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Abstract

Growth in the Li-ion battery market continues to accelerate, driven primarily by the increasing
need for economic energy storage for electric vehicles. Electrode manufacture by slurry casting is
the first main step in cell production but much of the manufacturing optimisation is based on trial
and error, know-how and individual expertise. Advancing manufacturing science that underpins
Li-ion battery electrode production is critical to adding to the electrode manufacturing value
chain. Overcoming the current barriers in electrode manufacturing requires advances in materials,
manufacturing technology, in-line process metrology and data analytics, and can enable
improvements in cell performance, quality, safety and process sustainability. In this roadmap we
explore the research opportunities to improve each stage of the electrode manufacturing process,
from materials synthesis through to electrode calendering. We highlight the role of new process
technology, such as dry processing, and advanced electrode design supported through electrode
level, physics-based modelling. Progress in data driven models of electrode manufacturing
processes is also considered. We conclude there is a growing need for innovations in process
metrology to aid fundamental understanding and to enable feedback control, an opportunity for
electrode design to reduce trial and error, and an urgent imperative to improve the sustainability of
manufacture.

© 2022 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Patrick S Grant
Department of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom
The Faraday Institution, Quad One, Harwell Science and Innovation Campus, Didcot, United Kingdom

All mass market Li-ion battery electrodes are fabricated by casting of a viscous slurry comprising an
electrochemically active material, a binder, conductive additives and a fugitive liquid onto a metallic foil
current collector. The solvent/suspension mixture dries (evaporation of the solvent) to produce an electrode
structure that is a random mixture of the constituent particulate materials adhered together and to the
current collector by the binder, and residual porosity. Both anodes (typically graphite-based) and cathodes
(typically Li-oxide-based) are made this way. The anodes and cathodes are then calendered (rolled under
compression) to reduce thickness and to increase density, a porous polymer separator is introduced, and the
arrangement packaged together with a liquid Li-ion containing organic electrolyte into cylindrical, pouch or
other cells, and then into battery packs.

Because of its high productivity, robustness and scalability to the gigafactory, slurry casting has become
embedded as the cornerstone of industrial Li-ion battery fabrication and the reason for the extraordinary
and continuing decrease in Li-ion battery costs over the last decade or so. However, because of the growing
installed capital base and its ubiquity, it is easy to forget that slurry casting has restrictions and produces
reliable electrodes only over a narrow range of thicknesses (tens to a few hundreds of microns), porosities
(approximately 30 vol%) and formulations (up to 96 wt% active material). At the industrial scale, electrode
innovations tend to be restricted to those that can ‘drop-in’ to existing manufacturing lines, and
consequently the trade-off space for cell performance, such as energy density at the expense of power density
and vice-versa, remains relatively constrained. Slurry casting also has a propensity for defects such as
agglomerates that can act as nucleation points for premature degradation. Surprisingly and despite their
widespread use, there are also gaps in the understanding of electrode structural evolution during the critical
steps of slurry formulation and casting, drying and calendering. Consequently, the tuning of the many
parameters for each of these steps is largely empirical, time-consuming, and wasteful. Until very recently, the
development and optimisation of Li-ion battery electrodes has had relatively little up-front design and
predictive capability, or in-line metrology, and has relied largely on trial and error.

Alongside the growing installed capacity of slurry casting, there has been an accelerating emergence from
the research base of alternative, and in some ways, more capable manufacturing processes, that produce
structured or ‘smart’ electrodes. Here the objective is to arrange the materials of the electrode more elegantly
and according to a design intended to exploit the intrinsic properties of the electrochemically active material
more widely. Increasingly these approaches are guided by modelling and simulation insights. For example,
there are now a number of demonstrated approaches to pore engineering where templates or other
techniques are used to contrive the interconnected electrode porosity into a more advantageous morphology,
such as through electrode thickness pore channels. While capacity at slow charge/discharge rates is usually
unaffected by this type of pore structuring, the electrodes can show much improved capacity at faster rates
because electrode-scale Li ion diffusion is made easier. Other developments include a growing interest in
manufacturing routes that reduce or remove the need for the liquid solvent used in slurry casting, with
potentially very significant beneficial impacts on the sustainability of electrode manufacture, as well as
possible performance benefits.

In response to these trends and the associated diverse set of challenges, the Faraday Institution, the UK’s
independent institute for electrochemical energy storage research, established the NEXTRODE (Next
generation electrodes) project in September 2019. We have since assembled a multidisciplinary team of
experimentalists and modellers from both within and beyond the battery field. Our aim is to realise
improvements in battery performance by smarter assembly of the different materials based on investigation,
understanding and exploitation of the science of electrode manufacture. In this roadmap article, we outline
our view of the opportunities to increase the scientific understanding of the key steps in current Li ion
electrode and battery manufacture, and how this understanding might be used to improve manufacturing
(for example by reducing excessive trial-and-error optimisation) and battery performance (for example by
expanding the range of performance trade-offs available). We also consider some of the emerging new
approaches in electrode manufacture, including increased use of in-line metrology, solvent-free or dry
processing, how to manipulate electrode structure, and novel approaches to electrode design and analysis.
Finally, we are using machine learning (ML) and correlative techniques based on manufacturing data at all
stages and scales to investigate how manufacturing innovations at the laboratory scale, whether for
conventional or new processes, can be translated to the commercial scale more quickly and effectively.
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2. UK strategy and ecosystem for batteries

David Greenwood
Warwick Manufacturing Group (WMG), University of Warwick, Coventry CV4 7AL, United Kingdom

The UK has identified battery technology, and particularly the industrialisation of batteries as being of
strategic national importance, and as a result we have one of the best designed ecosystems in the world for
the development and commercialisation of batteries.

Decarbonisation is now clearly embedded within UK government policy, having been the first country
(in 2019) to legally commit to achieve net zero by 2050. This has been followed up in November 2020 by the
10-point plan for a green industrial revolution (banning sales of petrol and diesel vehicles by 2030/2035),
Transport Decarbonisation Plan, and more recently with the Net Zero Strategy: Build Back Greener and UK
Net Zero Research and innovation Framework. All these documents recognise the significant role played by
battery energy storage, and the need to build scientific and industrial capability and capacity for their
development and manufacture.

In part the current UK approach has been driven by lessons of the past where the UK produced great
science in this field (such as the work of John B Goodenough on cobaltate cathode materials at Oxford in the
1980s) but saw its exploitation take place overseas. It would be easy to put this down to a lack of UK
commercialisation capability but, in reality, it was due to not having applications for the technology in the
UK economy. In a world before laptops and mobile phones, Sony’s camcorder was the first portable electronic
device to deliver a business case for the use of Lithium-ion batteries. To be truly successful at exploiting
battery technology, the UK needs to focus as much on applications as it does on science and technology.

Whilst many market sectors have needs for batteries, in the UK it was the automotive sector which
provided the initial business case for change. Successive automotive technology roadmaps [ref: NAIGT 2009,
APC Electrical Energy Storage Roadmap 2020] have identified the rise of electrified vehicles since the late
1990s, but in the mid 2010s the trajectory took a step change as climate change, air quality (brought into
sharp focus by ‘dieselgate’ in 2015) and energy security came together as policy drivers, resulting in a
succession of regulations and policy committing the industry to an accelerated path towards electrification.

The UK Auto sector is the largest export sector in the UK, employing 800 000 people and generating
£60bn of turnover in 2020. In 2020 we made 1.8 M engines manufactured 1 M cars per year (down from a
peak of 1.8 M in 2016) [ref SMMT motor industry facts 2021]. The electrification of this sector represented
both an opportunity and a threat, as the battery represents around half of the ‘bill-of-materials’ cost for an
electric vehicle, and batteries are expensive and hazardous to ship long distances. If the UK makes batteries
for electric vehicles then this opens up a new market opportunity of £9bn per year by 2040 [ref Faraday
Institution ‘UK electric vehicle and battery production to 2040’] and anchors the auto sector in the UK. If we
do not then it is likely that car manufacturing will migrate to locations where batteries are made—Ilosing out
not just in the missed opportunities of batteries, but also seeing the atrophy of supply chains for the rest of
the vehicle.

In response, the Automotive Council and Academic community proposed to government in 2016 an
initiative now known as the Faraday Battery Challenge. This proposed a mission-led approach with common
governance for all stages of battery development and commercialisation, from fundamental research through
to investment in gigafactories and their supply chains. In 2017 the Faraday Battery challenge was launched,
with £246 M committed to support the first four years of activity, which has subsequently been extended,
and additional activities aligned to it. This ecosystem now includes:

o The Faraday Institution—with a remit to fund large-scale, highly collaborative academic research to answer
critical industrial questions. This operates a more closely managed programme than most academic funding
mechanisms, with regular review and the ability to dynamically redirect funding and resources according to
ability to deliver impact.

e Collaborative R&D programmes (through Innovate UK) support business led collaborations to get to proof-
of-concept with new technologies—with typical projects size £3—-5 M and 2-3 years’ duration.

o Collaborative R&D programmes (through the Advanced Propulsion Centre) support industrialisation of
vehicles, components and systems, through to the point of pre-production—with typical projects up to
£40 M in size and around 3 years’ duration.

e The High Value Manufacturing Catapult—in particular, its centres at WMG (Warwick) and CPI (Teeside)
which host pilot lines and scale up facilities.

e The UK Battery industrialisation Centre—an internationally unique open access facility for high volume
manufacturing scale-up of electrodes, cells and batteries. Opened by the Prime Minister in 2021, the facility
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cells to pouch and cylindrical forms, as well as semi-automated module and pack build.

o The Automotive Transformation fund—currently standing at £750 m, with the ability to de-risk capital

investments in major manufacturing facilities for batteries and their supply chain.

o The Faraday Battery Challenge—a co-ordinating function hosted by UKRI, connecting all of the above

mechanisms, with deep links into UK government, including BEIS, DIT, DEFRA, Cabinet Office.

TRL 0-3

¢ Fundamental
Research

Faraday Institution

* £88M budget 2017-2022
(extension in progress)

* Large academic research
projects steered towards
industrial goals

* Degradation, modelling,
characterisation
materials development,
recycling, Electrode
manufacture etc...

carAPULT

TRL 3-5

¢ Proof of Concept

Innovate UK
* £88M budget 2017-2021

(extension in progress)

* Industry led collaborative

R&D projects

* Leading to

representative proof of
concept

* Typically 3 year projects,

50-70% funding, £3-5M
project size

TRL 5-8

* Product pre-
production

APC and ATI

* Advanced Propulsion
Centre (Automotive)
£1bn

* Aerospace Technology
Institute - 3.9bn

* Large collaborate
projects to develop
product, supply chain
and manufacturing

* £5-50M projects, 50%
funded

UK Support for Battery Industry: Faraday Battery Challenge

TRL8 +

» Series manufacture

UKBIC (£150m)

* Electrode, cell, module and pack
scaleup facility— 2-4GWh/year

* Open facility accessible to all
ATF

* £730M* to support creation of UK
Gigafactoriesand supply chains

BEIS / DIT

* Assistance with land, planning,
permits, skills, capital grants...

% bkt

For the automotive sector, a key milestone has been the announcement of battery ‘gigfactories’ (battery
factories producing gigawatt hours of batteries per year) in the UK—as these will anchor the automotive
sector in the UK. At the time of writing, two such factories have been announced, and further
announcements are anticipated. As importantly these factories provide the direct market pull for upstream
materials manufacturers to respond to—and this will be a major focus for the Faraday Battery Challenge in
the future. Further, this market growth improves the business case for battery recycling in the UK, as it
delivers both feedstock and customers for end product. At present several initiatives [ref: APC project
RECOVAS, Recyclus] are underway to deliver kiloton per year capacity for battery materials recovery, but as
yet there remains a gap in the UK capability around conversion of ‘black mass’ to precursors for
electrochemical material manufacture.

Whilst devised originally to support an automotive requirement, The UK ecosystem provides an excellent
base around which to grow UK battery capability into other sectors as their energy storage needs become
clearer. These now include all forms of surface transport, aerospace, marine, domestic electricity storage and
grid scale storage of renewable energy.

Work by WMG and the Faraday Battery Challenge has studied these future cross sectoral needs and has
proposed four ‘families’ of applications which share similar technical requirements, and which could
therefore be addressed by similar battery technologies (see figure below—credit WMG/Faraday Battery
Challenge 2021):

(a) Power focus/Weight sensitive—batteries with very high charge and discharge power to weight ratio
(80-200 C rate). Typically used in high value applications such as aerospace and motorsport, where cost
may be less of a constraint, and often in a hybridised application.

(b) Power focus/Cost sensitive—batteries with relatively high charge/discharge capability (10-50 C rate) for
use in hybrid applications in higher volume (and more cost sensitive) markets, generally alongside a fuel
cell or combustion engine.

(c) Energy focus/power and weight sensitive—for use in EV applications from ebikes through electric
motorcycles, cars, electric buses and into eVTOL aircraft. These are the primary energy source for the
vehicle, so energy density is critical, but power and weight must be adequate for the application.

5
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(d) Energy focus/cost sensitive—generally for use in non-transport applications such as grid support where
weight and volume are relatively unconstrained, but typically very large (MWh) scale applications, so
cost per kWh is a major driver.

200C

20000

18000
Strategic drivers

| galaa i e Power focused
16000 | weight sensitve
14000
12000
10000

8000 Strategic drivers
Power focused
cost sensitve

Power Density (W/Kg)

Strategic drivers
Energy focused

6000 cost sensitve

.......... H

4000

2000

Auto Metor
Energy storage, Voluma Auto ks
low cost mobility, marine. & E-bikes

0 100 200 300 400 500

Energy Density (Wh/Kg)

With these families in mind, it is possible to guide emerging technologies towards their most likely
applications and vice-versa, as well as to commission research in areas which will strengthen the market
position of UK technologies.

Over the next 5 years the UK has specific opportunities, coming from both research and industrialisation,
around electrochemical materials (including NMC, solid state, sodium ion, lithium sulfur and silicon
anodes), high power density batteries for aerospace and motorsport, and recycling of battery materials.

So with a world class research and development ecosystem and a clear technology strategy, the UK has
the best possible basis for innovation in batteries. For those of us in the research community, our job is now
to deliver against that vision.
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3. Particle-scale engineering for better Li-ion battery electrodes

Kunal Pardikar"?, Rachel Smith"* and Denis Cumming"’

! Department of Chemical and Biological Engineering, The University of Sheffield, Mappin St, Sheffield
S1 3]JD, United Kingdom

% The Faraday Institution, Quad One, Harwell Science and Innovation Campus, Didcot, United Kingdom

Status

A variety of innovative techniques to modify the active material particle structure have been implemented
throughout the years. These techniques include particle coating, grain-boundary strengthening, designer
secondary particles, single crystal morphology [1]. Particle coatings improve the structural strength of the
secondary particle providing longer cycle life and improved capacity retention [2]. Unique secondary particle
structures like core—shell [3] and full-concentration-gradient [4] exhibit local regions of high-Ni content as
well as high-Mn content combining increased capacity and structural stability. Distinctly shaped secondary
particles (cube, rod, dumbbell, needle) synthesized through the common co-precipitation technique have
been shown to exhibit superior performance [5]. Secondary particles with radially aligned primary particles
have been shown to improve high C-rate performance by offering faster solid-state diffusion pathways for the
Lithium ions [6]. Radial alignment of primary particles is also beneficial in uniform distribution of the
mechanical stress caused due to volume changes during cycling. Designer secondary particles offer distinct
enhancement in different aspects of battery performance metrics. Single crystal morphology eliminates the
problem of micro-cracking, giving better degradation performance and long cycle life. These particle
structure modification techniques prove effective in tackling particle-scale challenges in the electrode
microstructure.

Current and future challenges

Low electronic conductivity

Most cathode active material particles have low electronic conductivity. Conductive additives (carbon black,
acetylene black) need to be added to provide electronic percolation networks and three-phase boundary
necessary for electrochemical reaction (figure 1(a)). Uniform distribution of the conductive additives in the
electrode and on the surface of active material particles is not guaranteed by traditional slurry casting
process. Synthesizing composite particles of active material and conductive additives offers one approach to
tackle this challenge [7].

Slow solid-state diffusion

For complete utilization of the available capacity, Li ions need to diffuse to the core of the secondary particle.
Randomly oriented primary particles cause tortuous diffusion (figure 1(b)). This sluggish solid-state
diffusion of Li ions results in underutilization of the active material at high C-rates and impacts the rate
capability performance of the battery [6]. Large secondary particles increase the energy density, but particle
size is limited by the solid-state diffusion [8]. Engineering techniques producing secondary particles with
radially-aligned primary particles alleviate this challenge to some extent by reducing intra-particle
anisotropy and providing faster diffusion pathways [9].

Micro-cracking

Large anisotropic expansion and contraction of the active material crystals during cycling is problematic for
particle’s structural integrity. The mechanical stress caused by such large volume changes introduce
micro-cracks along primary particle boundaries (figure 1(c)). These cracks increase the electrolyte
infiltration in the secondary particle causing capacity reduction due to deleterious particle-electrolyte side
reactions [10]. The cracks widen up and propagate during subsequent cycles causing fragmentation of the
secondary particle and electrical isolation of localized regions (figure 1(d)) [11]. The challenge is to avoid
such micro-cracking which results in reduced capacity, underutilization of active material, and short cycle
life. Particle designs like core—shell, full concentration gradient, radially-aligned primary particles as well as
different particle coatings have been proved effective in avoiding such micro-cracking.

Particle size optimization

Size distribution of active material particles making up the electrode affects the electrochemical performance
[6, 11]. Too large particles cause active material underutilization at high C-rates due to longer solid-state
diffusion paths. While too small particles increase the active surface area available for the deleterious side
reactions causing faster chemical degradation. A sensible PSD through the electrode microstructure can

7
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Scale-up

¢°0e @20 Q

Figure 1. Particle-scale challenges: (a) need for conductive additives. (b) Tortuous diffusion path of Li-ions in the secondary
particle. Reproduced from [6]. CC BY 3.0. (c) Micro-cracking after long cycling. Reprinted from [14], Copyright (2018), with
permission from Elsevier. (d) Particle degradation processes for anode secondary particles. [11] John Wiley & Sons. © 2020 The
Authors. ChemElectroChem published by Wiley-VCH GmbH. (e) Scale-up of novel particle-engineering technique creates
additional challenges.

optimize the electrochemical performance [11]. Particle engineering and design techniques offering control
over the particle size prove effective in generating such optimized particle size distributions.

Consistency and scalability

Ensuring consistency of a novel particle engineering technique during scale-up (figure 1(e)) poses a challenge
before successful commercialization. Although, advantages of the core—shell and concentration gradient
particle structures have been known since 2005, commercialization of this synthesis technique has been slow.
Issues like complex co-precipitation procedure, transition metal segregation during calcination [12] are at
the core of this slow commercialization. Similarly, complex synthesis procedures generating single crystal
morphology suffer from cost and scalability issues for large scale production. Large number of production
variables influence the product properties therefore it is important to understand the process—product
relationship [13]. Such understanding can be developed through systematic experimentation and process
modelling studies. Systematic investigation of scale-up issues are required to ensure lab-scale observations of
improved electrode performance due to particle design hold true at industrial scale.

Advances in science and technology to meet challenges

Variety of particle structure modification and particle coating techniques are being investigated by
researchers. The core—shell (figure 2(a)) and concentration gradient secondary particle structures show
promise in simultaneously achieving high capacity offered by high-Ni content at the core and high structural
stability offered by high-Mn content at the particle surface [4].

Post-processing of as received NMC11 particles to generate porous nano-structured secondary particles
(figure 2(b)) has proved beneficial [15]. This structure is achieved by ball-milling and further spray drying of
active material powder. The primary particle size and porosity of the nano-structured secondary particle can
be adjusted by controlling the calcination temperature. The nano-structured secondary particles exhibited
strong structural integrity and enhanced capacity retention.

8
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Figure 2. Particle-scale engineering: (a) coreshell secondary particle. Adapted with permission from [3]. Copyright 2005
American Chemical Society. (b) Nano-structured secondary particle. Reproduced from [15]. CC BY 4.0. (c) Particle coating. [2]
John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Grain-boundary strengthening. [2] John
Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Boron doping results in radially-aligned primary
particles. [18] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Polycrystalline vs single crystal
morphology. Reprinted from [20], Copyright (2020), with permission from Elsevier.

Particle coating (figure 2(c)) improves cycle life by increasing structural strength and reducing
particle-electrolyte side reactions. Whereas, grain-boundary strengthening technique (figure 2(d)) further
reduce the electrolyte penetration inside the secondary particle [2]. Advances are being made to ensure
uniformity of such coatings on the active material particle surface. Coating conductive additives on the
secondary particle surface is also being investigated for more homogeneous distribution of conductive
additives through the electrode microstructure [7].

Advances are being made to discover dopants that favorably alter the secondary particle morphology
(figure 2(e)). Small amounts (~1%) of dopants are added during the synthesis procedure of the active
material. After calcination, altered secondary particle structure is observed. Doping high-Ni NMC particles
with small amounts of multivalent ions like Zr, Al, Ti, Mg, T, B, Nb, Mo, Ta, W has improved structural
stability and electrochemical properties [16—18]. Some dopants cause radial-alignment of the primary
particles. As discussed before such radially-aligned primary particles provide faster diffusion pathways for Li
ions as well as reduce the severity of micro-cracking by uniformly distributing the mechanical stress caused
by volume changes during cycling.

Synthesis of single crystal AM particles (figure 2(f)) is getting traction for high-Ni chemistries. Single
crystal morphology eliminates the phenomenon of micro-cracking increasing the battery cycle life. Many of
these particle engineering techniques can be implemented together to achieve optimum particle-scale
performance [10].

The understanding of the process-product relationship is being advanced for the co-precipitation
synthesis through modelling techniques [19]. Such studies offer increased control over the product
properties and improve the consistency of the particle design process. Studies aimed at scale-up advance
smooth and faster commercialization of a novel particle engineering technique. More such studies are
required for further development of various particle engineering techniques.

Concluding remarks

Further improvements in the well-established Li-ion battery technology is possible through particle-scale
engineering. Challenges like the slow solid-state diffusion, micro-cracking, un-optimized particle size
distribution can be tackled by particle-scale engineering techniques of structure modifications, particle

9
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coatings, and tunable particle size. Advances are being made in developing new techniques as well as
understanding the mechanisms driving the process—particle structure relationship. Such understanding is
crucial in enabling smooth scale-up and faster commercialization of a novel technique. Combining different
particle-scale engineering techniques offers a promising approach to extract additional energy and power
densities from the Li-ion batteries. Well-developed techniques can be further used for manufacturing of
thick electrodes and recycling of the active materials. Systematic studies are required to fully realise the
potential of various particle engineering techniques.
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Status

Nickel-rich cathode materials, such as layered LiNi,Mn,Co,O, (NMCXYZ), present nearest-stage
opportunities for high energy density lithium-ion batteries due to their high practical capacities and market
maturity [1]. At present, the cost of the raw materials represents the most expensive part of the process, with
the synthesis and processing of the cathode powder bearing a high price factor [21]. Sustainably scaling up
the synthesis of high-nickel NMC-type cathodes in a reliable, efficient and cost-effective way is crucial to the
long-term manufacture of large-scale, high-energy Li-ion batteries, and to meeting the proposed 300 mile
range for electric vehicles.

Traditional routes to inorganic oxide materials include ceramic solid-state syntheses, where high reaction
temperature and long reaction times afford thermodynamic products in the bulk form. Control over primary
(or secondary) particle morphology is very difficult, since the high temperatures required to overcome
diffusion barriers make it challenging to selectively control reaction progress. Alternative synthetic
approaches can offer advantages including a degree of control over particle morphology. Solventothermal
methods, for example, can provide a route to tailoring particle size and shape through judicious selection of
solvent or capping agent. Sol-gel routes can be fine-tuned via starting alkoxides to facilitate size and shape
design. The synthetic route employed can therefore play a role not only in guiding the resulting crystal
structure obtained but also in determining the resulting particle morphology which itself can have significant
implications on resulting performance [22].

However, when moving to a larger scale, it can be difficult to maintain reproducibility and consistency
between batches when using these more traditional methods. One commonly applied synthetic route, which
allows fine-tuning of particle morphology and affords materials at larger scale, is the co-precipitation
process. In the case of NMC cathodes, salt solutions (typically MSO4, M = Ni, Mn, Co) are mixed together
in the desired stoichiometry with ammonium hydroxide acting as a chelating agent and a hydroxide base as a
precipitating agent. After precipitation of the desired transition metal hydroxide, the dried precursor is
mixed and calcined with a lithium source at an elevated temperature (typically an oxygen-rich environment)
[23]. A general schematic for this process, performed using a stirred tank reactor, is depicted in figure 3.
Careful monitoring and manipulation of reaction conditions such as pH, temperature, stirring, feed rate,
concentration of reacting species and counter ions, and the presence of chelating agents, provide a means to
controlling precursor particle nucleation and growth [24]. Many existing chemical companies have access to
CSTR equipment, meaning it is a readily available, non-disruptive technology. Combining the CSTR method
with robust analytical tools, it is possible to maximise reproducibility between batches in the end product.
This is a scalable method provided physical characteristics such as reactor geometry and stirring shear forces
are considered when increasing throughput.

Current and future challenges

Careful consideration of the co-precipitation synthesis parameters for Ni-rich materials can provide a means
for optimising primary particle size, particle density, and the assembly of these primary particles (typically
several 100’s nm in diameter) into larger secondary structures which can range from 5 to 15 ym in diameter.
Control over these morphological attributes can have significant implications for the resulting specific
capacity and capacity retention of Ni-rich cathode materials [25]. For example, ammonia is often applied as
a chelating agent for nickel-rich layered NMC materials. Fine-tuning the ratio of transition metal reactants to
such a chelating agent can directly influence the resulting secondary particle morphology. The ability to
direct secondary assembly formation becomes increasingly important when one considers the anisotropic
lattice changes at potentials above 4.2 V in nickel-rich NMC cathodes [26]. The contraction/expansion which
accompanies this can lead to microcracking of the secondary particle and this exposure of fresh cathode
surface to electrolyte can lead to diminished capacity retention [27]. Controlling this secondary particle
assembly formation to reduce the occurrence of voids between primary particles could thus influence these
cracking phenomena. Continuous stirred tank reactors, of the 