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HIGHLIGHTS

o Article Highlights.

e Previous studies identify spherical and smooth precursors as optimal product.
e The best operative conditions required to have the desired product are identified.

e A list of suitable reactors for the process has been compiled.
e Oxalates and carbonates are regarded as alternative products.

ARTICLE INFO ABSTRACT

Keywords: The wide range of applications for NMC lithium-ion batteries has led to increasing interest in the production of
NMC their cathodic material, as it is the most challenging component. Co-precipitation synthesis is the most promising
Co-precipitation method; it can be scaled up to industrial levels without compromising the quality of the resulting product.
Elrglr:f:;llolzn Despite the substantial number of studies on this topic, there is still no complete understanding of the process.
Battery Current studies are often collections of experiments in which operative parameters are varied through trial-and-

error procedures to determine optimal conditions. A unified method is still lacking due to conflicting in-
terpretations of the data. The study presented here compiles numerous outcomes obtained over the years, aiming
to identify the best operative conditions. The conclusions are drawn from evaluating the most reliable theories
proposed thus far. The goal is to establish a standardized procedure for the synthesis of NMC cathodic material,
providing theoretical justifications and observations that go beyond merely collecting experimental data.

1. Introduction

Lithium-ion batteries (LIBs) have revolutionized modern society
being small, easily modulable, lightweight, and with high energy density
and thus emerging as the most appealing energy storage systems (ESS).
These properties have been fundamental for the development of
portable devices, and more recently for the adoption of electric vehicles
(EVs), both needing for high-energy-density batteries [1,2]. Since their
commercialization, LIBs have been improved in terms of performance
(energy density, lifetime, cyclability, safety) and this evolution is strictly

related both to improvement in cell design and assembly but mainly on
the materials optimization. While the anodic graphite-based materials
have not undergone substantial changes throughout the decades, huge
efforts and milestones have been reached onto the development of new
cathodic materials, which, consequently, largely determine the battery
properties and characteristics [3-8]. LiMnyO4 (LMO) [8-10], LiFePO4
(LFP) [8,11,12] - all belonging to the intercalation compounds. Among
these various classes of materials, the layered systems derived from the
LCO structure are the most exploited and are ramping up in the market
share due to the best compromise in terms of high capacity, operating

This article is part of a special issue entitled: In memory of Professor Bruno Scrosati published in Journal of Power Sources.

* Corresponding author.
E-mail address: marco.colasanti@uniromal.it (M. Colasanti).

https://doi.org/10.1016/j.jpowsour.2025.238132

Received 25 June 2025; Received in revised form 30 July 2025; Accepted 11 August 2025

Available online 21 August 2025

0378-7753/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M. Colasanti et al.

voltage, stability allowing to reach the high energy densities requested
particularly for EVs applications (Fig. 1) [13].

Indeed, both the widely used LMO and LFP cathodes fall significantly
short in terms of energy density, a critical parameter for automotive
applications. LMO operates at a high voltage (around 4.5 V vs. Li+/Li)
and can reach 95 % of its theoretical capacity (148 mAh g™1), however
processes such as manganese dissolution and Jahn-Teller effect lead to a
relevant decrease in capacity throughout cycling and affect the overall
energy density [15]. LFP works at lower voltages, around 3.5 V vs.
Li/Li*, with an acceptable theoretical capacity (170 mAh g~1), but it
presents a low energy density, together with poor electronic conduc-
tivity and ionic diffusivity [15].

While LCO layered electrode seemed to be the best option for EVs
considering its high theoretical capacity (274 mAh g~ !) and high
operating voltage (4.35 V vs. Li/Li"), it present several drawbacks
related to Co massive exploitation (i.e. high cost, critical supply due to
high content of critical raw materials) and its poor stability at high
temperatures, emerged as a driving force for the development of Ni-rich
lithium transition-metal oxides (NMC and NCA materials, referred to the
formula Li(Ni/Mn/Co)O5 and Li(Ni/Co/Al)O,), introduced in late 1990s
[2,16-18]. The layered oxides, as discuss in more details in the next
paragraphs, present some unique features such as the possibility to tune
the compositions while maintaining the structure, and as a consequence
to regulate the electrochemical behaviors and possibilities. Indeed,
through the years the NMC materials have evolved significantly, both in
terms of composition and morphologies, that have been determined as
the two main parameters controlling the final functional properties.
With respect to the other cathodes, this effort in the research has landed
in the commercialization of new compositions and morphology, as
schematized in Fig. 2. The fine control of composition and morphology is
thus needed as well as the deep understanding of the correlation among
these two aspects with the final desired electrochemical features. Given
the cruciality in addressing the aforementioned issues and the insistent
need for NMC-based LIBs, obtaining consistent features in NMC cath-
odes, particularly for future industrial-scale applications, is essential.
The properties of these cathodes are intrinsically tied to specific syn-
thesis parameters, such as temperature, pH, chelating agents, agitation,
and operational time. Yet, to date, no single, standardized method has
been established in the literature and no systematic investigations have
been reported. This work, therefore, seeks to critically review the large
amount of results presented in literature, focusing on the most relevant
synthesis route (the coprecipitation of TM precursor followed by lith-
iation). We present a discussion of the experimental parameters
explored in literature, and provide a correlation with the final structural,
composition, and morphological features that in turns are directly
correlated with the electrochemical performance.
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To establish a quantitative foundation for the ensuing discussion,
Table S1 (supporting information) compiles the findings from prior
studies for statistical analysis. By graphing the results obtained from the
cross-referencing of different studies, it is possible to obtain a global
overview on each topic and to derive conclusions that are not operator
or apparatus dependent. The statistical analysis was performed using the
JMP software. The outcomes that were discussed are the only ones that
proved to have satisfying statistical significance on the basis of the F-
test.

2. Layered cathode -state of the art

Although the classes of cathode layered materials used today are
essentially the same since their introduction (see Fig. 2), the obtained
performances in terms of capacity, capacity retention, and lifetime are
had been greatly and progressively improved. This is the direct conse-
quence of the optimization of these materials in terms of chemical
composition, doping, structural stabilization, and morphology control.
Indeed, the materials’ engineering it the key to improve and stabilize the
performance of the layered materials that suffer of several drawbacks
among which metals solubility, chemical instability at high potentials,
formation of inactive phases [24,25].

The degradation mechanisms of such compounds have been widely
investigated over the years, leading to a deep understanding (even if the
complete picture is still not complete) of the correlation among the
composition-structure-morphology and the performance and fading of
the performance. For these reasons, in the following sections the main
compositions of layered materials are presented with the evolution over
the years; in the following the main causes of the failure of layered
cathode are reviewed with the aim of rationalizing the most relevant
parameters that need to be controlled and thus, potentially, optimized
during the synthesis of these cathode materials. The identification of the
main failure mechanism, detrimental phenomena, and side reactions
causing of the degradation of the cathodes have led to the development
of strategies to minimize these detrimental phenomena, allowing for
improving of the performances.

2.1. Why layered oxides and their composition

LiCoO5 has been one of the first proposed cathode materials [6,7,26]
LCO is still considered as the reference cathode material for LIBs due to
the high operating voltage (4.0-4.6 V vs Li/Li") and high theoretical
specific capacity (274 mAh g™1). It is characterized by a layered struc-
ture (space group R-3m) based on CoO, and Li alternated layers
(Fig. 3a). The theoretical capacities 274 rnAhg_l, nevertheless, is never
reached, the experimentally obtainable capacity values reported are
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Fig. 1. Market share of cathode materials with expected trend up to 2040 [14].
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~140 mAhg ! at a potential of 4 V vs Li/Li*. This limitation is directly
correlated to the electronic structure of the material, and in particular to
the superposition of the Cot tog and 0% 2p bands [6,7,21].

Through the oxidation of the material the band of Co are gradually
depleted; further charging at higher potential the material will causes
the oxidation of O%>with subsequent irreversible formation of O and
induced structural rearrangement of the material. At the same time,
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ic structure (b) of the NMC cathode.

reaching high potential and enhancing the cathode voltage is one of the
strategies to improve the overall cell voltage and, consequently, the
powder of the battery. The main strategy adopted to overcome the
chemical instability of LCO and increasing the operating potential has
been the introduction of Ni®* and Mn®" in the structure. The substitu-
tion of Ni on Co site should provide extra capacity allowing to reach
higher potential and avoiding the oxygen evolution thanks to the
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favorable positioning of the Ni bands (see Fig. 3b) while Mn is used to
stabilize the structure, and it is not electrochemically active. The com-
bination of higher operating potential and structural stabilization gives
origin to higher experimental capacity, above 200 mAh g~ [2,27].

A variety of compositions, generally referred as NMC materials, has
been explored starting from the LiNi; 3Co1,3Mn;,302 (NMC111) the
first one to be commercialized [28], followed by the introduction in
mid-2000s of LiNip gCop 1Mng 102 (NMC811) enabling for the first time
to reach high capacity (~200 mAh g~!) combined with high potential
(3.8 V vs Li/Li") [29] and followed by several compositions, trying to
compensate and mitigate the advantages and disadvantages of the
different metals composition, namely LiNipCogoMng 202 (NMC622),
LiNio_SCOO_zMno_goz (NMC532), LiNi0.4C00.2Mn0_402 (NMC424) [6]
Besides the NMC materials, also the Al doping has been proposed
leading to the class of Li(Ni/Co/Al)O2 compounds referred as NCA. The
advantages of substitution of Mn with Al includes the lower atomic
weight and cost of Al with respect to Mn [30,31].

The fine tuning of the composition allows to tailor the electronic
structure and the structural evolution upon cycling and, additionally,
address at the same time the problems related to the cost of Co. Each
element and its percentage play a role in determining the final structural
and functional properties of the cathode. Mn and Al are exploited for the
structural and thermal stabilization but it must be considered that they
are electrochemically inert (and present in the systems in form of Mn*"
and AP respectively) [32,33]. The presence of Ni, as already
mentioned, allows for higher voltage and higher capacity and thus
improved energy density but at the same time it must be considered that
the increase of the Ni and Mn contents induces an enhanced surface
reactivity. Indeed, on the surface some defective species such as Mn>*
and Ni®" can lead to unfavorable phenomena such as metal solubility
with migration into the electrolyte, triggered by eventual presence of
H'.

The NMC cathode are thus more prone to surface reactivity with
formation of cathode electrolyte interface, CEI, and/or migration of Ni
and Mn into the electrolyte through the anode with respect to the LCO
[2]. Although the high cost and sustainability problem, a fraction of Co
is maintained in the system as its beneficial effect has been recognized
and related to reduction of the magnetic frustration and the consequent
lowering of Ni/Li cation mixing degree, the enhancement the electronic
conductivity, and the improvement of the rate performance [34-37].
Nevertheless, it is still no possible to indicate the best performing
composition as, as already mentioned, each element introduced in the
system involves beneficial and detrimental effect at the same time. To
better understand these aspects, it is necessary to face and discuss the
degradation process affecting the NMC materials. The description of the
failure mechanisms is here provided, with the attempt to highlight the
interconnections among the different phenomena and the trigger of each
of them. This will be considered as the starting point to identify the
strategies to contrast the fading of the performance and, backwards, the
best synthesis routes to control the desired composition and
morphology.

2.2. Crystal structure and morphology

The LiCoO4 and the NMC materials are isostructural to the a-NaFeOo,
crystallizing in the R-3m space group and presenting a layered hexag-
onal structure [38,39]. Li, transition metals (TM), and oxygen ions
occupy respectively the 3a, 3b, 6c¢ sites in this system (Fig. 3a); this
arrangement leads to the formation of alternating TMO and Li layers.
The TM layers are formed of edge-sharing TMOg octahedra. With this
respect, the Li ions occupy the octahedral positions (O) included be-
tween the TMO, sheets (see Fig. 3a); they can also occupy prismatic (P)
and tetrahedral positions (T), leading to the formation of defects. Due to
the stacking sequence of the oxygen (ABCABC), the structure is also
defined as O3-type structure [38,39]. This arrangement is maintained
for different compositions (pure Co, Ni/Mn/Co mixture, Ni/Co/Al
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mixture). The most common defect that has been reported it the
Li"/Ni%* cation antisite disorder, due to the similar ionic radii (Li* 0.76
A, Ni%* 0.69 A). The control of the actual stoichiometry and the severity
of the antisite defect are among the main problems faced during the
synthesis of these materials. Moreover, the Li/Ni antisite defect increase
in relevance with the increase of the Ni content.

These materials can be obtained according to various synthesis
routes, treated in more details in the next sections. Generally, what is
obtained is a polycrystalline material presenting almost spherical
micrometric particles, as many of the cathode active materials for
lithium-ion batteries.

In the specific field of NMC materials the terms “polycrystalline” and
“single crystal” have been used with a meaning not corresponding to the
general understanding and, at the same time, not univocal definitions
have ever been reported, example of these two peculiar morphologies
are reported in Fig. 4. Single crystal is rigorously referred to a mono-
crystal, where the sample is entire, without any discontinuity in the
periodic repletion of the structure (e.g. no grain boundaries), at a
macroscopic level. This definition is never applying to the so called
“single crystal” NMC for which indeed the single crystal morphology
referred to large particles (generally above 2 pm) constituted by few
particles (less than 5) with not random orientation [13,18]. In contrast
“polycrystal” NMC are large particles (also up to 10 pm in industrial
standard) but resulting at the aggregation of a large amount of subunits
with lower degree of orientation or lack of orientation (in the order of
hundreds of nanometers) [13,18,40,41]. Both the single and poly-
crystals are thus constituted by “particles” but the term “particles” is use
quite generally referring to agglomerates and/or to the subunits. The
definition of “primary” and “secondary” particles has been introduced.
Secondary particles are large agglomerates formed by primary particles
[16,40,42]. Primary particles are thus domains, generally in the order of
0.1-1 pm; the compact agglomeration of these form secondary particles.
The number and reciprocal orientation of the primary particles thus
define the secondary particles morphology as single or polycrystal, as
schematize in Fig. 4, even if, formally, each secondary particle is
rigorously speaking always a polycrystal. The terminology here reported
is a tentative to rationalize the different notations appeared in literature
even if rigorous and quantitative definitions of single and poly crystals
are difficult to provide; the terms here introduced will be used in the
following (see Fig. 5).

2.3. Failure mechanisms

The investigation on the causes of the degradation for the NMC
cathode materials is a lively field, demonstrating how still today the
complete picture regarding the complex interconnection of phenomena
is still missing [24,25]. Indeed, several possible chemical, physical, and
mechanical damages can occur.

The peculiar feature of these materials is the deep interconnections
of the failure mechanisms leading to the fading of the performance. The
complete treatment of the degradation mechanisms requires a detailed
discussion that is actually out of the scope of the present work and
several specialized reviews have been dedicated to this topic [24,27,43,
44]. Here a brief overview is reported, highlighting the interconnections
and mutual dependencies, from the atomic to the micrometric scale as
the knowledge of the failure mechanism is considered as the starting
point for the definition of improved composition and morphology able
to provide enhanced performance.

- Irreversible oxygen evolution. Deep discharging involves high
depletion of the Li layers associated to formation of high amount of
Ni3+. The high level of delithiation involves the structural rear-
rangement, starting with migration of Ni3+ on Li sites (formation of
Li/Ni antisite defects) with the local modification of the structure
and release of highly reactive species such as O3, O~ [45]. The
release of oxygen is also accelerated at high temperature [46,47].
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Fig. 4. Single and poly crystals morphologies with highlight of primary (red) and secondary (yellow) particles. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Scheme on the synthesis methods exploited in scientific literature for the NMC production [16].

- Cation mixing and formation of antisite defects. A portion of Li" is
observed on the TM site, while part of the Ni?* can occupy the Li sites
due to the similarities in the ionic radii (ryj; = 0.76 ;\, rNiz+ = 0.69
A). The Ni/Li antisite disorder is detrimental as it can limit both the
Li ionic conductivity and the electric conductivity. The Ni/Li

disorder can be triggered by the discharge process and it has also
been related to the thermal history of the sample. With Li extraction
from the structure, Ni migration into the Li layer is observed. This
can also be followed by irreversible oxygen release from the struc-
ture, as described by the point above. Thus, lithium deficiency
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induces local ordering of transition metals (TM), O, and O vacancies
on the surface and favors the oxygen evolution at high potentials.
Migration of Ni into the Li site can also cause variation in the
interlayer distance and thus can be related to origin of microcracking
defects (discussed in the next points), and it can also be the driving
force for the phase transition to the rock-salt structure. [48,49]. As
the Ni/Li mixing can be derived also from the synthesis route, it must
be considered and controlled, particularly for high Ni content NMC.
Transition metals dissolution. The well-known problem of the solu-
bility of TM into the electrolyte with consequent migration and
deposition on the anode is highly detrimental and responsible of
irreversibility. It is particularly relevant for charging above 4.3 V; the
driving force of this phenomenon are i) the corrosion of the material
caused by the decomposition products of the electrolytes (i.e. HF,
HClOy), ii) the eventual high level of Li/Ni antisite defects, iii) high
surface area of the particles [50-52]. The dissolution of TM metals
involves local compositional changes that in turn can induce phase
transitions with formation of electrochemically inert species (metals
oxides, spinel).

Structural instability. Generally, at voltage higher than 4.2-4.3 V the
structure evolves toward thermodynamically stable phases (spinel
structure and rock-salt structure). This phenomenon is triggered by
the irreversible oxygen release, the compositional changes on the
surface of the particles, Ni migration into the Li sites [53]. Moreover,
at high potential, deep delithiation can be reached; this favors a
strong anisotropic structural relaxation that in turns further pro-
motes the cation mixing and the oxygen evolution.

Mechanical cracking. The mechanical degradation of the secondary
particles has been described, and it is followed by electrolyte pene-
tration with high electrolyte consumption for the higher CEI for-
mation. Mechanical pulverization is triggered by the anisotropic
volume variation during lithiation and delithiation, particularly
when reaching high delithiation states, involving mechanical stress
at nanoscale and microscale [54-56].

- Surface reactivity and phase evolution. Phase transitions from
layered structure to rock salt structure occurs mainly on the cathode
surface. This phase evolution is favored by high temperature, high Ni
content, deep delithiated states and generally leads to the formation
rock salt phases. These phases are undesired as they present null Li
transport properties and poor electric conductivity (insulating pha-
ses). Phase transformation can be promoted by the presence of Ni**
at the surface and is generally associated to the formation of CEIL The
surface reactivity can be stimulated by residual compounds from the
synthesis. Indeed, excess Li is frequently introduced during the
synthesis of such materials to compensate for Li volatilization during
the high temperature treatment and to prevent Ni/Li mixing. At the
same time this can lead to the presence of residual lithium compound
(RLCs) on the cathode surface with the most frequently observed and
stable being Li,CO3 and LiOH. The presence of such RLCs has been
associated with irreversible capacity losses and their presence is not
favorable as they are ionic and electronic insulators [57,58].
Formation of cathode-electrolyte interphase (CEI). The CEI forma-
tion is specific of layered materials while is not so relevant for other
cathode materials. In the case of NMC material the CEI formation is
triggered by the highly reactive Ni** on the surface of the particles,
leading to local degradation of the electrolyte for formation of CEIL,
involving NiO formation [50,59-61].

2.4. Contrasting the failure: strategies

The majority of the above reported effect are evidently inter-
connected and the trigger of one of this mechanism can activate also
others, with a domino effect (e.g. the TM migration is associated to
oxygen evolution that is followed by structure collapsing; the deep
discharging involves the structural relaxation leading to mechanical
cracking). To prevent the detrimental cascade effect is at the same time
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essential and not trivial. Several strategies have been considered to
mitigate or limit these failure mechanisms. A brief overview of these
strategies is reported in Table 1 and Table 2 with references to high
quality dedicated works.

2.4.1. Why single crystal

Among the abovementioned strategies for the limitation and control
of the failure mechanisms, the morphological control with the produc-
tion of the so called “single crystal morphology” is the one more
explored and that led to the commercialization.

The definition of single crystal (SC) non rigorous as it is referred
generally to particles consisting of few (less than 5) primary particles
with global dimension of ~2-6 pm in contrast to polycrystalline (PC)
cathodes composed of large micrometric secondary particles made up of
primary nanometric particles. A more operative definition classifies as
SC the cathodes composed of primary particles with no cracks while, in
contrast PC are constituted by secondary particles where cracks can be
present and well visible. The adoption of the SC term is not specific, and
it is referred to a variety of morphologies of the final particles. Even
maintaining this definition, the need for quantitative parameters iden-
tifying the single crystal morphology is still needed, and difficult to
formulate based on the current state of the art [23,44,73,80].

Advantages/benefit of single crystals:

e limited surface area and grain boundaries with respect to PC, limited
surface reaction and CEI formation with lower electrolyte and Li
consumption.

e limited exposed surface contains the M migration from the cathode
into the electrolyte.

e no primary cracking, no electrolyte penetration, further limiting the
exposed cathode particles ‘surface.

e high Li ionic conductivity, Li diffusion within the particles is not
hindered by grain boundaries.

SCs thus present several advantages with respect to the other stra-
tegies reported in Table 1. For example, doping with stabilizing elements
such as Zr*", Y3*, AI®' introduces electrochemically inactive sites,

Table 1
Overview of the possible strategies adopted to contrast the failure mechanisms.

Bulk and lattice engineering

Gradient
concentration

Doping, compositional Core-shell structure

engineering

Control of composition with
cation substitution to
improve the structure
stability, modify the cell
parameters, typically
with electrochemically
inactive species [25,
62-65].

Surface engineering

Surface phase modification

Modification of the
superficial phases to
create a stabilized
interface [54].

Morphology control

Single crystal

Formation of particles with
specific shape and
dimension, enabling for
the minimization of
failure mechanisms
[72-75].

Creation core shell
structure to create a
buffer shell able to
minimize the reactivity
with electrolyte and
buffer the mechanical
stress [66,67].

Surface coating
Introduction of the
electrochemically
inactive coating
protecting the bulk
materials from reactivity
with electrolyte [69].

Rod shape particles
Formation of particles
with controlled shape
(rod like), enable to
minimize the effect of
anisotropic cell breathing
during charge/discharge
processes [76,77].

Similar to the core-
shell concept, creating
a concentration
gradient in particles’
section to prevent and
minimize the reactivity
with the electrolyte
[68,69].

CEI optimization
Controlled formation
of CEI layer with
introduction of
reactive additive into
the electrolyte [70,71].

Facet regulation
Formation of particles
with controlled facets
growth to minimize
the reactivity with the
electrolyte, control the
ion diffusion, and
formation of secondary
phases [78,79].
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Table 2
Advantages and disadvantages of various synthesis techniques for producing
LiNi,MnyCo,..yO cathode materials.

Synthesis Method Advantages Disadvantages

Sol gel - low synthesis temperature - Complex operating
and short healing time process, requiring long
- Small diameter particles preparation time
with uniform size and High energy consumption
crystallinity and environmental impact

Spray pyrolysis - Short residence time in - Formation of hollow
reactor with higher secondary particles
production rate - Low tap density

- Excellent reproducibility
without the need for post-
synthesis purification
Hydrothermal/ - Low energy consumption - Considered like a
solvothermal - High crystallinity of treatment method, not a

transition metal oxide, conventional method

better performance - Involves additional steps
compared with other
conventional methods

Combustion - Simple method with - Large particle size

minimal or no external
energy requirement
- Size of the crystal can be
easily controlled and
optimized
Simple one step process, not
requiring sophisticated

Presence of impurities in
case of incomplete
combustion

Solid state

Requires significantly
mechanical mixing

equipment
Coprecipitation - More environmentally - Particles are more
friendly susceptible to fracture due

to high porosity

- Compositional difference
between desired metal
ratio and feed

Limited to the solution
where the dissolved salt
does not precipitate

Pechini method Provides good control of the
stoichiometry at a relatively
low cost

Required shorter sintering
time

Produces homogeneous

Emulsion drying

Lengthy and complicated

powder precursors process
- An excellent method to - Energy intensive and
control particle size and producing significant
morphology waste
RAPET method - Simple one stage, cost - Requires long hold time
effective, and efficient - Limited options to control
method particles size and

Surfactant and solvent free,
gives a high yield and
reproducibility

morphology

lowering the overall theoretical capacity. Coating is generally based on
non-active materials (2-5 %w of AlyO3, TiOy, MgO) thus while pro-
tecting the cathode it introduces inert mass into the cathode, lowering
the energy density. Moreover, the coating thickness must be carefully
regulated to balance the protective and the insulating effects. The con-
centration gradient of the NMC composition within the particle’s profile
require very fine control during the synthesis. The facet control and rod
shape particles are difficult to obtain and scalability is problematic. On
the contrary, the procedure to obtain SC particles has been now widely
studied and has been optimized to be compatible with the traditional
synthesis procedures (two steps route described in the following para-
graphs). Moreover, the SCs morphology can be combined with other
strategies (e.g. doping, surface modification) thus offering higher flexi-
bility. It is relevant to report here also some limitations of the SCs
approach, the main ones related to the lower surface with respect to PC
particles, limiting the interfacial reaction, the large particles imposing
kinetic limitations in the Li™ diffusion within the particles, macroscopic
fractures and kinking [44,73,81,82].

Based on all these considerations, the SCs approach to emerge above
the others, leading to a variety of reports on the synthesis and
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characterization of such SC-NMC materials [72,73,75,83]. Finally,
among the other strategies reported, SC is the more mature, with some
available commercial products.

Due to the huge effort in the production and optimization of SC NMC
cathode, very recently the investigation of the fading of performance in
SCs has led to identification of specific mechanisms affecting these
materials. Among them the cracking of secondary particles with pul-
verization of the electrode, loose of electric contact, high CEI formation
has been identified as the most serious and detrimental [13,84,85].

2.5. Looking forward: the target layered cathode

Based on the review of the existing literature and knowledge it is
possible to identify some guidelines to target the most promising fea-
tures of the NMCs and direct the synthesis of new optimized materials.
High Ni contents are desirable to reach for high-capacity values but at
the same time inevitably involves the lowering of the capacity retention
as high Ni content is associated to some of the abovementioned fading
mechanism (e.g. Ni solubility, structural instability). At the same time,
pure Ni composition (LiNiO3) is not experimentally exploitable for its
high thermal and structural instability. Although the tendency is to
move for “Co free” cathode materials, as a perspective it is not feasible to
completely eliminate cobalt as it is crucial for the stabilization of the
structure, enhancing both the thermal stability and conductivity. Inert
species such as Mn and Al are beneficial to further stabilize the structure
upon cycling. Thus, the mixed compositions NMC and NCA with high Ni
content seems to remain the more promising for the near future
perspective. At the same time, as discussed, Ni rich compositions are
inevitably linked to specific detrimental effect such as favorable Ni/Li
disorder, Ni dissolution, formation of secondary phases, oxygen
degassing.

2.6. Production methods

Today the “Ni rich” compositions (Ni > 0.6) represent the commer-
cial benchmark cathode materials for high energy density applications
(Ni = 0.6) while Ni > 0.8 represent the target to be reached. In this
regard, the control over the nominal stoichiometry becomes increas-
ingly important with the increase of the Ni content, thus is essential to
control this parameter also for the precursor of the synthesis, generally
mixed Ni/Co/Mn hydroxides as discussed in more details in the
following sections. Indeed, apart from the considerations reported above
on the correlations between the Ni content and the electrochemical
performance, it must be considered also the needs and requirements for
the manufacturing and handling of NMC and NCA materials. The Ni rich
compositions are associated with higher sensitivity to exposure to air
and humidity, with the consequent formation of surface oxides and
hydroxides species, detrimental for the final applications [86-88].

Regarding the morphology and particle size, the PC vs SC strategies
has been presented in the previous sections. SC materials have been
developed to holistically contrast the failure mechanisms of the PC
materials, reported above, minimizing the surface reactivity, degassing,
mitigating the pulverization and TM migration. Nevertheless, this
approach is not always affective and with increasing Ni content the
failure of SC with respect to PC is even faster and more severe. In
particular a threshold seems to be identifiable around Ni 0.7: below this
value the implementation of SC morphology seem to be effective while
for higher Ni content the SCs fail more abruptly than PCs analogue [40,
89]. Recently the specific failure mechanisms for SC materials have been
investigated and unveiled; in particular interplanar gliding, kinking and
leading to intergranular cracks being the most severe [82,85,90-95].
Nevertheless, a systematic study of the PC vs SC behavior is still missing
and hindering a complete comprehension of the cascade effect in the
failure mechanisms (i.e. the trigger event, the correlation among com-
position/structure evolution and electrochemical parameters). The SC
morphology is thus effective under the restriction of low Ni content (Ni
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< 0.7); at higher Ni content further strategies need to be coupled with
this peculiar morphology (e.g. particle size control [84,85], doping [96,
971, coating [98,99], artificial CEI [100]).

It is thus possible to identify the NMC 811 as one of the most
promising compositions, combining and balancing the beneficial and
detrimental effect of high Ni content. For compositions around this
range, the dimension of 2-3 pm range for the secondary particles can be
propose as, again, a good compromise among the PC advantages (short
diffusion paths for Li, fast kinetic) and SC advantages (low expose sur-
face, minimization of cracking, minimization of the mechanical stress
during cycling).

High-capacity values (>180 mAh g ! at cut-off potential <4.3 V) can
be achieved) together with capacity retentions above 90 % for 500 cy-
cles at 2C for SC materials with Ni content in the 0.6-0.7 [23,101,102]
range while PC materials can provide this performance for Ni content in
the range 0.6-0.9 [103,104]. Nevertheless it must stressed that, for the
same composition a huge variability in the capacity and capacity
retention values can be found in literature and can be ascribed to other
relevant parameters beside the morphology of the NMC particles, such
as the C rate, the selection of the electrolyte, the potential cut off, the
number of cycles, use of additives [105-107].

The process of synthesizing the NMC materials is crucial to obtaining
the necessary properties and performance because, as highlighted in the
previous sections, the combination of controlled composition and
morphology lead to desired composition but also very specific failure
mechanisms [108].

NMC are thus obtainable with various methods, a further advantage
of this class of materials as specific features can be obtained through the
selection of the synthetic path. The sol-gel method, solid-state reaction,
hydrothermal synthesis, spray pyrolysis, combustion, coprecipitation,
template method, and solvothermal for the synthesis of the cathode are
some of the wet chemical, and solid-state synthesis techniques that have
been developed in the last few decades [109-112].

A straightforward and affordable method emerged for creating
cathode nanostructures with a high yield and particle sizes as small as
20 nm is solvothermal/hydrothermal synthesis, as also evident from
Fig. 1 and Table 1 [16,113]. Better electron transport and a shorter Li™
diffusion channel inside the synthesized nanostructures are the reasons
for the cathode materials’ improved performance. The particle size may
be further decreased by using the hydrothermal synthesis technique
with an addition of ethanol or ethylene glycol [114]. However, it has
also been shown that finer and more desirable nanostructures may be
synthesized using additive-free techniques [115]. The main disadvan-
tage is that a number of process variables (type, volume ratio and con-
centration, precursor source and mixing sequence, process time,
pressure, and drying temperature) make it challenging to control the
final nanostructure’s size and shape [115-117]. Moreover, no system-
atic investigation of such parameters has been reported and their effect
has not been completely rationalized; we propose a critical discussion in
the next paragraphs.

Other relevant synthesis path are represented by the solvothermal/
hydrothermal approach, emerged as one of the most widely used tech-
niques for creating nanostructured cathode materials, borrowed from
the LFP-based materials [118-121]. Generally, solid state synthesis has
been widely exploited for preparation of polycrystalline cathode mate-
rials can be easily produced with high throughput using the solid-state
reactions approach. Short Li* diffusion channel lengths allow for the
easy synthesis of hollow and porous cathode nanostructures for high rate
and long-term cycling stability. However, this process does not provide
adequate control over the final size and form of the material when it
comes to nanostructure production. Additionally, since the initial re-
agent materials are solids and intimate mixing is impossible to achieve,
it is challenging to produce nanostructured materials with
well-controlled shape. Spray pyrolysis process has also been proposed
but the difficult control in regulation of the reactants and byproducts is
limiting its diffusion [122].

Journal of Power Sources 657 (2025) 238132

Among the others, as evident from Fig. 1 and Table 1, the synthesis
based two-step process (coprecipitation of transition metals followed by
high temperature treatment with the addition of a lithium source) is the
most exploited. Coprecipitation is extensively used in several industries,
including water treatment, pharmaceuticals, metal mining, and catalyst
manufacturing thank to the high flexibility and scalability [123,124]. In
the last 20 years, coprecipitation has drawn more attention, particularly
for NMC cathode materials, because of its ease of use, improved control
over particle shape, atomic-scale homogenous mixing, and simple
scaling [125,126].

As cited, this synthesis consists of two main steps i.e. the coprecipi-
tation of transition metals and sintering as shown in Fig. 2. In the first
stage, transition metals are mixed in the proper ratio to create an ionic
solution. These metals are then coprecipitated in a controlled environ-
ment by altering the pH to produce homogeneous particles known as
precursors (in the large majority hydroxides, followed by oxalates and
carbonates). To produce single-phase coprecipitates, a chelating agent is
often exploited during the precipitation process. These precursors are
washed with deionized water to remove impurities and dried to elimi-
nate residual solvents. Before combining the coprecipitate with a
lithium source, such as lithium carbonate (Li2CO3) or lithium hydroxide
(LiOH), the precursors may be grinded. To create the active materials for
battery electrodes, a homogenous mixture of coprecipitate and lithium
source is sintered in one or two phases, depending on the metal sources
and sintering circumstances [127].

A key advantage of using the coprecipitation process is to achieve the
desired phase and crystallinity at very moderate sintering temperatures
and holding times [128]. Despite the fact that sintering often modifies
the size of primary particles and the surface roughness of secondary
particles, the comparatively moderate sintering conditions help to pre-
serve the size and shape of secondary precursor particles [128,129].
Numerous controllable parameters during coprecipitation processes,
including pH, precipitation temperature and atmosphere, sources of
transition metals and their concentration, use of chelating agents and
their concentration, rate of reactant feed, stirring rate and mixing
method, drying temperature, and the use of any additional additives,
can have a significant impact on the morphology and composition of the
coprecipitate [130].

Sintering conditions including (if palletized or not, the number of
sintering steps, the sintering duration, and the sintering environment
(air, oxygen, or inert) also have an impact on the electrochemical per-
formance and particle structure of active material [130,131].

The two steps synthesis based on coprecipitation and high temper-
ature sintering is the most common for NMC material, also at industrial
level. Due to its relevance, it is discussed in more details in the following
section. The experimental parameters explored during both steps are
thus discussed as they do play a role in determining the final composi-
tion, morphology, and functional behavior.

3. Nucleation and growth

In this instance, the reaction under investigation is metal co-
precipitation, wherein hydroxide anions function as precipitating
agents. The emphasis on this particular procedure stems from its pre-
eminence in contemporary practice, as it stands as the sole method
employed in industrial settings.

In the context of a precipitation reaction, it is imperative to
comprehend the mechanisms of nucleation and growth. A paucity of
studies has hitherto been published that offer a comprehensive range of
proposals for the analysis of these mechanisms.

Before delving deeper into the nucleation and growth mechanisms, it
is necessary to clarify the reactions involved. Metal ions can undergo
two reactions: precipitation due to interaction with hydroxide anions or
the formation of the soluble complex [M(NH3),] 2+ due to interaction
with the chelator (NHs). The precipitation process depends on the
equilibrium between the formation of the ammonia complex and
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precipitation (a more detailed study is presented in the section on the
effect of the chelating agent).

The first attempt to identify the nucleation and growth phenomena
can be found in the study by Yang et al. [132]. They initially examined
the crystalline structure, which has an octahedral unit cell. At the center
of the cell is the metal ion, surrounded by OH  anions arranged in a
layered structure, with the external surfaces possessing negative
charges. Due to these charges, metal-ammonia complexes are attracted
to the surfaces. The crystals are organized such that the negative charges
are mainly distributed along the (001) plane; therefore, growth along
this direction is faster. As a result, the primary particles (the term used in
this work for the basic particles obtained from nucleation) will have an
acicular structure.

These basic primary particles subsequently undergo two growth
phenomena: agglomeration and growth. Agglomeration occurs due to
the interaction between multiple primary particles, while growth is
driven by Ostwald ripening, where smaller primary particles, being
below the critical size (coming from uncomplete nucleation or particles
collision [133]), dissolve and release metal ions. These ions precipitate
upon contact with already-formed crystals, causing them to grow.

This latter phenomena also induces a smoothing process; particles
may develop sharp edges due to impacts and agglomeration. These
edges do not minimize surface energy, so they dissolve and, through
Ostwald ripening, recrystallize along the surfaces of pre-existing parti-
cles, leading to a smoothing process.

Over time, these growth phenomena result in the formation of the

Nickel Salt

Manganese Salt

Journal of Power Sources 657 (2025) 238132

final particles, which, in accord with Sun et al. [133], reaches its final
shape and dimensions when there is a balance between collision and
re-dispersion phenomena. Yang et al. [132] supported this growth
process by performing precipitations in batch reactors using different
operative times, then they were analyzed with XRD and SEM imaging
(see Fig. 6).

In 2017, Hua et al. [134] proposed a growth process consistent with
that of Yang et al. [132]. As shown by Fig. 7 they identified a growth
pattern that was not unidirectional but led to the formation of primary
particles with hexagonal sheet shapes. Although their theoretical justi-
fication was somewhat weak (as it mirrored that of Yang et al. [132]),
their proposal aligns more closely with the SEM images typically
observed in studies in this field. This same observation was later high-
lighted by Zhu et al. [135], who also attempted to identify a nucleation
and growth process.

Only in few studies [135-137] primary particles reach acicular
shape. The primary distinctions between these conditions and the
standard ones pertain to the agitation rate. These primary particles are
usually recovered by working with Taylor-Couette reactors or using
impellers different from the radial one. This evidence that nuclei growth
is not only matter of chemistry but it also depends on the fluid-dynamics.

In addition, all the studies that have previously tried to identify
growth phenomena [132,134,135,138-140] had not success in
evidencing nucleation steps. The kinetic of nucleation is so fast that
cannot be easily detected. It has been demonstrated that transport
phenomena are the rate-determining step of the reaction, thereby
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Fig. 6. Schematic representation of the LiNi,Mn,Col-x-yO, cathode material manufacturing process using several techniques Coprecipitation (a), sol-gel (b), and
hydrothermal (c) (solvothermal uses the same procedure, but a different solvent). (d) solid-state, (f) combustion, (g) emulsion drying, (d) spray pyrolysis (the process
is the same as the spray drying technique, but the reactor’s heating source is orientated in front of the spray rather than parallel to it), (i) RAPET; (h) Pechini. A
continuous stirred tank reactor (CSTR) is not required and is just used for comparison. Both heating and sintering the mixture at the necessary temperature in the
necessary environment may be done in a furnace. The first heating process, which typically takes place at 500 °C, is usually optional.
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underscoring the significance of fluid dynamics.

Given the heterogeneity in identifying the growth steps, a specific
nomenclature will be used in the current study to clearly address all
particle components. The term “primary particle" will refer to the basic
structure, i.e., the simple result of nucleation. Meanwhile, the term
“secondary particle" will refer to the final product of the co-precipitation
process, which is the result of all growth phenomena (agglomeration
and Ostwald ripening) and can be identified from SEM images as ag-
gregates of flock-shaped primary particles.

4. Chemical parameters influence

The product obtained is influenced by the operating conditions
imposed within the reactor. Each parameter contributes differently to
the nucleation and growth phenomena, with variations that can be
either synergistic or antagonistic. This point should be kept in mind
during the discussion, as it highlights that the optimal operating con-
ditions for any synthesized material are not uniquely defined, because of
them synergistic interactions. They must be determined by balancing the
chelating agent, pH, and temperature together. Therefore, for a fixed
stoichiometry, there are many possible recipes to optimize the synthesis.

The following discussion aims to gather information on how these
parameters affect particle morphology. It clarifies doubts arising from
conflicting or unjustified opinions presented in previous studies. By
understanding these effects, there is no need to strictly follow specific
recipes in the production of NMC precursors; instead, it is sufficient to
balance the parameters based on their impact on the particles produced.

4.1. Chelating agent

The chelating agent is a key parameter in controlling particle shape,
size, and stoichiometry ([134,140-148]). The process in question has
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been demonstrated to induce a delay in the precipitation stage, a phe-
nomenon that has been shown to be advantageous in the context of
attaining a homogeneous crystalline structure, as opposed to the for-
mation of a mixture of different phases [134,142]. The necessity of the
process in question is linked to the precipitation reactions of cobalt and
nickel, which are slower than those of manganese [149,150]. Further-
more, the presence of a chelating agent has been demonstrated to
enhance the sphericity and size of particles [131,140-142,145,
148-151].

Although its role is well-established, the exact mechanism by which
it acts is not clearly defined. Two main hypotheses have been proposed
so far:

1. Metals form a complex with ammonia and only later interact with
hydroxide groups:

XNi + yMn +zCo + nNH,OH — [Ni,Mn,Co,(NHs),]*" + nH,0 )
[Ni,Mn, Co,(NH;), | ** 4 mOH H,0 — Ni,Mn,Co,(OH), + NH,OH
+ (n—2z)H,0 (2)

In this case, the ammonia complex is an intermediate compound.

2. Metal hydroxides (denoted as M) undergo an equilibrium reaction
with the ammonia complex:

M(OH), +nNH; < [M(NH;),]*" +20H" 3)

This equilibrium causes a delay in the precipitation process due to
competition among ammonia and hydroxide ions toward the reaction
with metals.

In 2000, Cho [148] first proposed the reaction mechanism,
describing the growth of cathodic precursors with (1 and (2. However,
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the original study was not directly related to these reactions, as it dealt
with the precipitation of nickel, cobalt, and magnesium hydroxides.
Therefore, the initial mechanism did not pertain to NMC precursors. In
2004, Lee et al. [142] applied the same reaction scheme when magne-
sium was substituted with manganese. The justification for this choice
was that, in both cases, the reactions produced spherical particles under
the influence of the ammonia complex. However, no direct correlation
was proven between their study and that of Cho. [148]. Since then, all
NMC precursor co-precipitation syntheses have been assumed to follow
this reaction scheme.

In 2009, van Bommel et al. [141] introduced a new mechanism,
described in the equilibrium reaction in (3. Their proposal differs from
the previous one primarily in two key aspects:

e The presence of an equilibrium, therefore the species precipitate and
re-dissolves smoothing the particles.
e Ammonia complexes interact with one metal at a time

The latter observation led to further discussion in the same study,
highlighting that the reaction constants for ammonia complex formation
depend on the metal involved. These differences become more pro-
nounced when the pH is altered. According to Sillén et al. [152], Co and
Mn complexation occurs in the pH range of 6-10, while for Ni, it occurs
between 4 and 12. This observation is particularly interesting for future
studies, as the typical operating pH is around 11, which may not be
optimal for all metal-ammonia complexes involved.

After van Bommel et al. [141] introduced their new theory, two
possible mechanisms were proposed to explain the co-precipitation
process. In 2015, Wang et al. [131] attempted to determine which of
the two mechanisms was more accurate or at least provided the best
approximation of reality. They took 1g of dried precursor and placed it
in a solution of water and ammonia at 60 °C for 2 h. They then compared
the resulting solution (based on its color) with two separately prepared
solutions: one containing [Ni(NHg)n]ZJr (green color) and the other
containing only NiSO4 (blue color). Visual observation revealed no
similarity between the colors of the three solutions, indicating that the
precursor did not undergo any dissolution. Wang et al. [131] used this
result to refute the mechanism proposed by van Bommel et al. [141].

In recent years, further studies have speculated on the topic [149,
150,153]. The studies by Qiu et al. [149] and Xu et al. [150] proposed
several tests to examine how the quantity of ammonia influences the
quality of the final product. Aside from the quantitative results, their
discussions are important, as they explicitly relied on the kinetics pro-
posed by van Bommel et al. [28]. The same approach was used by Lee
et al. [153], who supported their discussion with theoretical computa-
tions to measure the Q/K ratio of the equilibrium between the
metal-ammonia complex and metal hydroxides (which gives informa-
tion on how much the reaction is far from the equilibrium one [154,
155]). Thanks to these computations, they were able to examine how the
rate of precipitation of different metals changes with varying amounts of
chelator. They validated their computations with experimental out-
comes. Their results also aligned with the theory advanced by van
Bommel et al. [141].

Lee etal. [153] and Xu et al. [150] also identified an additional effect
of ammonia content: it increases the occurrence of Ostwald ripening,
allowing secondary aggregates (the final particles) to be smoothed
through dissolution and precipitation phenomena. Although they agreed
on this point, they attributed the effect to different causes. Lee et al.
[153] argued that it is a manifestation of the equilibrium proposed by
van Bommel et al. [141], while Xu et al. [150] identified the cause of
Ostwald ripening as the minimization of surface energy.

Although these studies are promising, they all share a significant
limitation: their kinetic models are derived based on thermodynamic
evaluations. However, it cannot be assumed that kinetic behavior and
thermodynamic predictions always align.

While the general consensus currently supports the kinetics proposed
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by van Bommel et al. [141], there have been no further studies on the
reaction mechanism, suggesting that the process is far from fully un-
derstood. Additionally, uncertainties remain regarding how different
stoichiometries might affect the reaction mechanism. It is reasonable to
expect that varying the metal ratios would also shift the equilibrium, as
observed by Han et al. [156]. Aware of this gap, this section will
approach the problem through practical analysis. Many studies have
explored the effect of chelating agents during precipitation, so the
following discussion will focus on identifying the operating conditions
that produce materials with the best performance.

Let us first examine how the chelating agent generally affects particle
growth. In both proposed models, as shown by numerous studies, the
chelating agent competes with hydroxide groups for metals. The higher
the quantity of ammonia, the less metal hydroxide precipitation occurs.
Therefore, solutions with lower NH3/OH™ ratios will undergo faster
nucleation, preventing primary particles from packing uniformly [131].
The resulting particles will not have a homogeneous size and shape
distribution. Wang et al. address this behavior in the context of
agglomeration dynamics. In this framework, the optimal particle
morphology is said to be reached only when there is a balanced rela-
tionship between shear stresses and the rate of agglomeration. This rate
is influenced by the dimensions of the primary particles, which are, in
turn, influenced by the nucleation and growth rates. Additionally,
nucleation events are more frequent, and higher reagent consumption
limits particle growth, leading to smaller particles. Thus, a smaller
NH3/OH ™ ratio is typically associated with smaller particle sizes [131,
142,145,146].

Rather than focusing solely on the chelating agent quantity, the
parameter to investigate is the NH3/OH ™ ratio. Typically, this involves
controlling the pH while fixing the amount of ammonia [142,145-147].
However, since using NaOH to control pH does not accurately account
for the OH™ quantity, this method is not suitable for quantitative eval-
uations. In recent years, studies have relied on using an excess amount of
chelator to ensure a perfect equilibrium between the ammonia complex
and the metal hydroxides [150,153]. This is necessary to prevent
instantaneous precipitation when NaOH drops hit the surface of the
solution, causing a localized increase in pH.

All of these considerations make sense if the quantity of ammonia is
enough to make complexes with all the metals present in solution. Since
the nature of metal ammonia complexes is not well understood, there is
no way to forecast what has to be the proportion between these two
components. Different studies [151,157] focused on this parameter, and
they identify 1 as a satisfying NH3/M ratio (see Fig. 8).

The mechanisms discussed until now make evidence that this is not
enough to detect the best ammonia quantity. As underlined before the
most important thing is to have a reaction between metals and ammonia
that is faster than the direct precipitation. Assuming, for simplicity, they
are elementary reactions, the rate of reactions can be modelled as:

@

Where reomp and rprec are respectively the rate of reaction of the
complex formation and of the precipitation, keomp and kprec are the
corresponding kinetic constants, and cy is the concentration of the
component. Then, to favor the complex formation (rcomp > I'prec) it is
necessary to have:

Tecomp = kcompCM CNH;  Tpree = kprec CmCoH

rcomp _ kcomchH3

>1 5)

rprec kprec CoH

Since there are no information about the kinetic constants, for now
the only way to have a preferential complexation is to manipulate ratio
CNH; / CoH-

Despite that, only Wang et al. [131] explicitly controlled the
NH3/0OH™ ratio, making it worthwhile to focus on their results, even
though these pertain to the LNMO cathode material. They tested six
different NaOH/NH3-H,0 ratios (2:3, 1:1, 3:2, 2:1, 5:2, 4:1). The results
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Fig. 8. These are the particles obtained by Vu and Lee [157] changing the ratio between ammonia and metals. 0.8 (a), 1(b), 1.2(c). By examining the sphericity and
homogeneity of the material obtained, it is possible to identify 1 (b) as the optimal condition for the reaction.

showed spherical particles with a smooth surface and good dimensions
(20 pm) only at the 1:1 ratio (see Fig. 9). As the ratio shifted toward
more NaOH, the particles became smaller and lost their sphericity.

It is also noteworthy that when NH3-H,0 was in excess, the particles
became heterogeneous and smaller (around 7 pm) [131]. The authors
did not provide an explanation for this behavior. However, this result
could be useful in future studies to identify cases where ammonia con-
tent is excessive.

The procedure presented above offers an approach to determining
the optimal quantity of chelating agent.

Unfortunately, the studies on this topic are not extensive enough to
provide definitive values for NMC, particularly given the dependence on
metal stoichiometry.

A proof of the last observation is provided by Fig. 10. It shows how
the tap density and sizes are affected by the ratio between the chelating
agent concentration once with metals (Fig. 10a and c) and once with the
precipitant (Fig. 10 (b) and 10d). It can be observed that there is no
obvious trend, since the p-value is always greater than 0.05 when the
metals are precipitated as hydroxides.

This indicates that the high variability used in previous studies [134,
140-148] limits the possibility of a quantitative evaluation of the effects
of the chelating agent on the obtained precursors.

4.2. pH

As introduced before, the synthesis reaction relies on the interaction

Fig. 9. These are the results collected by Wang et al. [131] varying the ratio between OH™ and NH3H,0. 2:3 (a), 1:1 (b), 3:2 (¢), 2:1 (d), 5:2 (e), 4:1 (f). By examining
the homogeneity and sphericity of the particles obtained, the best precursor is achieved when ammonia and hydroxide anions are used at the same molarity.
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Fig. 10. These images are obtained with a statistical analysis of Table S1. It shows the effect of the chelating agent on the precursor tap densities and sizes. The
results are classified based on the precipitant used. As discussed in the text, the focus is not simply correlated to the chelating agent concentration, but to its ratio to
the metal and precipitant concentrations. Figures (a) and (b) show the effect on tap density, while figures (c) and (d) show the effect on size.

between metal ions and hydroxide ions; [OH]™ anions play a funda-
mental role in the reaction kinetics. An increase in pH results in a higher
concentration of this reactant, leading to a faster reaction. However,
speeding up the reaction does not enhance the conversion, or at least not
in a detectable way, since the synthesis occurs under transport control
(see the section on nucleation and growth). Instead, it directly affects the
morphology of the particles produced. The reason for this behavior lies
in the precipitation mechanism presented in the nucleation and growth
section; an increase in the reaction rate leads to a higher supersaturation
rate, causing nucleation phenomena to occur more frequently. In this
condition, the reactant is consumed to produce many nuclei, leaving
insufficient material for all the grains to grow as desired [158]. As a
result, some primary particles will reach the proper dimensions, while
others will remain smaller. This heterogeneity limits the aggregation
phenomena, producing particles that are not uniform in shape and size.
Evidence of this behavior can be seen in the images from Shen et al.
[131,145] (Fig. 11).

In the opposite case, where a small quantity of nuclei is produced, the
primary particles grow too large, reducing their aggregation and pro-
ducing crystals that are not properly packed. The resulting particles
exhibit a complex structure that deviates from the usual spherical shape.
Additionally, they also possess non-homogeneous dimensions. It is
possible that increasing the reaction time and consequently extending
the smoothing process could resolve the issue with sphericity, but this
has not been tested yet. Even so, the operation time would need to be
longer, making this approach less ideal.

In both cases described, the products obtained are not satisfactory.
They represent two extreme situations: one where the pH is too high,
and the other where the pH is too low. Many intermediate situations
may occur, producing something close to the target properties, but they
still have some drawbacks. Previous studies ([134,140,142,145,151,
157,159-161]) have shown that among all these intermediate condi-
tions, there is always a pH value at which a satisfactory cathode pre-
cursor can be obtained.

Collecting all these results, there is no evidence of a linear depen-
dence between the optimum pH value and other synthesis operating
conditions. The same observation can be extended to the stoichiometry
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of nickel, cobalt, and manganese. For example, consider the studies by
Renetal. [159], Huetal. [151], Liang etal. [160], and Shen et al. [145],
where the optimum pH values were 10.8, 11, 11.2, and 11.2, respec-
tively. Although all of these studies dealt with NMC622, the pH values
that produced the best material differed.

Furthermore, comparing these results with those for NMC811
([157]) and NMC111 ([134,140,142]), it is possible to observe that in
some cases, the best pH values coincide despite the differences in
stoichiometry.

This analysis highlights how much this parameter is significantly
affected by the operating conditions and how difficult it is to predict the
optimum pH without prior experience. The range in which this param-
eter must be identified is typically between 10 and 12.

The key takeaway from this paragraph is that once the pH value that
produces the desired product is identified, it must be maintained for the
entire duration of the synthesis; this consideration will be of great
importance in the paragraph discussing the various reactor
configurations.

4.3. Temperature

Temperature is a key parameter affecting both thermodynamics and
kinetics; this discussion will address both, starting with thermody-
namics. Thermodynamically, temperature determines the process’s
feasibility by identifying the operative range in which reactions occur.
This is crucial for limiting the formation of impurities. According to Vu
et al. [157] and Liang et al. [160], undesired products are related to the
autoxidation of manganese hydroxide, for which Nichols and Walton
[162] identified two possible reaction mechanisms:

4.3.1. 1st MECHANISM

6MTl(OH)2 + Oz < 2Mn304 + 6H20 (6)
4Mn304 + O, <> 6MN, 05 (@]
2Mn;03 + O3 < 4MnO, 8
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Fig. 11. The images taken by Shen et al. [145] demonstrate how particle morphology is influenced by pH: 11 (c), 11.2 (d), 11.4 (e), and 11.6 (f). Particle dimensions
decrease as pH increases. Starting at pH 11, where the precursors are excessively large, their size reduces as this parameter increases. The authors identified the
material obtained at pH 11.2 as the optimal one; its dimensions, morphology, and sphericity maximize the tap density, thereby enhancing performance.

4.3.2. 2nd mechanism

2Mn(OH), + 0, < 2MnO, + 2H,0 9)
MnO, + Mn*" + H,O < Mn,05 + 2H" (10)
Mn,03 +Mn** + H,0 < Mn30,4 + 2H* (11)

The temperature must be maintained within an operational range to
avoid these reactions. Previous studies [162,163] have shown that,
regardless of other parameters, manganese hydroxide autoxidation
cannot occur at temperatures below 60 °C under an inert atmosphere.
Therefore, thermodynamics imposes an upper limit on the process;
exceeding this temperature compromises the synthesis due to the pro-
duction of excessive impurities [164].

Additionally, this observation highlights the necessity of working
under an inert atmosphere to prevent oxidation.

Next, it is important to consider how temperature influences reaction
kinetics. This topic is closely related to the discussion on the influence of
pH, as, according to Arrhenius’s law [165], temperature affects the re-
action rate similarly to reactant concentration, albeit with a different
mathematical dependence (temperature affects reaction velocity expo-
nentially, while reactant concentration follows a power series depen-
dence). The higher the temperature, the faster the reaction. This
influence can be observed in the dimensions of the primary particles,
similar to the pH discussion. If the temperature is too high, nucleation
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phenomena are enhanced, reducing the growth of some primary parti-
cles and leading to heterogeneous dimensions that hinder aggregation.
Conversely, if the temperature is too low, primary particles will grow too
large and will not be able to pack properly. Within the range defined by
these extreme conditions, there is always an intermediate temperature
at which the product will have homogeneous dimensions and sizes. This
behavior is demonstrated in the studies by Vu et al. [157] and Liang
et al. [160], which are the only ones that tested different temperatures
(see Fig. 12).

The aforementioned effects are predominantly associated with the
geometry, as the statistical analysis reveals no discernible impact on the
precursor size or tap density (Fig. 13). Notwithstanding, there is evi-
dence of the effect of temperature on the cation mixing. Increasing the
temperature results in a reduction of cation mixing, with optimal con-
ditions being achieved at 60 °C.

As aresult, it can be concluded that the operational conditions for the
co-precipitation synthesis of NMC precursors should be set within the
temperature range of 50 °C-55 °C to achieve spherical, homogeneous
particles with uniform distribution.

5. Physical parameters influence

Physical parameters can be divided into two main categories: those
affecting the synthesis step and those related to post-synthesis
treatments.

The parameters affecting the synthesis step include agitation and
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Fig. 12. These are the precursors obtained by Vu and Lee [157] testing three different temperatures: 45 °C (a), 50 °C (b), 55 °C (c). Particles synthesized at 45 °C and
55 °C are smaller and exhibit less spherical morphology compared to those obtained at 50 °C. Consequently, under these conditions, 50 °C can be identified as the

optimal temperature parameter for the reaction.
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Fig. 13. This figure illustrates the impact of temperature on the cation mixing (a) of the final product and on the tap density (b) and size (b) of the precursor. The sole

parameter that evinces a discernible trend is tap density.

operative time. On the other hand, post-synthesis treatments are spe-
cifically related to the calcination temperature.

5.1. Agitation

NMC precursor co-precipitation is highly dependent on stirring
velocity.

As previously discussed in the section on nucleation and growth, the
reaction occurs extremely fast and is limited by transport phenomena.
However, transport effects on nucleation cannot be strictly related to
agitation, as no study has yet tested the influence of fluid dynamics on
the conversion rates and aggregative phenomena.

Nevertheless, stirring velocity remains crucial as it affects the ag-
gregation steps. This influence is evident on both microscopic and
macroscopic scales.

The only study that investigated the microscale effects is by Vu and
Lee. [157]. Their high-resolution images reveal how primary particles
are packed, showing that increased agitation leads to smaller primary
particles. This is likely because they do not have enough time to grow
before aggregation. However, the differences are not substantial, and
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the primary particles maintain a planar shape across different agitation
conditions.

The most significant impact of stirring velocity is on the macroscopic
scale. It affects the smoothing step, which is the final stage of synthesis.
Higher agitation increases the impacts between particles and shear
stresses, thereby accelerating the smoothing process to achieve spherical
particles with a flat surface. Consequently, data from studies [142,157,
159,160] agree that higher agitation speeds up the attainment of
optimal particle morphology.

As demonstrated in Figs. 14 and 15 evidence of these effects is
apparent on the particles’ shape. The statistical analysis in Fig. 16
demonstrates that this is not the case for other parameters. In this
instance, the heterogeneity of the products documented in the extant
literature engenders an analysis devoid of any significant trend. This
phenomenon can also be attributed to the variable used to identify the
agitation. The impeller stirring rate does not generate equivalent tur-
bulence in every reactor; it is contingent on the reactor itself and the
dimensions of the impeller. Given that extant studies uniformly desig-
nate the stirring rate as a reference for the agitation, this discussion is
obliged to rely on it. However, a thorough examination reveals that the



M. Colasanti et al.

WO 15.21 mm
Det SE

MIRAI TESCANSEM Hy. 20,00 k¥
SEM MAG: 50,00 kx
KNU

M HY: 20,00 kv WO 15,15 mm
SEM WAG: 2000 kx  Det SE
L)

Performance n nlnmmn

Journal of Power Sources 657 (2025) 238132

5 5, e :

MIRAN TESCANSEM HV. 2000 kv WO 1523 mm

FSEMMAG S000kx  Det SE
D-mmanumap-mn KNU

Fig. 14. This picture taken by Vu and Lee [157] shows how crystallites change varying the agitation: 500 rpm (a), 600 rpm (b), 800 rpm (c). Moving from 500 rpm to
600 rpm flock crystals became thinner, as if agitation primarily affects the aggregation between the planar basic crystals. Moving from 500 rpm to 600 rpm, flock
crystals became thinner, suggesting that agitation primarily influences the aggregation between the planar basic crystals. With a further increase to 800 rpm, the two
preferential growth directions are also affected, reducing their surfaces. This results in smaller crystals that are able to pack more efficiently.

Fig. 15. Asillustrated in the images captured by Ren et al. [159] It is possible to identify how the sphericity of the particles is enhanced by increasing the stirring rate
until the particles begin to break. Four distinct agitation protocols were employed: 600 rpm (a), 800 rpm (b), 1000 rpm (c), and 1200 rpm (d).

cathode cation mixing, the precursor tap density, and the size remain
unaltered by the agitation variations applied.

Correlating the evidence presented herein is a subject meriting
further study. Fig. 15a with the preceding observations on the impact of
the stirring rate. As previously discussed, agitation affects the primary
particles’ characteristics but does not influence the cation mixing. This
observation suggests the absence of a correlation between the charac-
teristics of the primary particles and the order of cation mixing. It is
important to note that this observation is preliminary, and further
studies are necessary to provide definitive evidence.

The only limitation is particle integrity. Ren et al. [159] demon-
strated that a stirring velocity of 1200 rpm causes particle breakage,
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making 1000 rpm the optimal value observed in all cases.

Additionally, the type of impeller used is also relevant to agitation.
Zhu et al. [135] conducted a study testing four different types of im-
pellers: two radial, one axial, and one a combination of radial and axial.

Interestingly, unlike previous findings, changing the type of impeller
affects primary particle morphology (see Fig. 17). The study found that
using axial impellers produces acicular primary particles, which can be
packed more effectively than the typical planar ones. This results in
particles with higher sphericity and a smoother surface.
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Fig. 16. The following statistical analysis was conducted to determine the effect of the stirring rate on the cation mixing of the cathode (a), the precursor tap density

(b), and the size (c).

Fig. 17. These pictures taken by Zhu et al. [135] prove that agitation may be also used to influence the crystallites structure. They compared the materials produced
using axial impellers (left), which exhibited an acicular shape, with the flock-like materials obtained using radial impellers (right).

5.2. Operative time

Before diving into the evaluation of this parameter, it is important to
understand that “operative time" is a general term that can vary
depending on the apparatus used. This distinction will be clarified in the
paragraph on reactors. For now, this parameter will be referred to as the
duration for which a species is confined inside the reactor, indicating the
amount of time reagents have to react from the moment they enter the
reactor until they exit.

Although many studies have explored the effects of time on particles
([131,134,140,141,145,146,151]), none have investigated times
shorter than 10 min. This is why the nucleation model discussed earlier
relies on general knowledge of crystallization rather than specific
empirical evidence for this case. The shortest time investigated is 10 min
(Yang et al. [132]), which only shows that primary particles have
formed, grown, and begun to aggregate. No useful information on
nucleation phenomena can be derived from this.

Nevertheless, studies on operative times are still valuable as they
identify key stages in the synthesis process (see Fig. 18), which can be
summarized into five consecutive steps:
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e Initial 10 Minutes: Nucleation, growth, and formation of small ag-
gregates occur. While no detailed evidence is available for this initial
period, a picture taken at 10 min by Yang et al. [132] shows that
simple aggregates are already visible.

10 Minutes to 6 Hours: Primary particles and aggregates formed in

the initial 10 min continue to interact, forming increasingly complex

structures. At this stage, particles are still too simple and heteroge-
neous to be clearly recognized.

e 6 to 8 Hours: Simple aggregates consolidate into more complex

structures, leading to the formation of an initial form of the product

particles.

8 to 15 Hours: Particles continue to grow and aggregate. By the end

of this period, the particles have dimensions comparable to the final

product (around 10 pm), though their shape is still not ideal due to a

multilobed morphology resulting from recent aggregation

phenomena.

e 15 to 30 Hours: A smoothing procedure is initiated, resulting in
spherical particles with a smooth surface. At the conclusion of this
stage, the particles exhibit dimensions ranging from 10 to 15 pm,
contingent upon the prevailing operational parameters. These
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particles manifest a spherical geometry with a smooth surface. The
statistical analysis presented in Fig. 19 (b), where a substantial in-
crease in tap density with reaction time is discernible. This
enhancement is attributable to the enhancement of the particle
sphericity, which facilitates more efficient packing, thereby
increasing tap density.

Some studies also provide images of particles obtained with longer
operative times [135,151]. These results suggest that after 30 h, the
particles no longer change significantly, indicating a balance between
smoothing processes (such as particle collisions and shear stress) and
growth (Ostwald ripening).

This step is ordinarily executed as the final one in precipitation re-
actions. Nevertheless, a further phenomenon occurs for reactions that
are longer in duration: recrystallization [166]. This phenomenon has
typically been observed in the context of crystal aging, yet it remains
largely unexamined and unreferenced in the extant literature. It does not
contribute to the development of the particle morphology; rather, it is
concerned with the structural characteristics of the material. The pro-
cess of nucleation is typically the most expeditious phase of precipita-
tion, manifesting as an almost instantaneous occurrence. In this regard,
kinetics supersedes thermodynamics. This process gives rise to a crys-
talline structure characterized by a substantial quantity of strains [166].
The only method for eliminating them is to allow sufficient time for the
material to reach thermodynamic equilibrium (minimize the system
energy). This phenomenon is analogous to the process of recrystalliza-
tion, wherein the particles, once formed, undergo a structural relaxation
towards thermodynamic equilibrium. It is noteworthy that this process
can necessitate an extensive reaction time.

This phenomenon, however, remains largely unexamined due to the
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absence of straightforward methods for observing this structural relax-
ation. The statistical analysis presented in Fig. 19 is a unique instance in
which the structural effect can be assessed. As illustrated in Fig. 19 (a), a
substantial correlation is evident between reaction time and the reduc-
tion of cation mixing. Given that the latter is a detrimental characteristic
related to the structure of the material, it is reasonable to hypothesize
that the strain reduction due to the recrystallization is the cause of the
reduction in cation mixing.

This phenomenon may offer insights into growth phenomena and
provide an important contribution toward the optimization of the pro-
duction of NMC cathodes. However, further studies are needed to draw
definitive conclusions.

Thus, this area remains a promising field for future research.

6. Thermal treatment

As stated in paragraph 2.6, the production of NMC through co-
precipitation does not culminate with the precursor; rather, the pre-
cursor must undergo a thermal treatment. During this treatment, two
key phenomena occur: mixed-metal hydroxide crystals are converted
into oxides, and lithium is intercalated into the metal matrix.

The calcination process consists of two distinct steps. In the first step,
the metal matrix undergoes a phase transition from hydroxide to oxide
crystal structures at a relatively mild temperature (400-500 °C) [167].
This transition precedes lithium intercalation, as lithium ions (Li") must
diffuse into the oxides for two reasons. First, the target material is an
oxide matrix with lithium intercalated between its layers. Second, Li*
ions diffuse more readily in an oxide matrix compared to a hydroxide
matrix. Concurrently, lithium melts and partially diffuses into the ma-
trix, lowering the temperature required for subsequent steps [168]. This

Fig. 18. These pictures show how particles characteristics changes by varying the operative times [132]. The primary aggregates form within 10 min (a). After 30
min (b), they remain primary aggregates but have grown significantly in size. The first larger aggregates with flock crystals begin to appear at 1 h (c) and continue to
develop at 2 h (d). Final particles are obtained after 10 h (e), achieving a more refined shape by 18 h (f).
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Fig. 19. The trends illustrate the behavior of cation mixing (a) and precursor tap density (b) as a function of reaction time. A substantial correlation is observed in
both scenarios, as evidenced by the statistical analysis of Table S1.

step typically lasts about five to 6 h. and a longer duration (at least 10 h).
In the second step, lithium ions diffuse into the crystalline structure The ensuing paragraphs will delve into the impact of calcination
of the metal matrix. This requires a higher temperature (at least 700 °C) temperature, duration, and other pivotal parameters on the material
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obtained from physical and electrochemical standpoints.

The paragraph on the temperature effect is based on previous studies
that provide evidence of its effect by comparing the cathodes obtained
with different conditions. A distinction must be made between the two
paragraphs under consideration, as the other parameters that play a key
role in the thermal treatment have not been investigated through
explicit comparison of materials obtained under different conditions.
Consequently, the present study will posit the following argument, as
substantiated by the statistical analysis presented in Table S1. This
argument is proposed given the lack of alternative comparative ap-
proaches in the current body of literature.

Nonetheless, the analysis of cathode materials involves greater
complexity than that of precursors, as the outcomes of characterization
may vary depending on the equipment and the operator.

Consequently, a direct comparison of the absolute values obtained
from different studies may not be sufficiently reliable to draw definitive
conclusions.

For instance, the assessment of cation mixing employs XRD analysis.
When the intensity ratio of the 003 to 104 peaks exceeds 1.2, there is
minimal cation mixing. It is imperative to maintain an 1(003)/1(104)
ratio that exceeds this threshold in order to ensure the preservation of
optimal material qualities [142,157,160,161].

Fig. 20 indicate an absence of correlation between electrochemical
performance and the 1(003)/I1(104) ratio measured. This absence of
correlation is evidenced by the analysis of data from disparate studies.
This discrepancy may be partially explained by the intrinsic heteroge-
neity of coin cells used under conventional testing conditions. Conse-
quently, comparisons made across studies are only indicative and should
be interpreted with caution.

Analogous conclusions can be extrapolated from an examination of
capacity retention. The range of regulatory and market targets for these
performances complicates the identification of an indicative value that
can be satisfied. The objective of preserving 80 % capacity retention
following 1,000 cycles is regarded as the fundamental benchmark.
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However, due to operational constraints, the majority of studies
examine capacity retention following 100 cycles (Fig. 21).

While this is not the desired 1,000 cycles, the 80 % retention
threshold is typically achieved. Coin cells may experience degradation
phenomena that are less prevalent in full cells. For instance, coin cells
frequently use metallic lithium anodes, which differ from the anodes in
commercial full cells. Therefore, while direct comparison with com-
mercial materials may be inappropriate, coin cells remain useful for
relative comparisons within individual studies.

In the absence of comparative studies investigating all relevant
operative parameters, the statistical analysis presented in Table S1
provides the only available approach to identifying the most effective
calcination conditions.

6.1. Calcination temperature

Once the lithium source is selected, the optimal operating tempera-
tures must be determined. The literature on ideal temperatures for the
first step is limited, as many studies combine both steps into a single
high-temperature procedure [161]. However, this approach often leads
to increased degradation, making it unsuitable for nickel-rich materials.
If the desired stoichiometry is not achieved in a two-step process, the
duration or temperature of the first calcination step may need
adjustment.

The second step involves lithium-ion intercalation into the crystal-
line structure, with key indicators of success being the degree of hex-
agonal crystalline order and cation mixing. Studies [142,157,160]
indicate that increasing the calcination temperature improves hexago-
nal order, as observed via XRD characterization (the order is determined
by the degree of separation between peaks 006/012 and 108/110.).

However, materials with the highest 1(003)/1(104) ratios have
shown improved capacity retention, which is attributed to reduced
cation mixing—even when these materials were not synthesized at the
highest temperatures [142,157,160,161]. This observation supports the

300 400 500

Number of cycles

Fig. 21. The contour plot indicates that the vast majority of studies enumerated in Table S1 utilize cycle number 100 as a reference point to assess the capacity rate.
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hypothesis that cation mixing may represent a thermodynamically
favorable state in NMC materials, as it potentially minimizes the crys-
talline structure’s energy. Therefore, matrix order alone may not reli-
ably indicate the extent of cation mixing.

At higher calcination temperatures (>900 °C), primary particles
undergo melting and coalescence, leading to large grains within the
crystalline structure. While this enhances crystallinity and structural
order [167,169,170], the grains lose their precursor orientation,
increasing anisotropy. Consequently, grain boundaries act as barriers to
lithium-ion migration during cycling, promoting crack formation.

An optimal calcination temperature is one that achieves a balance
between improved crystallinity and minimized anisotropy. Materials
exhibiting optimal cation mixing are typically produced at temperatures
ranging from 750 to 850 °C [142,157,160,161,167,169,170]. This range
is considered substantial, as the precise value is contingent upon the
targeted stoichiometric configuration. Liang et al. [160] demonstrated
that while initial discharge capacities of materials are comparable, those
with the highest capacity retention after 40 cycles were produced within
this range. Thus, the 1(003)/I1(104) ratio is a reliable metric for identi-
fying the optimal calcination temperature.

SEM images from Vu and Lee [157] provide further insights. At
780 °C, the cathodic material closely resembles its precursor. At 800 °C,
the crystals lose their precursor structure and form aggregates of
smaller, non-planar Primary particles. At 850 °C, the crystals reorganize
into a parallelepiped shape. Since the lowest cation mixing was observed
at 800 °C, this temperature may represent a favorable condition for
achieving the desired material structure.

This temperature range should be considered a general guideline
rather than a strict rule. For processes involving different chemistries (as
discussed in paragraph 8), the optimal calcination temperature may fall
outside the 750-850 °C range. In such cases, the best temperature can be
identified using SEM images and cation mixing measurements.

3.0
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6.2. Calcination times

A subsequent discussion addresses the time extension of the calci-
nation treatment. From the statistical analysis of Table S1, an observa-
tion of particular interest has been made, though it has not been
previously discussed. As illustrated in Fig. 20, a substantial decrease in
the 1(003)/1(104) ratio is observed with an increase in the calcination
time. This observation suggests that there is an increase in the cation
mixing with the calcination time.

It is imperative to note that calcination is not merely a process
employed in the synthesis of metal oxides and lithiation; it also facili-
tates the relaxation of the cathode microstructure, thereby eradicating
structural defects that have the potential to compromise material per-
formance. Over time, the structure evolves towards a configuration that
minimizes the overall energy.

This observation, supported by the statistical analysis in Table S1,
suggests that cation mixing may arise from structural relaxation pro-
cesses, potentially indicating that a more stable configuration corre-
sponds to increased cation mixing (see Fig. 22).

As this hypothesis has not been explicitly addressed in previous
literature, further research is required to confirm its validity. If vali-
dated, this would highlight the need to optimize calcination time to
ensure adequate lithiation while avoiding excessive cation mixing.

6.3. Other key parameters

The thermal treatment is contingent on various parameters, with the
temperature being merely one of them. Notwithstanding the dearth of
research in this area, a select number of studies have partially examined
the subject. The ensuing paragraph will delve into these studies, with the
objective of either substantiating existing findings or providing a foun-
dation for future research endeavors.

The two most commonly used lithium sources are LiOH and Li»COs.
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Fig. 22. Asillustrated in Table S1, the ratio of the peaks at 003 and 104 can be used to deduce the degree of cation mixing. It is possible to extrapolate a significant
dependence of the ratio of the peaks I(003) and 1(104), which is indicative of the cation mixing. It has been demonstrated that an increase in the calcination time

results in an increase in the cation mixing.
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As discussed by Entwistle et al. [171], both are viable but require
different operating conditions. LiOH can be utilized at lower tempera-
tures (230-380 °C), while Li,CO3 requires temperatures of at least
750 °C. Lithium intercalates in the metal matrix subsequent to the
degradation of the lithium source to Li™ 2 0% [172]. This process is
accompanied by the loss of Hy O or CO2, depending on the specific
source. In the course of the procedure, lithium evaporates to a certain
extent. To rectify this issue, a 10 % excess of lithium is incorporated. It
has been demonstrated that an increase in material degradation tem-
perature corresponds to a decrease in the amount of loss [172]. Selecting
between LiOH and Li;COs requires evaluating the trade-off between
lithium loss through evaporation and the energy demands of the process.
Jo et al. [173] further report that when using Li,CO3 with hydroxide
precursors, the actual calcination temperature may be lower than the
nominal degradation point due to catalytic effects from surface NIOOH.

In many cases, LiOH is the preferred option, as it prioritizes energy
consumption over the utilization of lithium in excess.

Fig. 23 is derived from the statistical analysis of Table S1. An analysis
of the process reveals no discernible variations when the lithium source
is altered during the calcination stage, even when starting from hy-
droxide precursors. A comparison of the violin plots indicates that the
shapes are analogous for both sets of reagents. However, materials
synthesized with Li,CO3 exhibit slightly greater performance variability.

Based on Fig. 23, the best-performing materials appear to be those
derived from carbonate precursors using LioCOj3 as the lithium source.

A plethora of studies have been conducted on alternative lithium
sources [172,174]; however, none of these investigations have
addressed the subject of hydroxide precursors. Nonetheless, an alter-
native method known as wet impregnation has been proposed, which is
not feasible with LiOH or Li,CO3 due to their low solubility in water
[174]. This procedure is referred to as wet impregnation. This process
involves mixing the precursor with an aqueous lithium-rich solution,
potentially yielding a more homogeneous mixture than dry blending
techniques. A significant drawback of this method is the loss of Ni(OH),
when the precursor is introduced into the aqueous medium [174].

The atmosphere has also been investigated; Yuan et al. [175]

Discharge capacity Capacity retention
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compared the performances of the materials obtained calcinating the
precursor in air and in pure oxygen. Their findings suggest that calci-
nation in pure oxygen enhances the bonding strength between transition
metals and oxygen atoms. This improvement reduces the incorporation
of undesired surface impurities like LiOH and Li,COs, leading to better
electrochemical properties. Consequently, all materials obtained from
the utilization of pure oxygen atmospheres exhibit enhanced electro-
chemical performance. However, the economic viability of using pure
oxygen at scale must be carefully considered, given its higher cost
compared to ambient air.

7. Reactors

The precursor is synthesized through a co-precipitation reaction, and
the aggregation of primary particles is significantly influenced by the
fluid dynamics, which in turn depend on the type of reactor used.

In the following discussion, we will review different types of re-
actors, focusing on those that have shown the most promising results in
previous studies. These reactors are categorized into three main types:
stirred tank reactors (STR), flow reactors, and Taylor-Couette reactors.

The discussion will be based on the basic approach to reactor
modelling, with all computations grounded in a theoretical perspective,
specifically modelling “ideal reactors". More detailed analyses could be
performed by considering the practical behavior of these reactors.
However, since this approach depends heavily on the specific apparatus
used, such a discussion is beyond the scope of this study. Therefore, our
focus will remain on “ideal reactors."

7.1. Stirred tank reactor

A stirred tank reactor (STR) is a simple type of reactor that consists of
a tank with impellers to mix the reactants, hence the name “stirred tank."

As previously discussed, we will focus on ideal reactors, assuming
STRs are perfectly mixed. This assumption means that the concentra-
tions within the vessel are uniform and equal to the concentration in the
outlet, if applicable [176,177].

Precipitating agent

C2H204
Na2C03
NaCH

(a)

(b)

(¢)

LiOH

Lithium source

Fig. 23. The figure (a)(b) presents the electrochemical performance of the samples, while (c) illustrates the physical characteristics of the samples obtained from
different lithium sources. Attention are directed towards the identification of the precipitating agent utilized, thereby facilitating the determination of the spe-

cific precursor.
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STRs typically have a cylindrical shape with an aspect ratio (H/D)
ranging from 1 to 4, though they can sometimes be larger, up to a
maximum of 6.

Temperature control is crucial for ensuring optimal reaction condi-
tions. STRs are equipped with heating or cooling systems, depending on
whether the reactions are endothermic or exothermic. Common heat
exchange equipment includes jackets, external pipes, and internal coils
[176,177].

Reactor sizing is based on mass balances and they require the kinetics
of reaction. Some small insights will be presented in the dedicated sec-
tion for each reactor. More in dept information can be taken from basic
books on chemical reactors [176,177].

7.1.1. Batch and semi-batch reactors

Batch reactors are a fundamental type of reactor, consisting simply of
a tank, impellers, and a temperature control system. They operate
through a straightforward procedure: loading the reactor with reactants,
allowing it to operate for a fixed period, and then collecting the
products.

In batch reactors, the dynamics are characterized by a single tran-
sient phase since the reactor never reaches a steady state. This simplicity
makes batch reactors a common choice for synthesizing NMC pre-
cursors. Their lack of inlets and outlets minimizes the need for complex
controls. However, this same characteristic can be a limitation for large-
scale production. Consequently, some studies have explored continuous
processes to improve efficiency [135,157,159-161,178], which will be
discussed further in the section on Continuous Stirred-Tank Reactors
(CSTRs).

In a transient reactor, the operating time required to achieve the
desired conversion must be determined using mass balances. Equations
S.1-S.6 in the supplementary data demonstrate the computations
necessary for reactor dimensioning. Finalizing these computations is not
possible without understanding the kinetics. However, detailed kinetic
data for NMC precursor co-precipitation is not currently available. Thus,
existing studies rely on operational conditions derived from prior
experience, with no rigorous kinetic evaluations. Future studies on re-
action kinetics would be crucial for scaling up reactors and deriving
quantitative values for nucleation and aggregation phenomena.

The balance indicates the temporal dependence of conversion. This
correlation enables the derivation of the time required from the reaction
to reach the desired conversion.

The residence time, defined as the time during which reagents stay
inside the reactor, starts with the apparatus start-up and ends with the
shut-down. It coincides with the operative time, which describes the
quantity interval in which the reactor is active.

As will be presented later, it is not so simple for other kind of
reactors.

In the context of synthesizing NMC precursors, while the reactor
might initially be categorized as a batch reactor, it often operates as a
semi-batch reactor. This type of reactor allows for the continuous
addition or removal of materials during the operation. Unlike batch
reactors, which only operate in a single transient phase, semi-batch re-
actors experience multiple transient phases depending on the operation.

For the synthesis discussed, the semi-batch reactor operates in two
phases:

1) Initial Phase: Sodium hydroxide (NaOH) is continuously fed to
maintain the desired pH.

2) Secondary Phase: After reaching the desired pH, the reactor func-
tions similarly to a batch reactor with no further inlets or outlets.

This division in several steps extends also to the characteristic times.
As previously discussed, each phase can be considered a single opera-
tion. It is possible to identify a unique operative time, but the residence
times can vary between the reagents in dependence on the procedure.

For example, in the NMC co-precipitation, the operative time starts
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in the instant in which the reagents come in contact for the first time, but
the residence time is not uniquely defined. Sodium hydroxide e.g. is
injected in the following hours, up to reach the desired pH; therefore, its
residence time will be smaller than the operative one.

In summary, semi-batch reactors offer the flexibility of continuous
material input while maintaining transient conditions, making them
suitable for processes requiring precise control over reactant concen-
trations and pH [132,140,142,144].

7.1.2. Continuous stirred tank reactor (CSTR)

Continuous Stirred-Tank Reactors (CSTRs) are among the most
widely used reactors in industrial applications. They blend the simplicity
of batch systems with the high productivity of continuous processes.
This combination is the reason why CSTRs are preferred in industry.

However, the presence of multiple inlets and outlets requires addi-
tional control systems. These systems adjust input parameters to main-
tain desired product characteristics and manage disturbances. For
instance, CSTRs operate in a steady state, meaning they require precise
control of conditions such as flow rates, temperature, and pH. When
external disturbances cause deviations from the desired conditions, the
control system detects these changes and adjusts manipulated variables
to restore optimal operation. Additionally, control systems are essential
for managing the start-up and shut-down phases of the reactor.

Despite their advantages, managing CSTRs is more complex than
managing batch reactors due to the need for advanced control systems.
As aresult, there are currently no industrial processes for NMC precursor
production using continuous reactors [79,157,159-161,178]. Many
studies on continuous production simply use a CSTR to feed a stirred
tank reactor, without implementing a real continuous process with
active control.

CSTRs operate in three main phases: start-up, steady-state, and shut-
down. The steady-state phase is the primary focus for dimensioning and
mass balances. During this phase, the reactor operates under stationary
conditions, while the start-up and shutdown are transient phases and are
not typically considered in the production chain.

In batch reactors, the operative time is straightforward: it is the time
the reactor is active, from loading reactants to collecting products. This
time is also known as the residence time, which is the duration that
reactants and products stay in the reactor.

In CSTRs, the situation is more complex. The operative time refers to
the duration from start-up to shut-down. In contrast, the residence time
is the average time a volume element spends in the reactor, calculated as
the ratio of the reactor volume to the total flow rate Q (i.e., V/Q).
However, this calculation may not always be precise.

To illustrate, consider a CSTR where a tracer is injected to study
residence time. The concentration of the tracer is given by:

M,
=" a2
The mass balance for the tracer is:
dc
= _ 13
i Qc 13
The concentration profile of the tracer is:
Q,
c(t)=coe v (14
The mass of tracer leaving the reactor between time and is:
t
Q
M(t)= /Qc dt = Qco/te’VT dt (15)
t t
Dividing by My:
(16)
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This result shows that the residence time distribution is not a single
value but an exponential decay function, indicating a range of residence
times for different particles.

Despite that, in CSTRs residence times can be satisfyingly approxi-
mated with the ratio V/Q.

The most important point of this discussion is that speaking about
CSTRs, in previous studies there is a lot of confusion and little clarity on
the way CSTRs are operated. Many times there is no way to identify the
residence time because it is not declared and there are missing param-
eters to compute it [69,134,139,179-183].

Another discussion on the times declared in previous studies deals
with the working procedure of CSTRs.

The reactor is initially loaded with water (or with metal solution,
although this causes the waste of materials), then the reagents feed and
the outlet are activated. At this point the reactor is not at its final steady-
state, because there is a transient period required before reaching the
steady state [176,177].

Another error done in previous studies is to collect the material at
several times from the beginning and to analyze the particles to identify
the kinetic of nucleation and growth [138]. This is not an accurate
procedure because the particles taken into account are produced during
the transient, therefore their characteristics are affected from parame-
ters that are still far from the steady state, and this may compromise the
crystallization. For example, at the beginning the reagents are injected
in a volume full of water, therefore they are diluted and them concen-
tration is different from the one that will be reached at the steady state.

A significant drawback of CSTRs is that good conversion typically
results in low reactant concentrations at the outlet, which can slow
down reaction rates since many reactions are enhanced by higher
reactant concentrations. To achieve high conversion rates, CSTRs often
need to be larger to extend residence time, creating a trade-off between
conversion efficiency and reactor size. This trade-off is influenced by the
economic considerations of the process, and commonly, CSTRs are
designed for a conversion rate around 60 %, which is relatively modest.

7.1.3. STRs with high shear mixers

High shear mixers are not strictly reactors but are crucial compo-
nents in many chemical and industrial processes, including those
involving the synthesis of NMC (Nickel Manganese Cobalt) precursors.
These devices are designed to enhance mixing efficiency through intense
shear forces, which can be critical for controlling particle formation and
growth.

A high shear mixer consists of two main components:

1) Rotor: The rotor is a dynamic component featuring multiple blades
arranged along concentric circles. It operates at extremely high
speeds, typically ranging from 10,000 to 20,000 revolutions per
minute (rpm). The high rotational speed of the rotor generates sig-
nificant shear forces, which improve the mixing process.

2) Stator: The stator is a static component that surrounds the rotor and
is composed of one or more concentric chambers. The stator is
equipped with several holes of varying geometries, creating a maze-
like structure that facilitates enhanced mixing by directing the flow
of the fluid through intricate pathways.

High shear mixers are primarily used to achieve superior mixing by
generating high shear stresses. These stresses are essential for processes
where rapid and uniform mixing is required, such as in the synthesis of
NMC precursors. The primary advantages of high shear mixers include:

e Enhanced Mixing: The intense shear forces created by the rotor and
stator improve the uniformity of the mixture, leading to better con-
trol over particle size and distribution.

e Improved Particle Formation: The high shear environment acceler-
ates the formation of spherical particles and promotes smoother
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surfaces. This is particularly beneficial in the synthesis of NMC pre-
cursors, where particle morphology is crucial.

High shear mixers can be integrated into stirred tank reactors (STRs),
either as standalone units or in combination with other types of mixers
(e.g., axial or radial impellers). When used in conjunction with STRs, the
balance equations for mass and energy remain the same as those pre-
viously discussed for STRs. However, the presence of high shear mixers
introduces additional mixing dynamics that can influence the overall
process.

Studies have shown that incorporating high shear mixers in the
synthesis of NMC precursors offers several benefits:

e Increased Capacity: Research [184-186] indicates that transitioning
from conventional impellers (axial or radial) to high shear mixers
improves both the initial discharge capacity and the capacity
retention of the process.

Enhanced Shear Stress: High shear mixers are capable of subjecting
particles to extremely high rotational velocities. This is in contrast to
conventional impellers, which may cause particle breakage at much
lower speeds (around 1,200 rpm). The ability of high shear mixers to
maintain particle integrity while applying high shear stresses sug-
gests that they are effective at enhancing fluid dynamics without
compromising particle structure.

High shear mixers play a critical role in optimizing the synthesis of
NMC precursors by improving mixing efficiency and particle formation.
Although they are not reactors themselves, their ability to generate high
shear forces makes them an invaluable tool for controlling the growth
and aggregation of particles. The integration of high shear mixers into
STRs or other reactors can lead to significant improvements in product
quality and process efficiency.

7.2. Flow reactors

As their name specifies, these reactors involve a continuous flow of
reagent solutions. They are typically constructed from pipes and can
have aspect ratios that reach up to 20. Since plug flow reactors (PFRs)
are the most notable example of such reactors, they will be discussed in
the following paragraph, even though they have no applications in the
synthesis of NMC precursors. The discussion will then proceed to
consider two promising options for the process presented here: micro-
reactors and static mixers.

7.2.1. Plug flow reactors (PFR)

They are, along with CSTRs, the most commonly used reactors.
Almost all industrial reactions are managed using either a CSTR or a
PFR. Plug flow reactors also have a simple configuration. They consist of
a pipe through which reactants are fed [176,177]. Under the ideal
reactor assumption, a PFR is modelled based on two hypotheses: the
entering solution is a perfect mixture of reactants (uniform distribution
of concentrations), and all properties are uniformly distributed along the
cross-section. Because of this latter characteristic, PFRs are dimensioned
and modelled using a unidimensional balance.

Eq. S.13-S.18 illustrate how the balance must be performed for
equipment dimensioning. In this context, the result depends on the re-
action rate. The mass balance must be coupled with the energy balance,
as the kinetic constant is temperature-dependent [165]. This principle
applies to any reactor; however, the discussion was previously simpli-
fied because, in stirred reactors, the temperature is uniformly distrib-
uted, resulting in a uniformly distributed kinetic constant.

However, this is not the case for PFRs, as there is a temperature
profile along the x-axis. Achieving a more uniform temperature would
necessitate the implementation of a control system capable of main-
taining constant conditions along the entire reactor. However, this
presents a significant challenge. For instance, the limitation of the peak
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temperature, which is usually concentrated in the center of the reactor,
necessitates intervention at specific locations. This is a particularly
complex issue due to the fact that cooling systems, for both practical and
economic reasons, generally affect the entire reactor. These systems
frequently incorporate jackets or coils. Furthermore, during the initia-
tion and cessation of operation, peak temperatures may be observed at
disparate locations, necessitating adjustments at multiple points. A
reduction in temperature at one point can have ramifications for the
entire reactor, potentially leading to a decrease in reaction rates in re-
gions where conditions were previously optimal.

However, PFRs have been shown to achieve higher conversions than
CSTRs. As conversions increase along the reactor’s length, the concen-
tration gradients that are characteristic of the CSTR are preserved,
thereby avoiding the mixing limitations that are a hallmark of CSTRs.

However, PFRs are subject to back-mixing, a phenomenon where a
portion of the reagents moves in the opposite direction of the flow,
affecting the concentrations. This issue must be considered, as it leads to
a relaxation of the ideal reactor assumptions.

These reactors operate in turbulent regimes, resulting in plug flow.
Mixing along the section is achieved through convective motions, which
generate shear stresses significantly lower than those in stirred reactors.
This reduces transport and aggregation phenomena. However, they are
not suitable reactors for NMC precursor production, which explains the
lack of previous studies utilizing these units. They were introduced to
highlight the pros and cons of PFRs, the class to which the following
reactors belong.

7.2.2. Microreactors

They are similar to PFRs, but their cross-sectional diameter is under
1 mm. Despite this similarity, an important distinction sets them apart:
PFRs typically operate under turbulent conditions (with a few excep-
tions), while microreactors are almost every time under in laminar flow.
As a result, the assumption of an ideal reactor with a uniform distribu-
tion of fluid properties along the cross-section does not hold true for
microreactors. In PFRs, the motion along the cross-section is driven by
turbulence and convection phenomena. In contrast, in microreactors,
species move along the section primarily due to diffusion.

Although the regime in microreactors is laminar, it might seem that
the reaction is limited by transport phenomena more than in PFRs.
However, this is not the case because the pipe diameter is so small that
the available area is extremely reduced. This effect is pronounced
enough to enhance transport phenomena. Indeed, microreactors are
often used to highlight the kinetics of reactions controlled by transport.

Several studies in the literature have investigated the synthesis of
NMC precursors using microreactors [186-188]. Para et al. [186,187]
conducted two studies. In the first [186], they used microreactors to
carry out the synthesis and develop a model for particle evolution over
time. In the second [187], they focused primarily on characterizing the
product and evaluating microreactors as production equipment.

Wu et al. [188] also tested microreactors for synthesizing LNMO
precursors, opting to precipitate the product as carbonates—a chemistry
that will be discussed later. This approach is promising, as particles with
optimal morphology and size were produced in just 12 s. SEM micro-
graphs showed that the primary particles had different shapes compared
to the usual ones; this capability to achieve optimal morphology quickly
can be attributed to their packing method. The properties of these pre-
cursors translate into good electrochemical performance.

In conclusion, it is important to note that the term “microreactor”
may not be perfectly suited for such applications. With a pipe diameter
of 1 mm, they are on the borderline between flow reactors and micro-
reactors. Furthermore, they have been used only for production pur-
poses, with no studies conducted on reaction kinetics. This observation
highlights a potential application of microreactors that has not yet been
explored but could open avenues for future research.
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7.2.3. Static mixers

As with high shear mixers, static mixers were not originally designed
as reactors but as equipment for mixing or separating. They are partic-
ularly effective for mixing highly viscous materials that can only be
moved in laminar flow. In a PFR, if some reactants have high viscosity,
the only way to ensure proper mixing in the system is by using such
mixing equipment. This is also applicable to fluids with viscosities close
to that of water but used in microreactors.

Although static mixers have not been used for the precipitation of
NMC precursors, they are worth mentioning because they can enhance
production in microreactors. This is related to the behavior of primary
particles. In narrow channels, species transport is enhanced, but primary
particle motion is restricted. With Poiseuille flow, primary particles
move in straight lines along the axial axis of the channel, limiting their
ability to aggregate.

This behavior is related to the fluid’s regime. In capillary channels,
the critical Reynolds number for transitioning from laminar to turbulent
flow is 1. Therefore, in microreactors, achieving a turbulent regime is
relatively easy. However, for pipes with diameters around 1 mm, this is
not the case; they are too large, and the critical Reynolds number re-
mains at 4000. Channels with such small diameters exhibit high pressure
drops, making it difficult for pumps to push the fluid quickly, which
necessitates operating in a laminar regime. Consequently, the idea of
using confined spaces to reduce dependence on transport phenomena
may not be effective due to reduced turbulence and mixing.

This is why static mixers are relevant, as they can provide efficient
mixing even under laminar flow conditions.

7.3. Taylor-Couette

These reactors consist of two concentric cylinders: an inner, rotating
cylinder and an outer, static cylinder. Fluid flows through the gap be-
tween the two cylinders. As the inner cylinder rotates, different fluid
regimes are observed, which are identified by critical values of the
characteristic parameter known as the “cylindrical Reynolds number" or
Taylor number:

wr;d

Ta=Rey = 17)
where rj is the radius of the inner cylinder, o is the angular velocity, d is
the gap between the cylinders, and v is the fluid viscosity.

In this reactor, four distinct regimes can be identified based on the
Taylor number. The transition points between these regimes depend on
the specific equipment and the fluid used. The regimes are:

- Laminar Flow: The velocity field appears as concentric cylinders with
velocities decreasing progressively from the inner surface to the
outer.

- Taylor-Vortex Flow: The fluid is divided into several vortices with
parallel horizontal axes along the height of the reactor.

- Wavy Vortex Flow: The fluid is distributed in vortices with wavy
rather than strictly horizontal axes.

- Turbulent Flow: The fluid is completely mixed, and no distinct
structure is visible.

The regime of interest for this application is Taylor-vortex flow. This
regime allows for effective mixing while confining the materials to a
small volume, significantly reducing transport limitations. It also facil-
itates interactions between particles without the excessive impacts or
shear stresses found in CSTRs. This is crucial for crystallization re-
actions, as excessive forces can compromise nucleation, growth, and
aggregation.

Indeed, Kim et al. [189] proved that in Taylor-Couette rectors par-
ticles sensitivity to fluid shear is lower than in STR.

Moreover, in Taylor-Couette reactors, reagents follow a continuous
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path from the inlet to the outlet, with no mixing between the inlet and
outlet. This enables high conversions, similar to PFRs. In this regard,
Taylor-Couette reactors have an advantage over PFRs because the Tay-
lor vortices effectively prevent back-mixing, whereas in plug flow re-
actors, the lack of back-mixing is merely an assumption. Additionally,
Taylor vortices provide mixing that is as effective as that in STRs but
without the violent conditions that could damage particle integrity
during growth.

As a result, Taylor-Couette reactors combine the benefits of both
PFRs and STRs in a single system. Some studies have tested Taylor-
Couette reactors for producing NMC precursors [190-196]. The results
consistently showed particles with optimal morphology, including
shape, size, and sphericity, regardless of the stoichiometry used. This
indicates the effectiveness of the Taylor-Couette reactor in producing
high-quality cathode precursors. However, no studies have compared
the performance of Taylor-Couette reactors with that of classical STRs,
so it is unclear how much this method improves particle quality. All
these results are achieved with short residence times and continuous
processing.

8. Alternative chemistries

As previously discussed, the synthesis of NMC cathode materials can
be optimized through the process of hydroxide precipitation, provided
that certain operative conditions are met.

When these conditions are combined with the reactor properties
previously outlined, several challenges associated with scaling up the
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process, such as transitioning to continuous production, become
evident. These challenges include:

- Inert Atmosphere Control: Maintaining an inert atmosphere in large
industrial volumes is challenging. The reactor must be perfectly
sealed to prevent contamination from manganese oxide impurities,
which can compromise the final material.
Extended Growth Time: The growth mechanism requires several
hours to complete. Given the required production rate and residence
times, the volumes involved are substantial. This challenge is com-
pounded when considering the smoothing step, making it appear
almost impossible to scale up to an industrial level.
pH Control: Controlling the pH in large reactors is difficult. The need
for a basic solution (typically NaOH) affects the liquid level and
concentration in the reactor, necessitating a complex control system.
- NaOH and NH3 Ratio: The ratio between NaOH and NH3 must be
precisely controlled.
- Ammonia Toxicity: The use of ammonia poses health risks to oper-
ators due to its toxicity.

These issues significantly impact production, requiring considerable
effort and imposing severe limitations. This development has given rise
to a growing interest in alternative chemistries. Among the most
promising proposals are the precipitation of precursors as carbonates or
oxalates. These proposals are not novel; they were obscured from the
hydroxide precipitation. This phenomenon may appear counterintui-
tive, given that alternative proposals have been developed and address

Na2CO3 NaOH

Precipitating agent

Fig. 24. The violin plots presented herein are derived from Table S1. By defining “regular” as particles that exhibit a homogeneous distribution and spherical shape,
it is possible to classify them by naked eye observation as either irregular, semi-regular, or regular. The plot demonstrates a higher probability of regular particles

precipitating precursors as hydroxides compared to oxalates or carbonates.
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the previously identified criticisms.

The underlying reason for this phenomenon pertains to the elasticity
of the hydroxide precipitation process. This process has the capacity to
yield particles with optimal morphology, despite the considerable var-
iations in the surrounding conditions. This phenomenon can be attrib-
uted to the effect of smoothing phenomena experienced with extended
operative time. As illustrated in Fig. 24, the employment of NaOH as a
precipitating agent leads to the formation of regular particles with a
higher frequency compared to the utilization of alternative precipitating
agents.

The employment of disparate precipitating agents has been demon-
strated to alleviate certain constraints associated with hydroxide ions;
however, further exploration is imperative to enhance the comprehen-
sion of nucleation and growth phenomena in the context of material
production, particularly concerning the morphology of the resultant
material. This has historically posed a significant impediment from an
industrial perspective. However, recent advancements in the field of
precipitation reaction offer a potential avenue for overcoming these
limitations [197-199].

The following paragraph will provide a detailed discussion of these
two alternatives to the hydroxide co-precipitation process.

8.1. Oxalates

In this process, NMC precursors are precipitated as a matrix of mixed
metal oxalates. Co-precipitation is achieved by inducing the reaction
between two solutions: one containing metals and the other containing
oxalic acid [200-206].

Initially, the focus will be on the optimal operating conditions for
synthesis to provide a basis for comparison. The discussion will then
shift to the specific features of this method. Although this process is an
alternative to the more commonly used hydroxide co-precipitation,
there is limited research available.

Firstly, regarding chelators, there is no need to use a chelating agent
for oxalate precipitation. Metal oxalates naturally precipitate in a uni-
form matrix, making a chelator unnecessary. Yao et al. [204] provided
evidence for this by performing TG and DSC analyses on the oxalate
precursor, revealing a single rapid weight loss and an endothermic peak,
indicating a single crystalline structure.

The impact of pH is different in this process. pH does not affect the
quantity of reactant in solution but primarily influences the solubility of
metal oxalates. Park et al. [202] conducted a study varying pH (from
—0.5 to 4.5) and observed how metal oxalate solubility was affected.
They used visual observations of solution color and precipitate quantity
as reference points. The results showed that lower pH levels reduced the
solubility of manganese oxalate, leading to less manganese in the final
material. To address this, they used salts of weak bases, like ammonium
salts, which was a good approach for their study but might not be
suitable here as it could reduce process independence from ammonia.

When comparing to hydroxide precipitation, studies [135,144,146,
185] indicate that manganese quantity in hydroxide co-precipitation
can sometimes be lower than stoichiometric amounts. Despite this, the
electrochemical performance was not adversely affected. Hua et al.
[185] reported the best electrochemical results from samples with lower
manganese content. This is because manganese provides chemical and
thermal stability but does not contribute significantly to electrochemical
performance. Additionally, controlling pH in hydroxide precipitation
often requires an OH- source, which can lead to unwanted hydroxide
phase formation around particles. Therefore, oxalate co-precipitation,
which does not require pH control, can be a simpler alternative.

Regarding reaction temperature, there is limited data on its influ-
ence, but it is typically set within the range of 60-80 °C [205-208]. This
condition is similar to hydroxide co-precipitation. Further research is
needed to determine the optimal synthesis temperature, as oxalates do
not undergo parasitic reactions above 60 °C [205,208].

Agitation has not been extensively studied for oxalate co-
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precipitation. Typically, agitation is maintained between 300 and 500
rpm [201,206,207], but there is insufficient data to draw conclusions.

Regarding operational times, Dong et al. [207] provided some in-
sights. They investigated the nucleation and growth rates of Mn oxa-
lates, Ni oxalates, and Ni-Mn mixed oxalates. They found that Mn
oxalates precipitate much faster than Ni oxalates, resulting in larger
particles. Mixed metal precipitates follow a nucleation and growth
pattern similar to single Mn oxalates, with the initial Mn seeds facili-
tating Ni precipitation. However, this study focused only on Ni and Mn,
and the presence of Co might influence the results, as cobalt oxalates are
known to precipitate more easily [202].

Calcination temperature is the only parameter with dedicated studies
[200,204]. Yao et al. [204] determined that the optimal calcination
temperature for NMC is 850 °C. They found that 800 °C was too low for
complete reaction between lithium hydroxide and the precursor, while
900 °C was too high and caused decomposition. Thus, 850 °C strikes a
balance between these effects.

Overall, oxalate synthesis appears to be simpler than hydroxide
precipitation. While hydroxides benefit from slower reaction rates that
result in smooth surfaces, oxalate co-precipitation is faster and requires
less control. Therefore, oxalate co-precipitation seems more promising
for scalable processes.

To definitively confirm this, future studies should compare the
electrochemical performance of NMCs produced by both methods. This
comparison will provide crucial insights into the advantages of each
production procedure.

8.2. Carbonates

This method is another promising alternative to metal hydroxide co-
precipitation. Its distinctive feature is its ability to produce spherical
particles with smooth surfaces within a few hours [138,209-211].
However, as with the previous method, there is limited research on this
process, making it challenging to determine the optimal conditions for
maximizing electrochemical performance. The following discussion
summarizes the current knowledge on the topic.

The primary study addressing this field is by Ngoepe et al. [209],
which explored various operating conditions. They found that a pH of
8.3 was optimal, as it maximized the tap density without causing sig-
nificant agglomeration. Temperature was also a critical factor; their tests
showed that 55 °C was the best choice among the temperatures tested
(35, 45, and 55 °C). This temperature significantly increased particle
size and tap density by enhancing the reaction rate. They evaluated
several stirring rates (600, 800, 1000, 1200, and 1400 rpm) and found
that lower stirring rates did not provide enough shear stress to prevent
exfoliation, while very high stirring rates led to excessive agglomera-
tion. The optimal stirring rate was identified as 1200 rpm. These ob-
servations suggest that carbonates are more resistant to impacts and
shear stresses compared to hydroxides. Lastly, they determined that
satisfying particle size and tap density (around 24 pm and 1.4 g/cm®)
were achieved only after 48 h, making this process significantly slower
than hydroxide co-precipitation.

Pimenta et al. [138] reported producing spherical particles with
smooth surfaces and dimensions of 5 pm within just 2 h. Moreover, aging
the product for an additional 12 h did not result in significant changes.

The discrepancy between these results is not easily explained. Both
studies used ammonia as a chelating agent, which can significantly in-
fluence synthesis time, but this does not fully account for the differences
in results. Wu et al. [188] provide an interesting perspective; they used a
microreactor for LMN precursor synthesis through carbonate
co-precipitation and achieved particle formation in just 12 s without a
chelating agent. Notably, they also tested the material and found its
electrochemical performance to be comparable to that of materials
typically reported in the literature [138,209-211].

Regarding calcination temperature, Cho et al. [199] found that
850 °C was optimal based on electrochemical performance.
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It is important to note that these parameters exhibit synergistic
behavior and are not fixed but rather case-dependent. However, they
can serve as starting points for trials, as the optimal values are unlikely
to be far from those proposed.

In conclusion, carbonates present a valuable alternative to hydroxide
co-precipitation. Their advantage of not requiring an inert atmosphere is
significant, and the results from existing studies are promising [138,188,
209-211]. Further research is needed to clarify the role of chelating
agents and to resolve the inconsistencies regarding synthesis time.

9. Conclusions

Metal co-precipitation is a process involving nucleation and growth,
wherein primary particles are formed and subsequently aggregate and
grow through Ostwald ripening. This process is influenced by both
chemical and fluid-dynamic factors. The characteristics of the resulting
product are determined by the interplay of chemical parameters within
the reactor, where the balance of chemical and physical parameters is
crucial.

The influence of the chelating agent on particle formation is intri-
cate, involving competition with hydroxide ions, impacting nucleation,
and requiring careful balance of the NH3/OH-ratio for optimal out-
comes. The pH has a substantial impact on metal hydroxide synthesis,
affecting reaction speed, particle morphology, and uniformity. Elevated
pH levels have been observed to result in excessive nucleation, while low
pH levels have been shown to lead to the formation of large, loosely
packed crystals. The optimal pH range, defined as 10-12, is contingent
upon the prevailing conditions and must be meticulously maintained to
ensure the desired quality of the product. Temperature exerts a profound
influence on the feasibility of reactions, impurity formation, and the rate
of reactions. At temperatures in excess of 60 °C, manganese hydroxide
undergoes oxidation. Conversely, elevated temperatures result in non-
uniform particles and undersized primary particles at low tempera-
tures. The optimal range for this process, identified as 50-55 °C, is
conducive to the formation of homogeneous, spherical particles.

The synthesis of NMC precursors is influenced by physical parame-
ters in two distinct ways: during the synthesis process (agitation and
operative time) and in the post-synthesis phase (calcination tempera-
ture). It has been demonstrated that elevated agitation levels, surpassing
1200 rpm, result in a smoothing of the particles; nevertheless, excessive
stirring has the potential to lead to particle breakage. The reaction time
has been shown to influence the growth of particles, with optimal
smoothing occurring within the range of 15-30 h. Calcination, con-
ducted in two stages, maximizes crystallinity within the range of
750-850 °C. However, the application of excessive heat (greater than
900 °C) or extended duration has been observed to enhance cation
mixing. The judicious regulation of these parameters is instrumental in
ensuring the superior quality of battery materials.

A variety of reactors are employed for the synthesis of NMC pre-
cursors, including stirred tank reactors (STRs), continuous stirred tank
reactors (CSTRs), and STRs equipped with high shear mixers. While
STRs, in both batch and semi-batch configurations, ensure uniform
mixing, they are limited in their application for large-scale production.
Conversely, CSTRs have been found to be highly effective for continuous
processes; however, they necessitate sophisticated control systems and
are typically of a larger size to achieve high conversion rates. The
integration of high shear mixers into STRs has been shown to enhance
particle formation, thereby improving process efficiency. The selection
of a particular reactor depends on the desired reaction dynamics and
particle control for NMC precursor synthesis. Flow reactors, comprising
Plug Flow Reactors (PFRs), microreactors, and static mixers, find
application in continuous reagent flow. PFRs have been shown to be
efficient; however, they are not well-suited for NMC precursor synthesis
due to the challenges associated with temperature control and back-
mixing. Microreactors, with diameters under 1 mm, have been shown
to enhance transport phenomena and have demonstrated potential in
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synthesizing NMC precursors with optimal particle morphology. How-
ever, further study is necessary to elucidate their reaction kinetics. Static
mixers have been demonstrated to enhance mixing in laminar flow
conditions, thereby facilitating particle formation. Taylor-Couette re-
actors, with their distinctive Taylor-vortex flow, provide effective mix-
ing and high-quality particle production, combining the advantages of
PFRs and STRs. Alternative chemistries for NMC cathode precursor
synthesis, such as oxalates and carbonates, offer potential solutions to
the limitations of hydroxide co-precipitation. Oxalate precipitation, a
process that does not necessitate the use of chelators and exhibits less pH
control, offers a more streamlined process. It has been observed to
facilitate expedited nucleation and growth; however, it necessitates
meticulous calcination procedures. The process of carbonate precipita-
tion has been shown to yield spherical particles with smooth surfaces in
a relatively short period of time, provided that the pH is maintained
within the optimal range of 8.3, the temperature is set at 55 °C, and the
stirring rate is set at 1200 rpm. In comparison to hydroxide precipita-
tion, both methods exhibit enhanced scalability; however, further
research is necessary to ascertain their electrochemical performance and
identify the optimal conditions for each.
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