enabling creative
solutions, identifying anomalies, troubleshooting, ensuring the
accuracy of data acquisition, and ultimately optimizing the
digital twin feedback loop. The streamlined approach of battery
digital twins will be beneficial for process optimization, property
predictions, virtual simulation of material flow, and scheduled
maintenance. The ARTISTIC project, funded by the European
Research Council, underscores these use cases by utilizing
physics-based models to simulate particle movements in the
slurry during coating, drying, and calendaring processes and ML
to enhance the speed and accuracy of these simulations by
comparing them against experimental measurements.231 Nota-
bly, the majority of work on battery digital twins has focused on
improving the efficiency of process management systems241−243

and less on materials and cell design.244,245 Furthermore, the

Figure 12. Schematic representation showing the concept of a digital twin for battery manufacturing. The communications between different layers,
shown on the left, occurs via sensors, actuators, and human feedback.
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scope and interconnection among digital twins across multiple
steps in battery manufacturing are not yet fully understood.
4.2. Data Management

Data collection and selection strategies form the foundation for
designing an accurate digital twin. Various strategies can be
adopted for data measurement at various stages of battery
manufacturing facilitated by sensors, optics, and gauges.231 At
present, sensors are used at the systems level, with the primary
purpose of calibration and safety. Future advancements in
intelligent sensors and actuators hold potential for making data-
driven decisions.232 However, challenges remain to address the
noise generated from data collection and its propagation in the
model. Probabilistic models that account for inherent variability
have been found to be advantageous, leading to reliable
predictions.240 Additionally, the heterogeneous data collected
from different sources must be modified to a unified format for
future use cases. The following stages after data collection
involve data storing in a warehouse and data mining for future
analysis.246 Continuous data-driven analysis performed within
digital space yields optimized parameters that are then fed back
to the physical assets, creating a closed-loop system that enables
the machines to self-adjust and achieve the desired output.
However, human intervention is currently required to imple-
ment these digital results. To reach complete digitalization,
future work should emphasize developing an automated
feedback loop at either the component or system level for a
continuous information exchange. Another challenge to be
addressed is the interoperability of different hardware and
software, as well as the standardization of key metrics and
measurement frequency.1

4.3. Machine Learning Modeling

The extensive data generated from battery manufacturing make
ML algorithms well-suited for predictive analysis, opening new
avenues for accelerating battery innovation. Several recent
reviews have highlighted the use of these models in materials
informatics and cell production.246−250 Studies251−255 have
demonstrated the ability of ML models to predict electrode
properties such as porosity, thickness, andmass loading and final
cell parameters using slurry properties as input. ML models also
excel in predicting the nonlinear degradation patterns of
batteries, resulting in enhanced safety and reliability (Figure
13a).256,257 To date, most work has focused on employing ML
for the prognosis and diagnosis of battery performance, creating
a gap in utilizing data-driven methods for battery design,258

which often relies on physics-based modeling and simula-
tions.259

A few recent reviews have outlined the success of hybrid
models that combine the predictive power of ML and high
accuracy of physics-based models to evaluate battery electrode
design and failure mechanisms.260,261 A hybrid framework has
been shown to reduce the number of experiments for optimizing
battery electrode design.262 The robust nature of these models
makes them ideal for advancing next-generation electrodes in
lithium−sulfur, lithium−metal, and micro batteries. Similarly,
these models have shown promising results in battery
degradation modeling by capturing the underlying physics of
electrochemical behavior along with rapid predictions.263,264

Based on ML and physics integration, Aykol et al. showed
different hybrid model architectures to improve lifetime
predictions.265 However, notable challenges regarding hybrid
models include the lack of industry-relevant data for trainingML

Figure 13. Graphical representation showing the application of AI and autonomy in battery manufacturing. (a) Capacity degradation over cycle life
(left) can be predicted (right) using data-driven models. Reproduced with permission from ref 256. Copyright 2019 Nature Publishing Group. (b)
Automated search system formulating a new electrolyte. Reproduced with permission from ref 266. Copyright 2022 Elsevier. (c) Autonomous robot
performing coin cell assembly in a glovebox. Reproduced from ref 267 under the terms of the CC-BY 3.0 license. (d) Autonomous defect detection
during electrode fabrication (colors indicate different defects detected). Reproduced with permission from ref 235. Copyright 2022 Wiley-VCH.
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models and a disconnect between simulations and real
production complexities.
4.4. Model Interpretability and Human Understanding

Deep learning models are complex and often lack transparency
to users. Therefore, incorporating Explainable AI (XAI) or
Interpretable ML (IML) provides meaningful insights to make
informed decisions. Explainability refers to understanding the
cause and effect of ML predictions in human terms, and
interpretability is understanding the inner mechanics of the ML
model, such as weights and biases. XAI/IML techniques offer
the benefits of understanding predictions on unseen data in
battery production and management.268 Their study indicated
that most of the reported literature on model interpretability
focuses on LIBs. Many XAI/IML techniques, e.g., Partial
Dependence Plots (PDP) and surrogate models and SHapley
Additive exPlanations (SHAP), are model- and chemistry-
agnostic, and the knowledge acquired can be transferred to
chemistries beyond lithium.

A fundamental approach in this domain involves estimating
the impact of each feature on the final prediction. Among several
packages, SHAP is widely used in the battery community as it
provides local (individual prediction) and global (across
multiple predictions) feature contribution scores along with
powerful visualization tools.269 When discovering novel
electrode materials, SHAP analysis can reduce the physico-
chemical feature space by nearly 90%, based on each point’s
contribution to electrode voltage predictions.270 Using these
scores, ML models with prior knowledge can be developed to
narrow down the search for electrode materials from thousands
to just tens of them. SHAP can also be used to analyze complex
aging phenomena in batteries and understand the relationship
between cycling conditions and lifetime predictions, for
instance, how the degradation of cathode and anode electrodes
contributes to overall cell resistance.271 These insights are
crucial for understanding in-depth the behavior of internal cell
components, despite having data only at the cell level.

In addition to feature contributions, calculating feature
interactions quantitively using Friedman’s H-statistics272

provides a valuable measure. Since all the stages in battery
manufacturing are interconnected with sequential data transfer,
feature interactions will be essential.249 For example, the final
electrode thickness and electrolyte quantity measured from two
different stages may determine the final cell characteristics.249

Hence, these model interpretability approaches can potentially
optimize battery manufacturing by finding a balance between
performance and safety without compromise.
4.5. Toward Autonomous Production

State-of-the-art industrial battery production is largely auto-
mated. However, the use of AI and data-driven decision-making
is still far from common. Recent efforts are focused on
developing intelligent cyber-physical systems, driving a para-
digm shift toward fully autonomous operations. Notably, the
integration of advanced ML models with robotics can optimize
complex multivariable problems, such as those encountered in
R&D battery electrolyte formulation (Figure 13b).266,273

Compared to traditional methods that take up to months to
identify a suitable electrolyte within a given design space,
autonomous optimization expedites the process by 6 times in a
laboratory setting.274 At a pilot and production scale,
autonomous systems can be effective in identifying and reducing
manufacturing variability-induced defects such as misalignments
during electrode fabrication and cell assembly, and their closed-

loop optimization capabilities further enhance precision (Figure
13c,d).235,267 Beyond battery innovation, automated disassem-
bly systems are capable of high-quality extraction of recycling
materials from battery packs and reduces the risks associated
with manual battery recycling methods.275

AI and autonomous systems perform human-like tasks
efficiently. However, human intelligence remains crucial in
scientific breakthroughs and solving unexpected problems that
often rely on collaboration and communication. Battery
production is a highly complex and interconnected process
that requires experts from multidisciplinary domains to
collaborate, bringing their creative thinking and hypothesis
generation. The future of battery innovation lies not in the
replacement of human ingenuity but rather in a synergistic
relationship among humans, AI, and autonomous systems.

5. RECYCLING
The growing demand for LIBs has raised concerns about the
sustainability of critical raw materials such as nickel, cobalt, and
lithium, which have been well discussed in a few articles.276,277

With millions of EVs already on the road and expected growth of
batteries to improve grid resilience,278 the need for a robust
battery recycling infrastructure is more urgent than ever.

EV batteries have a lifespan of about 10−15 years,279 meaning
that a substantial number of early-generation batteries will soon
be retired, especially those with lower nickel content.280

However, today’s battery chemistry has evolved significantly,
with newer formulations favoring higher nickel content, reduced
cobalt dependency, and in some cases, entirely different
materials, such as LiFePO4.

281 This shift presents a challenge
for recycling, since older batteries may not align with current
manufacturing needs. Despite these differences, recycling
remains crucial for reducing the reliance onmined rawmaterials,
minimizing environmental impact, and reintegrating valuable
components into the supply chain. Additionally, before reaching
the recycling stage, many retired EV batteries can still serve
second-life applications in less demanding settings, such as grid
storage or backup power for data centers.282 This approach
extends battery lifespan, enhances energy security, and delays
waste generation, contributing to a more sustainable battery
ecosystem.

While LIB recycling is a pressing concern today, looking
ahead, the emergence of next-generation battery technologies
such as sodium-ion283 and solid-state batteries284 will introduce
new challenges and demands in recycling. These alternative
chemistries are being developed to improve safety, cost-
effectiveness, and resource availability, but they also require
tailored recycling methods that differ from the existing LIB
recycling infrastructure. Current recycling technologies, includ-
ing pyrometallurgy and hydrometallurgy, may not be directly
compatible with new material compositions, necessitating
further innovation in recycling processes. Additionally, direct-
recycling methods,285,286 like molten-salt direct recycling,287

which allow flexibility in tuning composition and micro-
structure, could play a key role in adapting to future battery
chemistries. Using new salt Li2O

201 to recycle spent polycrystal
NMCs directly into high-performance single crystals provides
new insights on direct recycling of cathode materials, especially
for the scraps from the production line, which is nontrivial.

As the battery industry continues to evolve, proactive research
and investment in next-generation recycling strategies will be
essential to ensuring a closed-loop system for all battery types,
reducing the environmental impact, and securing long-term
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material sustainability. Similar to battery and materials
manufacturing, cost will still be the major criterion determining
when and where the recycling technology will be accepted by the
market. If the cost of recycling cannot be reduced to make the
recycled elements cost-competitive with freshly mined ones, it
will not be utilized by industry, which highlights the importance
of cost-oriented fundamental research in recycling as well.

6. WORKFORCE TRAINING FOR BATTERY
MANUFACTURING: FROM OPERATORS TO Ph.D.s

The continuous growth of EVs places pressing challenges
globally on battery manufacturing and the supply chain.
Currently, the U.S. has 59 GWh of cell production capacity
annually, with the majority of the required components and raw
materials being imported from Asia.288 The U.S. would require
more than 1,000 GWh battery production annually to meet the
goal of 100% domestic manufacturing of EVs by 2030. Even if
minerals and production facilities were fully available, a shortage
of skilled labor is a seminal challenge in the achievement of even
this single production goal, let alone the myriad other uses of
LIBs.

Legacy automotive manufacturing skillsets emphasize me-
chanical engineering and machining capabilities, instead of
knowledge of battery chemistries, electronics, and industrial
engineering which are at the center of battery workforce needs.
Transitioning to battery production has proven difficult despite
significant federal incentives, due in part to the lack of available
education, in part to a lack of societal understanding of the need,
and in part to a mining and manufacturing “image” problem.
Addressing these challenges requires a national strategy that
addresses targeted training, industry−academic collaboration,
and the development of standards tailored to battery
production. Investment in R&D and process optimization is
crucial to improving manufacturing yield and competitiveness.
Tailored and consistent, peer-reviewed (i.e., accredited), and
highly accessible education and training that integrate case
studies demonstrating how to apply textbook knowledge to
solve manufacturing problems may inspire more individuals to
apply their talents within this field.

There are certainly positive examples of programs designed to
educate and train a future battery workforce, such as New
Energy New York’s “Battery Academy” or the Center for Energy
Workforce Development’s “Energy Industry Fundamentals”,
but a more widespread and cohesive effort is required. Industry
recruitment must expand and be promoted, as workers are in
short supply, and many federally funded industrial efforts must
be more connected to one another to prevent gaps and overlaps.
To support this objective, a greater focus is needed on
opportunities across the educational spectrum, from entry-
level training in the basics of workplace safety to the advanced
skills of highly educated engineers. More students in educational
programs leading to future careers in the battery industry will
also necessitate the identification and recruitment of faculty with
the appropriate skills and experience to educate the growing
body of battery workers.

In recognition of these new realities, industry, government,
and academic organizations have begun to join together to
create opportunities for education for both students and
educators. One of the most prominent programs to come
from such a collaboration is the DOE’s Battery Workforce
Initiative (BWI). The BWI seeks to attract fresh talent to the
battery manufacturing industry.289 By collaboration with
industry leaders, the initiative aims to pinpoint the essential

competencies required for battery manufacturing roles. Insights
gathered from experts will inform the standardization of national
training to meet skill requirements while addressing gaps in
battery manufacturing.290 Industry needs all levels of workers,
from operators to Ph.D.s, to work on the production line. “While
many programs already exist to train workers for battery
manufacturing, there is a significant mismatch between the skills
attained through classroom or lab training and the skills required
on the job.” 290 The BWI provides a good start at filling that gap
by describing required classroom instruction, outlining oppor-
tunities for experiential learning, and suggesting mentorship
opportunities to train individuals in the battery manufacturing
industry.

The New Energy New York (NENY) “Battery Academy”
stands as one of the nation’s most advanced and comprehensive
battery training programs. Since its pilot launch in early 2023,
NENY programs have trained over 1,000 individuals for careers
in the battery industry. The NENY Battery Technician program
encompasses a hybrid of online, virtual reality, and hands-on lab
learning, comprehensive learning guides, instructor-led office
hours, and robust support services. Moreover, NENY’s K−12
programming achieved the New York Department of Labor’s
cluster approval for a pioneering two-year learning curriculum,
empowering graduates with diplomas, nationally recognized
microcredentials endorsed by Binghamton University, and
practical experience in high-demand careers. With funding for
workforce development primarily focused on high placement
outcomes, this program stands as a blueprint to the nation on the
return of investment when investing in youth as a part of the
workforce ecosystem.

There are also programs at Battery Belt institutions that
partner to address future workforce requirements. Greenville
Technical College, Trident Technical College, and Spartanburg
Community College established a consortium titled “Revolu-
tionizing Electric Vehicle Education”, resourced by the National
Science Foundation and dedicated to advancing and exploring
the utilization of virtual reality (VR) and augmented reality
(AR) educational resources to bolster EV and battery
manufacturing.290 Immersive digital trends like mixed reality
are being explored to train workforces in laboratory and pilot
lines.291 These hands-free devices empower battery engineers
and researchers with real-time data collection, access to digital
twin, and guidance, thereby reducing errors in battery assembly
and development.

7. OUTLOOK
Battery and battery materials manufacturing present a unique
opportunity for researchers and industry partners to work
together to accelerate lab-to-market technology translation and
establish a healthy and resilient supply chain. Cost-oriented
fundamental research will become a priority when addressing
the manufacturing challenges.

1. Understanding and utilizing “impurities” to take advant-
age of “cheaper” and/or “dirtier” raw materials to produce
similarly good battery materials not only is scientifically
interesting but also helps diversify the battery supply
chain. Effective monitoring and control of impurities from
raw materials to final production will be critical for this
purpose. Materials synthesis that can tolerate wide
temperature ranges through innovations will save much
energy and enhance consistent quality, thus saving
manufacturing cost. Still, even for the conventional
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battery materials such as NMCs, LFP, graphite, and
LiPF6-based electrolytes, there is much innovation space
to help further reduce the manufacturing cost and carbon
footprint during production through impurity control or
impurity utilization, equipment design, as well as removal
of toxic solvents. The upstream materials also needs
scientific and engineering solutions to efficiently extract
key elements through efficient separation. New ideas are
also needed to concentrate Nickel II for nickel sulfate
production for subsequent cathode materials manufactur-
ing. It may be a good time to revisit the electrowinning
process of copper and aluminum by considering the
specifications in battery applications and develop a
sustainable approach for supplying those inactive
components for battery production. Reusing the scraps
and recycling the valuable elements from spent batteries
will further secure the supply chain stability, if the cost of
battery recycling can be further reduced, which is
achievable through materials and process innovations.

2. Simplifying production process, instead of adding more
steps for incremental performance improvement, will be
the priority to explore manufacturing science. Decreasing
the number of materials synthesis steps will ease the
manufacturing process at a large scale and reduce the
uncertainties introduced by those multiple steps. For
example, washing is usually needed for NMCs to get rid of
the residual lithium salts after calcination. An annealing
process is therefore also needed to “restore” the structure
of the washed cathode materials. It is worthy of further
investigation to convert those lithium salt leftovers into
buffer layers by co-sintering with other elements or oxide,
thus removing the washing step while improving the
materials’ performances. Alternatively, if the excessive
amount of lithium salts becomes unnecessary for high-
temperature calcination, the washing step will also be
removed. Large-scale processing of defect-free solid-state
electrolytes, especially in the separator membrane format,
is still a big challenge, while materials-level innovations
also need to be sought to identify practical approaches for
stabilizing sulfide-based electrolytes in ambient environ-
ment or at least making them less sensitive to moisture.

3. Streamlining the manufacturing process through digital
twins will play an important role in enhancing production
efficiency. With the fast development of sensors, gauging
systems, etc., extensive amounts of data are generated
from battery manufacturing process. Analysis and
extraction of key information from those massive data
will rely much on ML and AI. Successful implementation
of ML models in battery production will make it possible
to predict or even automatically adjust key parameter
based on the property variations from different batches of
materials to ensure the consistent quality of coating,
loading, porosity, and tortuosity control. Experimental
works are combined with advanced theoretical and
computational approaches to digitalize battery cell
manufacturing from process optimization, performance
prediction, degradation analysis to visual simulation of
materials flow, and scheduled maintenance, all of which
are streamlined to enhance the manufacturing efficiency
and reduce the cost. Virtual reality/mixed reality digital
twins are also now designed for training purposes and to

assist decision-making in the battery manufacturing
process.

4. A robust and diverse workforce is pivotal to meet the
industry’s escalating demands, fostering inclusivity across
backgrounds, ethnicities, and beliefs. Battery manufac-
turers not only need researchers�they also need
technicians, operators, and so on. Training courses and
curricula need to be developed and tailored for specific
needs such as mining or the electrochemical industry in
addition to classic battery-related training. The most
effective approach is still through public−private
collaboration, which enables a true understanding of the
challenges that industry faces in hiring and developing a
workforce and in accessing education and training
programs that enable cultivation of a strong, effective,
and enduring battery workforce.
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PTFE polytetrafluoroethylene
SEI solid−electrolyte interphase
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SSE solid-state electrolyte
SPAN sulfurized polyacrylonitrile
TGA thermogravimetric analysis
XAI explainable artificial intelligence
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