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ARTICLE INFO ABSTRACT
Keywords: The demand for lithium-ion batteries (LIBs) has skyrocketed due to the fast-growing global
Synthesis electric vehicle (EV) market. The Ni-rich cathode materials are considered the most relevant next-

Nickel-rich cathode

NMC

Electrochemical performance
Lithium-ion batteries

generation positive-electrode materials for LIBs as they offer low cost and high energy density
materials. However, by increasing Ni content in the cathode materials, the materials suffer from
poor cycle ability, rate capability and thermal stability. Therefore, this review article focuses on
recent advances in the controlled synthesis of lithium nickel manganese cobalt oxide (NMC). This
work highlights the advantages and challenges associated with each synthesis method that has
been used to produce Ni-rich materials. The crystallography and morphology obtained are dis-
cussed, as the performance of LIBs is highly dependent on these properties. To address the
drawbacks of Ni-rich cathode materials, certain modifications such as ion doping, and surface
coating have been pursued. The correlation between the synthesized and modified NMC materials
with their electrochemical performances is summarized. Several gaps, challenges and guidelines
are elucidated here in order to provide insights for facilitating research in high-performance
cathode for lithium-ion batteries. Factors that govern the formation of nickel-rich layered cath-
ode such as pH, reaction and calcination temperatures have been outlined and discussed.

1. Introduction

A massive revolution in world’s advanced technologies has been surging from one niche step to superior achievement in many
sectors including the future of road transportation. In 1880s, the first electric vehicle (EV) was invented by an automaker in Des Moines
with a capability of travelling 14 miles per hour competing with the conventional car; this then appeared to be the propulsion of
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automotive evolution in developing the EV range. This EV circa is exceptionally growing from time to time because subsequent re-
searchers and the development of automotive interests such as Tesla and other industrial experts believe that such inventions may
essentially contribute to economic and environmental values. This era is expected to be dominantly leading the global share of road
transport by 11-28 % by 2040 based on previous annual EV sales that hit over 753 thousand in 10 years [1,2]. The good values that
prompted the acceleration in fabricating high-performance EVs, could be the economic and environmental values like minimal fuel
use, alleviation in total carbon emission or clean-energy vehicle models, no emission of greenhouse gases as well as reduction of fossil
fuel dependent. Therefore, many European countries, USA, China, and Japan have already made a few strategic moves to promote EVs
such as purchase rebates, tax exemptions, and tax credits [3].

Generally, commercial EVs are powered by a compact rechargeable battery pack that holds thousands of lithium-ion batteries
(LIBs). This battery pack is charged by simply plugging in the EVs at a charging point. The stored charge is then used to power the
electric motor and other electrical components. Since their first commercialization in 1990s, LIBs are widely used in most portable
electronic devices such as drones, mobile phones, and laptops; now they are the frontrunner in powering EVs (cf. Fig. 1(a)). This is
because LIBs have advantages in size and weight as compared to large and heavy lead-acid batteries or nickel-cadmium batteries.
Therefore, LIBs are drawing interests from many researchers due to their attractive features such as rechargeability, high specific
energy and power density, and long cycle life [4]. However, LIBs are expensive as they utilize scarce metals such as lithium and cobalt.
These metals need to be mined and processed into high-purity chemical compounds prior to use. This has hit a high price tag on EVs, as
they rely on huge mineral-intensive LIBs to power the automobiles [5].

LIBs are made up of four main components: anode, cathode, separator, and electrolyte. Among these components, the cathode
currently acts as a limiting factor that controls a large degree of the operation voltage and storage capacity [6]. The cathode also
dominates the battery cost by 22.4 % as this is where most of the scarce metals are sited (cf. Fig. 1(b)). Hence, the development of
high-performance with low-cost cathodes is necessary to reduce the cost of LIBs. There has been extensive research on cathode ma-
terials such as lithium cobalt oxide (LCO), lithium iron phosphate (LFP), lithium-titanate (LTO), lithium manganese oxide (LMO), and
recently, lithium nickel cobalt aluminium oxides (NCA) and lithium nickel manganese cobalt oxide (NMC). Fig. 2(a) compares the cost,
lifespan, performance, safety, specific energy, and power of these cathode materials. Among all, the NMC has the best all-around
performance. Due to its advantages, the NMC battery is gaining popularity in the global LIBs market. According to Bloomberg New
Energy Finance, NMC battery adoption rate in EVs battery market constantly increases over the year and it is expected to reach 64 % in
2025 (cf. Fig. 2(b)) [7].

Layered cathode materials are comprised of nickel, manganese, and cobalt elements and known as NMC or LiNiyMnyCo,03 (x 4y +
z = 1). NMC has been widely used due to its low cost, environmental benign and more specific capacity than LCO systems [10].
Combination of Ni, Mn and Co elements in NMC crystal structure, as shown in Fig. 2(c)-is reported to have a good structural stability
up to 60 % Ni content while minimizing Co content [11]. In NMC crystal structure, the redox behaviour of Ni2* to Ni** governs the
electrochemical activity, whereas the electrochemical inactive Mn** takes charge in structural stabilization [12]. On the one hand, Co
can enhance the electronic conductivity and suppress the Li/Ni mixing in the Ni-rich layered cathodes [13-15], thereby increase the
rate capability and the specific capacity.
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Fig. 1. (a) The past and present applications of LIBs and future application projection of LIBs. Reprinted with permission from Ref. [8], Copyright
2021 Elsevier. (b) EVs battery cost breakdown [9].
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Fig. 2. (a) Comparison of different types of cathodes [16], (b) adoption rate per chemistry in EV battery market [16] and (c) crystal structure of
R-3m LiMO;, layered oxide (M = Ni, Co, and Mn). Reprinted with permission from Ref. [12], Copyright 2021 AIP Publishing.

NMC is widely applied in EV system as it delivers higher discharge capacity and greater mile-range per charge as shown in Table 1.
Besides stabilizing the material structure, Co also allows a superior diffusion rate of Li-ion which benefits the electrochemical per-
formance of the batteries. The diversity in NMC materials is because of the different composition of nickel, cobalt, and manganese,
forming LiNi]/gMH]/gCOl/goz (NMC333), LiNi0,4C00_4Mn0,202 (NMC442), LiNi0.5Mn0,3C00,202 (NMC532), LiNi0_6MH0.2C00.202
(NMC622), and LiNip gMng 1Cog 102 (NMC811) [15,17]. The first commercialized NMC333, was not capable to meet the demand in
EVs application. Thus, modification is done by increasing the Ni content that resulted in increased capacity and rate performance as
well as enhanced lifetime. However, this Ni-rich material adoption must be investigated thoroughly because exaggerating Ni content
(>60 %) may cause capacity fading, severe surface reactivity and structural uncertainty which eventually lead to deterioration of

Table 1
NMC cathodes used in EVs and their main characteristics [16,19].
Cathode Type Ratios (R) or Cell Manufacturer  No of Cells EV Model Specific Energy Range*
Designation (S) (Series Energy (Wh (Useable) (km)
Parallel) kg’l) (kWh)

Li-Nickel 532 (R) Nissan 288 Nissan Leaf e+ - 62 385
Manganese CATL 216 (s108p2) Peugeot e—208, Opel 140 50 (46) 349,
Cobalt Oxide Corsa-e 336

Envision 192 (s96p2) Nissan Leaf 130 39.5 (36) 270
AESC

333 (R) Samsung SDI 246 (s88p3) Volkswagen e-Golf 103 35.8 (32) 232
721 (R) LG Chem 192 (s96p2) Renault ZOE 168 54.7 (52) 232
SK Innovation 288 (s96p3) Volkswagen ID.4 Pro - 82 (77) 467
622 (R) Samsung SDI 96 (s96p1) BMW i3 152 42.2 (37.9) 293
SK Innovation 294 (s98p3) Kia e-Soul, 148 67.5 (64) 451,
Kia e-Niro 454
168 (s84p2) Volkswagen e-UP, Seat 148 36.8 (32.3) 260,
Mii Electric, Skoda 256,
CITIGo-e 265
176 (s88p2) Hyundai Ioniq-e 112.4 40.4 (38.3) 310
294 (s98p3) Hyundai Kons-e 149 67.5 (64) 447
384 (s96p4) Mercedes Benz EQC 130 85 (80) 417
LG Chem 396 (s198p2) Porche Taycan, Jaguar I- 148, 93.4 (83.7), 333
Pace 149 90 (84.7) 470
432 (s108p4) Audi e-tron 55 Quattro 136 95 (86.5) 402
288 (s96p3) Chevrolet Bolt 143 68 417
811(R) - 102 (102slp) Jeep Avenger - 54 (50.8) 346
Vauxhall Astra Sports 346

Tourer
DS 3 E-Tense 346
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performances.

There are various methods to synthesize NMC such as sol-gel, co-precipitation, solid-state, hydrothermal, and combustion methods.
Table 2 summarizes the advantages and disadvantages of each method. These methods have been reported to have good control over
the chemical composition and particle properties such as crystallinity, microstructure, and surface functionality, which greatly in-
fluence the battery performance [18]. Choosing a suitable synthesis method for producing Ni-rich NMC cathode materials is crucial
due to several key factors such as capacity and energy density, cycle life and stability, thermal stability and safety, that directly could
influence the performance and safety of lithium-ion batteries. For instance, the synthesis method can affect the crystal structure,
particle size, and morphology of NMC cathode materials. The capacity, energy density, power density and cycle life of battery are
governed by these characteristics to a certain extent. A suitable synthesis method can help achieve the desired balance between these
properties and optimize the overall battery performance. Ni-rich NMC cathode materials offer high energy density due to their high
nickel content. However, improper synthesis methods can lead to structural defects, phase impurities, or uneven distribution of ele-
ments, which can reduce the overall capacity and energy density of the battery. Ni-rich NMC cathode materials are known to be
susceptible to certain safety issues, such as thermal runaway and the risk of triggering battery fires. Proper synthesis methods can help
mitigate these risks by ensuring uniformity and minimize the presence of impurities or defects that could trigger unwanted reactions
under stressful conditions. The synthesis method also can affect the uniformity of particle size, composition, and crystal structure
within the cathode material. Inconsistent properties can lead to uneven performance across different parts of the battery, resulting in
reduced overall efficiency and reliability. It is important to note that when choosing a synthesis method, factors such as economical,
simplicity, and toxicity of the synthesis procedures, and the reproducibility of the synthesis product have to be considered. This article
provides a review on alteration of Ni-rich NMC with respect to synthesis condition. Correlations between their microstructure and
electrochemical performance are also reported.

2. Synthesis and electrochemical performance of Ni-rich NMC

The electrochemical performance of cathode materials is dependent on their intrinsic nature properties such as their chemical
composition and particle properties [20]. The cathode material namely NMC has various chemical compositions with different
combinations of nickel, manganese, and cobalt elements. The tuning of the transition-metal compositions of NMC by reducing the
cobalt content has become a headline in the battery field, especially in the effort to optimize desirable battery properties while
reducing cost and toxicity [21]. The transition-metal composition of the synthesized NMC can be controlled by varying the stoi-
chiometric ratio of the metal-salt precursor at the early stage of the synthesis process. On the other hand, the particle properties like
crystallinity, microstructure, and surface functionality of the synthesized cathode materials may vary significantly with the selection of
the synthesis methods, parameters, and conditions [20]. Table 3 lists some reported works on NMC622 and NMC811, synthesized
using different methods and their electrochemical performances. As seen in Table 3, most of the NMC622 cathode materials obtained
lower initial discharge capacity as compared to NMC811. This implies that tuning the chemical composition with higher Ni content
improved the specific capacity of LIBs.

However, further addition of Ni more than the optimum amount may cause NMC to suffer from high-capacity fading, as well as poor
structural and thermal stability which will result in quick cell failure [21,33]. These degradation mechanisms are due to a variety of
factors [34-371: (1) Ni2* mixing with the Li T sites due to the similar ionic radius which can hinder lithium diffusion, (2) unfavourable
side reactions with the electrolyte and ambient air, which consume both the electrode and electrolyte, (3) volume change during
cycling followed by the formation of microcracks. However, these unwanted factors can be restrained with thin surface coating and ion
doping methods [38]. A coating mainly provides surface protection to the materials from outside, while ion doping modifies the in-
ternal structure of the materials [34]. Table 4 tabulates some modifications made onto NMC622 and NMC811 via doping and coating
techniques, that have further enhanced the electrochemical performance of Ni-rich LIBs.

Table 3
NMC622 and NMC811 synthesized using different methods and their electrochemical performances.
Ni-rich Synthesis Route Current Voltage Initial discharge Cycle Final discharge Capacity References
NMC density range (V) capacity (mAh g™1) no. capacity (mAh g~1) retention
NMC622 Solid state 0.5C 2.8-4.3 153.8 100 152.4 99.1 % [22]
reaction
Solid state 1.0C 2.8-4.3 160.8 40 150.6 93.7 % [23]
reaction
Co-precipitation 0.05C 3.0-4.3 210.0 100 197.4 94.0 % [24]
Hydrothermal 0.5C 2.8-4.6 185.0 50 149.9 81.0 % [25]
Combustion 1.0C 2.8-4.3 170.0 30 166.9 98.2 % [26]
NMC811 Sol-gel 0.5C 2.5-4.3 200.0 50 164.4 82.2 % [27]
Sol-gel 1.0C 2.7-4.3 176.3 100 139.3 79.0 % [28]
Solid State 20C 2.8-4.3 125.2 500 13.7 10.9 % [29]
Reaction
Hydrothermal 1.0C 2.8-4.3 190.0 200 163.8 86.2 % [30]
Co-precipitation 1.0C 3.0-4.3 172.0 100 126.6 73.6 % [31]
Co-precipitation 0.2C 2.8-4.3 188.7 184 150.9 80 % [32]
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Table 4
Modification of NMC622 and NMC811 and their electrochemical performances.
Ni-rich NMC Synthesis Modification Current Voltage Initial Cycle Final discharge  Capacity References
NMC Route density range (V vs. discharge no. capacity (mAh retention
Li/Li+) capacity (mAh g
g
NMC622 Co- Pristine 05C 3.0-4.55 ~180.0 200 117.4 65.2 % [39]
precipitation PVA/y-Al,03 0.5C 3.0-4.55 ~190.0 200 171.0 90.0 %
coating via sol-gel
Solid-state Pristine 1.0C 3.0-4.5 201.3 50 174.9 91 % [40]
Zr-doping 1.0C 3.0-4.5 196.5 50 192.6 98 %
ZrO, coating via 1.0C 3.0-4.5 193.7 50 174.3 90 %
solid-state
Solid state Pristine 1.0C 3.0-4.5 181.9 100 166.0 91.3 % [41]
rGO coating via 1.0C 3.0-4.5 183.4 100 179.9 98.1 %
wet method
NMC811 Co- Pristine 1.0C 3.0-4.3 172.0 100 126.6 73.6 % [42]
precipitation Al-doping 1.0C 3.0-4.3 171.7 100 165.2 96.2 %
Co- Pristine 0.5C 2.8-4.3 178.0 184 142.4 80 % [43]
precipitation Fe-doping 05C 2.8-4.3 195.0 421 156.0 80 %
Co- Pristine 0.33C 2.8-4.3 185.0 300 132.5 71.6 % [31]
precipitation Ni-dual 0.33C 2.8-4.3 188.8 300 167.1 88.5 %
concentration
gradient
Sol-gel Pristine 01C 3.0-4.8 201.8 100 133.2 66.0 % [32]
Mg/Zr co-doping 01C 3.0-4.8 232.2 100 163.7 70.5 %
Hydrothermal Pristine 1.0C 2.8-4.5 177.7 50 149.3 84.0 % [44]
LigPOy4 coatingvia 1.0 C 2.8-4.5 206.4 50 191.1 95.6 %
hydrothermal

2.1. Co-precipitation

Over the past decades, co-precipitation has garnered significant attention, particularly in Ni-rich cathode materials. This surge in
interest can be attributed to its inherent simplicity, controlled over particle morphology, homogenous mixing at the atomic level, and
practical scalability, particularly in large industrial scale [10]. This method allows tailoring of both morphology and tap density by
tuning of pH, rate of stirring, reaction duration and temperature.

The general procedure for co-precipitation synthesis comprises of two pivotal stages: 1) the controlled creation of an ionic solution
to coprecipitate transition metals, and 2) the subsequent sintering of the precursor of these transition metals along with lithium sources
[45]. The initial phases of the co-precipitation process necessitate the formulation of an ionic solution containing transition metals in
precise molar proportions. Reaction mechanism of co-precipitation is complicated. It requires control of various parameters. Different
condition is also required for the addition of Ni, Mn, and Co ion ratio to ensure uniform precipitation in NMC system. Subsequently, a
precipitating agent such as a sodium hydroxide solution (NaOH), and a chelating agent like ammonium hydroxide (NH4OH) solution
are introduced. This step is typically conducted within a controlled setting by regulating the solution’s pH and inert atmosphere to
yield a synthesized precipitate, often referred to as the precursor. The adjustment of these parameters is critical, as it profoundly affects
the final product’s morphology, particle uniformity, phases, and consequently, its electrochemical behaviour. Following the synthesis,
the obtained precursor is rinsed with deionized water to eliminate any impurities and is then subjected to a drying process. This is to
ensure that the precursor is free from leftover water and solvents. The dried NMC precursor is then sintered, lithiated and calcined to
form a-NaFeO,.

2.1.1. Synthesis parameter

Three types of co-precipitation methods which are commonly used in the mass production of cathode for Li-ion batteries based on
different types of transition metals and Li salts, are the hydroxide co-precipitation method, carbonate co-precipitation method, and
oxalates co-precipitation method [46,47]. The hydroxide co-precipitation method is one of the earliest established co-precipitation
techniques and remains the preferred choice for crafting nickel manganese cobalt hydroxide, NixMnyCo;.x.y (OH)a, followed by car-
bonate and oxalate co-precipitation [46,47]. The hydroxide co-precipitation method is projected as the most efficient and
cost-effective method for producing particles with high tap density and controlled particle size distribution. However, this approach
encounters challenges when aiming to create precursors with high manganese content, as Mn?* can readily undergo oxidation to Mn>*
during the synthesis process [48]. The co-existence of these Mn impurities with manganese hydroxide resulted in the formation of
manganese oxyhydroxide (MnOOH) and caused a deviation from the intended stoichiometry. Zhou et al. [48] reported that the
NiyMn; 4O, hydroxide precursor, prepared in air exhibited a strong diffraction peak at 20 = 11.5°, which indicated the presence of a
layered double hydroxide (LDH). Presence of LDH can be attributed to the large spacing between M(OH), slabs, which occurs from the
incorporation of Mn®" into the materials during synthesis. Hydroxide primary particles also tend to adopt lamellar or needle-like
morphology, which poses a challenge in preparing densely packed secondary particles [10].

Reaction time, pH and temperature of the ionic solution are important factors that influence particle morphology and
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electrochemical characteristics of synthesized NMC material, especially via the hydroxide co-precipitation method [10]. A study
conducted by Cheralathan et al. shows that longer reaction time leads to a more spherical particle and a larger tap density. The
Nig.g0Cop.15Mng o5(OH)2 precursors prepared at different precipitation times of 1, 8, 24, and 32 h show an agglomeration of
irregular-shaped fine particles formed during the early hour of mixing. Upon 24 h of reaction time, the particles grow gradually and
develop a smoother and more uniform spherical morphology without further agglomeration. After 32 h of precipitation, a steady state
is reached where precipitation has a clear spherical shape and narrow size distribution.

Degree of transition metal precipitation is controlled by pH value, which is determined by the ratio of ammonia to sodium hy-
droxide. It has been reported that the pH can control the nucleation growth, morphology, shape, and particle size distribution and thus
affect the tap density of synthesized NMC material [10,47,49]. For instance, Vu and Lee [49] reported an increase in tap density for
NMC811(OH); from 1.91 to 1.26 g em > when increasing pH from 11.5 to 11.8. Liang and co-workers synthesized NMC622(OH); at
various pH values by co-precipitation. At a lower pH of 11.2, spherical and uniform NMC622(0OH); has the highest tap density of 1.65
g cm ™~ in comparison with pH values of 11.5 (1.47 g cm™>) and 11.8 (1.05 g cm™>).

During co-precipitation, the formation of NMC is governed by the reaction temperature. Precipitation of NiyMnyCoj.xy (OH)2
precursor and the nickel hydroxide (Ni(OH)3) possess similar crystal layered structures. There are 2 major phases of Ni(OH); i.e. the
a-Ni(OH), and the $-Ni(OH),. At low synthesis temperature (20-50 °C), the precipitation of NiyMnyCo1.x.y (OH)2 precursor favours
a-Ni(OH),. On the other hand, at elevated temperature, the precipitation tends to follow the more crystalline -Ni(OH), [50,51].
However, as the precursor material, the amorphous and unstable a-Ni(OH)5 is not favourable. Xu et al. [51] have reported on the effect
of a, §, and the intermediate a+f phases of precursors on the formation of LiNip gMng 2Cog 202 (NMC622). The NMC622, synthesized
from p-phase (f-NMC622) exhibits an excellent hexagonal and layered structure. It shows the highest c/a than the NMC622 syn-
thesized from a-phase (a-NMC622) and a+f-phase (a+p-NMC622). Fig. 3(a) and (b), and 3(c) display the morphologies of a-NMC622,
a + f-NMC622, and -NCM622, respectively. The authors reported that the smooth, quasi-spherical and good crystallization of
S-NCM622 is attributed to the f-phase in NMC622 (cf. Fig. 3(b) and (c)). The p-phase precursor exhibits a more orderly matrix
structure than a-phase. In addition, the f-NCM622 exhibits a better cycle stability as compared with a-NMC622 and a-+$-NMC622, as

100F = @-NCM622
80F o o+B-NCM622
60F & B-NCM622

Discharge Capacity/mAhg”

40 ——Fitting curves
20+
0 i 1 i 1 " 1 " L i
0 20 40 60 80 100
Cycle Number

Fig. 3. SEM images of NMC622 samples a-NMC622 (a), a« + f-NMC622 and (b), f-NCM622 (c), and (d) the cycle performance of prepared NMC 622.
Reprinted with permission from Ref. [51], Copyright 2018 Elsevier.
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shown in Fig. 3(d). It maintains 91.7 % of its capacity after 100 cycles.

High synthesis temperature has been reported in increasing the particle size and tap density of precursors [48,52]. Zhou et al. [48]
reported the effect of temperature on a series of NiyMn; 5 (OH), mixed hydroxide with x =1, 5/6, 2/3, 1/2 and 1/3. The samples were
prepared by four different co-precipitation routes and were characterized by XRD, chemical analysis, and SEM techniques. They re-
ported that dense and spherical hydroxide NixMn; x (OH)5 with a mean size of 10 pm can be produced with the most controlled
condition of pH and a reaction temperature of 60 °C. On the other hand, Zhang and co-workers [52] prepared the NMC111 at 60 °C by
carbonate co-precipitation method. The resultant NMC111 forms dense spherical particles with the good sphericity and particle
integrity. The NMC111 precursor maintains a single-phase layered structure and lower cation mixing for co-precipitation temperature
below 60 °C. Above 60 °C, the Mn304 and MnO, impurities are produced. The impurities affect the spherical and decrease the integrity
of the particle. Dense spherical particle is benificial to its electrochemical performance. Higher energy facilitates the formation of
dense spherical particle. For example, material synthesized at 60 °C shows higher initial discharge capacity of about 162.5 mAhg ! and
good capacity retention over 100 cycles. As a result, reaction temperatures of 50-60 °C were widely used to produce the NMC pre-
cursors [52-55]. On the other hand, amorphous and unstable a-Ni(OH); crystal structure as well as low tap density are the outcomes of
low reaction temperature. In addition, the adverse effect of excess reaction temperature is the formation of large primary particle size
and impurities such as Mn3zO4 and MnOs,.

Another factor that governs the morphology and electrochemical performance of NMC is thermal treatment process. High tem-
perature thermal treatment of the precipitate is known to result in better crystallinity. However, it comes with unfavourable higher
cation mixing and larger particle size, which leads to lower surface area. Zheng et al. [55] revealed that the LiNig 76Mng 14C00.102
synthesized at higher calcination temperature (>800 °C) shows inferior long-term cycling stability and rate capability. The
LiNig 76Mng 14C0¢.102 possess large primary particles (>1 pm), which causes severe formation of micro-strain and crack upon the
lithium-ion de-intercalation process. Vu and Lee [49] prepared NMC811 with mixed hydroxide salt. The samples are annealed at
780 °C, 800 °C and 820 °C for 16 h. XRD results revealed that NMC811 synthesized at 780 and 800 °C have better ordered layered
structure with lower Li*/Ni2* cation mixing. When discharged at 3.0-4.3 V, as compared to others, the NMC811 calcined at 800 °C
possessed higher initial discharge capacity of 193.7 mAhg ™! at a current density of 18.5 mAhg~! with a good rate capability. Tem-
peratures from 750 to 800 °C are the optimum temperature for the heat treatment process of Ni-rich NMC [49,55,56]. Poor crystal
layered structure and inadequate phase transformation are the result of low calcination temperature. On the other hand, excess
calcination temperature leads to high Li loss and large particle size.

It is widely recognized that NH** ion plays an important role in preventing the emergence of undesired phases and promoting the
formation of dense sphere-like hydroxide. During the production process of the NixMnyCo;.x.y (OH)2 precursor, a combination of Ni
(OH)3, Co(OH)3, and Mn(OH); phases can commonly exist due to differences in solubility. If the chelating agent NH4OH is not utilized
during the synthesis process, there is a possibility for these mixed phases to form impurities in the end product [48]. Thus, it is
important to incorporate a suitable concentration of NH4OH to form a single-phase and well-homogeneous NiyMnyCo1.xy (OH)2
precursor. The role of NH3 concentration on NMC particle morphology and size has been investigated by many researchers. Several
studies suggest that with increasing NH3 concentration, the tap density increases, and the secondary spherical particles become more
uniform with narrower particle size distribution [48,49,57].

Zhu et al. [57] studied the effect of NH3 concentration on NMC811 precursor tap density and electrochemical performances. It can
be observed that as the NH; concentration increases to 1 molL, the tap density increases to 1.95 gem ™ and decreases simultaneously
thereafter. NMC811 at a concentration of 0.97 molL! demonstrates the highest RIR value of 1.78, indicating reduced cation mixing in
the material. This material achieves the highest initial discharge capacity of 200.1 mAhg ™! and exhibits a Coulombic efficiency of
89.16 %. Another study by Duan et al. [58] also shows that NMC811 with an optimised molar concentration of 0.55 molL ! and pH11.4
has the densest and firmest structure with the highest tap density of 2.115 gmL™!. The material produced a well-ordered layered crystal
structure with a discharge capacity of 189.4 mAhg ! and capacity retention of 96.3 % after 200th cycles at 1 C rate.

The types of impeller blades either radial, axial, or both, have a direct influence on the manner and orientation of mixing NMC
precursor. It is ultimately shaping the particle uniformity and influences the tap density and particle size distribution of NMC cathode
precursors. A recent study by Alpay and Kelles [54] shows how the impeller type affects the flow pattern, and consequently, the final
electrochemical performance of NMC811 using both simulation and experimental. NMC811 synthesized using a propeller-type
impeller delivered a 174.58 mAhg ™! discharge capacity and 96.02 % Coulombic efficiency. On the other hand, at the same C/20
rate, the NMC811 synthesized by the Rushton turbine yielded a 100.12 mAhg™! discharge capacity. This proves that the impeller
geometry affects strongly the flow pattern and hence the cathode performance. Zhu et al. [53] examined the effect of axial and radial
flow on NMC622 precursor. The propeller turbine at 1100 rpm results in 2.0 g cm 3 tap density of NMC622(OH); precursor. Upon
calcination, the tap density increased to 2.5 g cm > with the average particle size of 12 pm, which remained unchanged upon sintering.
The resulting NMC622 cells showed an initial discharge capacity of 177.6 mAhg~! at 2.7-4.3 V and 0.2 C. After 200 cycles at 2C, it
retained 97.9 % of its capacity. A 10-15 % decrease in capacity and capacity retention can be observed with impeller blades such as the
flat-blade and Rushton turbines.

Another vital consideration is the stirring rate which governs the shear rate within the system and thereby influences particle
growth. Increasing the stirring rate results in a higher frequency of particle collisions and interactions with the walls of the precipi-
tation reactor. This acceleration promotes the formation of uniformly spherical particles and contributes to improve tap density of the
material and thus, improve the electrochemical behaviour. Vu and Lee [49] examined the effect of stirring at the rate speed of 500,
600, and 800 rpm on the particle morphology of NMC811. It is found that the particle NMC811 becomes larger with approximately 20
pm at a lower stirring rate (500 rpm) compared to 800 rpm (13 pm). Dong et al. studied the effect of different stirring rates of 600, 800,
1000, and 1200 rpm on the co- Nig ¢Mng 2Cog 2(OH) precursor. It can be observed that the particles agglomerated irregularly at a low
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stirring rate of 600 rpm. As the stirring rate was increased to 1000 rpm, the spherical particles were densely packed with a smoother
surface. Further observation at 1200 rpm shows that some particles were cracked or deformed at this stage which indicates that the
tolerance level has exceeded and deformed the NMC622 particle.

2.1.2. Modification via Co-precipitation

The purpose of using Ni-rich NMC as cathode battery material is to replace the cobalt content with Nickel to further reduce the cost
and improve battery capacity. However, the Ni-rich NMC suffers from stability issues. Dopants and surface coatings are popular so-
lutions to these problems.

2.1.2.1. Doping. The incorporation of dopants has been reported to strengthen the transition metal (TM)-oxygen bonds and conse-
quently, reduce oxygen release in the material. This is one of the ways to limit the NMC degradation upon higher cycling. Metal
dopants such as Fe [43], Ti [59], Al [60], Mg [61], Y [62] and etc can reduce Lit/Ni%t mixing and provide charge compensation that
balances the electrostatic repulsion between oxygen atoms.

A study conducted by Zha et al. [43] revealed that by partially replacing Co with Fe to form a layered structure, the electrochemical
performance of the LIB with much better cycling stability and higher capacity can be achieved. The LiNig gCog o7Feg.03sMng 102
(Fe3-NCM871) was synthesized via the co-precipitation method followed by the sintering process. The obtained XRD spectra can be
indexed to a hexagonal a-NaFeO; layered structure and space group R-3m. The noticeable splits of (110)/(018) peaks in both samples
indicated well-developed layered structures. Left-shift of the (003) and (104) peaks of Fe3-NCM871 indicated the enlargement of these
lattices. Fe3-NCM871 sample possessed a high I (003)/1 (104) ratio value which this value reflects a low degree of Ni%*/Lit cation
mixing and this result was further supported by the computational study. The pristine and Fe3-NCM871 cathodes produced first
discharge capacity of 188.7, and 207.5 mAh g~! at 0.1C. Fe3-NCM871 maintained a good cycle stability performance with an 80 %
state of health after 400 cycles. The high capacity of Fe3-NCM871 was attributed to the reduction of Ni/Li mixing, which increased the
diffusion rate of Li". On the other hand, the high cycle stability was due to the elimination of the harmful effect of H2— H3 lattice
distortion, which was confirmed by Ex-situ XRD analysis.

2.1.2.2. Coating. Sanad et al. [63] synthesized NMC811 and a new perovskite-type ZnSnOs (ZTO) film later coated on the surface of
NMC811 via in-situ co-precipitation method at low annealing temperature. XRD data shows that the diffraction peaks confirmed the
formation of a single phase of rhombohedral structure (R-3m space group), of hexagonal NMC811 structure which well matched with
JCPDS 1-88-4075. The XRD pattern of the rhombohedral phase (JCPDS 28-1486) of pure distorted perovskite ZnSnO3 also matched
with the coated ZTO- NMC811 sample as displayed in Fig. 4(a). It revealed that RIR value of ZTO-NMC811 is higher than that of
NMC811, indicating that lower cation mixing occurred in the material. Generally, both NMC811 and ZTO-NMC811 showed
rhombohedral-like morphology with 1.5-2.5 pm dimensions. Furthermore, from the TEM and HRTEM inspections, 1 wt%
ZTO@NMCB811 is covered with a layer of agglomerated spheres of ZnSnOs. The thickness of the layer is close to 100 nm, as seen in
Fig. 4 (b) and (c). The ZTO@NMC811 has two lattice fringes i.e. 0.39 nm and 0.46 nm. The 0.39 nm is corresponding to the (110) and
(003) lattice planes of R-3c, while the 0.46 nm is attributed to the R-3m space groups fringes (cf. Fig. 4(d) and (e)). The ZTO-NMC811
delivered a charge capacity of 223 mAhg™! and a discharge capacity of 202 mAhg™! after the first cycle (Fig. 4 (f)). At 0.1C, the
surface-modified NMC811 maintained about 73 % of its initial capacity from 25th to 35th cycle, as shown in Fig. 4 (g). This suggests
that the ZTO coating acts as a heat-resisting interface, which improves the thermal stability of pristine NMC811 and hence its
performance.

2.2. Sol-gel

Sol-gel is a versatile synthesis method for producing solid materials, starting from solution through a transformation from liquid
precursors to a colloidal solution (sol) and finally to an integrated network structure (gel) [64,65]. Initially, a precursor solution is
prepared, which typically consists of metal alkoxides dissolved in a solvent. Then hydrolysis reaction occurs, where the metal alkoxides
react with water molecules to form metal hydroxides or metal oxide precipitates. This reaction can be catalysed by acids or bases,
depending on the desired properties of the resultant material [66,67]. As the hydrolysis reaction progresses, the sol undergoes a
transformation from a homogeneous solution to a colloidal suspension containing nano-solid particles dispersed in a liquid medium.
Once hydrolysis has occurred, the hydroxyl groups on the nanoparticles undergo condensation reactions which involve the reaction of
two hydroxyl groups, resulting in the elimination of a water molecule and the formation of a covalent bond between the nanoparticles.
This process leads to the formation of a three-dimensional network or gel structure. Subsequently, the gel undergoes drying or aging
process, where the liquid component is gradually removed through evaporation. This drying step further consolidates the gel structure
and removes the remaining solvent, resulting in the formation of a solid material [65,68].

The sol-gel process has several advantages, including the ability to synthesize materials with outstanding purity and homogeneity
at low synthesis temperatures. This approach also offers structure and morphology manipulation by altering the pH [66], temperature
[69,701, and drying conditions [71,72] as well as by utilizing various types of solvents [73,74] and chelating agents [75]. Catalysts,
typically acid or base catalysts, can be added to speed up the hydrolysis and condensation reactions that transform the sol into a
network of gel-like molecules [76].
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2.2.1. Effect of synthesis parameter

Synthesis parameters can greatly affect material properties and accordingly the electrochemical performances. The growth of the
synthesis cathode material is significantly influenced by the pH, temperature, types of solvents, chelating agents, presence of catalyst,
and drying conditions. However, most of these parameters are rarely studied in the synthesis of cathode materials, especially in Ni-rich
NMC. Only few research works on the effect of chelating agents and drying parameters on the synthesis of NMC-based cathode ma-
terials have been reported.

Kiziltas, -Yavuz et al. [77] used table sugar as a chelating agent to prepare NMC 111. The XRD peaks obtained from the synthesized
sample can be well-indexed to a hexagonal lattice of a-NaFeOs-type layered structure with space group R-3m without any impurity.
The sample had a quasi-spherical form with a diameter distribution of 300-500 nm with a first discharge capacity of 149 mAh g™ ! at
0.1 C. Singh et al. [78] studied the effect of citric acid content on the production of NMC 111. In their study, the concentration of citric
acid employed as a chelating agent has no effect on the material structure or electrical conductivity. However, it does influence particle
size and metal stoichiometry composition.

Lietal. [75] studied the effect of three different chelating agents which are citric acid (C-622), glucose (G-622), and sucrose (S-622)
on the production of NMC 622 from waste nickel-cobalt-manganese ternary cathode materials. SEM analysis shows that there is no
difference in morphology between the samples, as all of them consist of spherical particles. However, different chelating agents play a
role in crystal growth, with S-622 producing the largest particles among the samples. The G-622 sample demonstrated the highest
electrochemical performance, exhibiting an initial discharge capacity of 176.9 mAhg ! and retaining 95.8 % of its initial capacity after
50 cycles at 0.2 C. This exceptional performance can be attributed to G-622’s minimal cation mixing, low impedance, and excellent
reversibility of the redox reaction.

Overall, in the sol-gel process, a stoichiometric amount of lithium salt is commonly mixed together with other inorganic metal salt
or metal alkoxide precursors with the chelating agent in distilled water. The effect of the chelating agent is the most studied parameter
in sol-gel synthesis for cathode battery applications as it plays a significant role in controlling the hydrolysis and condensation re-
actions. Citric acid is the commonly used chelating agent due to its low-cost and having many functional groups of -OH and ~-COOH
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that possess strong chelating ability [79]. Glucose [75], sucrose [75], urea [80], ethylene diamine tetra-acetic acid (EDTA) [79], and
glycolic acid [81] are other options as chelating agents. Subsequently, ammonia solution is generally added as a catalyst and a pH
regulator in the synthesis. In LIBs, the cathode materials are usually synthesized via sol-gel in a basic environment to promote hy-
drolysis and condensation of the precursor molecules. By varying the ammonia concentration, it is also possible to control the growth
and aggregation of particles, resulting in particles of different sizes and shapes [82,83]. The resultant gel formation is usually dried at a
temperature above the boiling point of water (120-160 °C). Both drying temperature and duration have been reported to affect the
layered structure of the obtained cathode materials. Then, the obtained solid powder is further sintered to remove impurities and
organic compounds. The synthesis of Ni-rich NMC via sol-gel has been the subject of multiple published research [84-86].

However, this synthesis technique comes with few disadvantages such as long processing time due to solvent evaporation, gel
formation, and subsequent drying or curing steps. The sol-gel technique entails multiple stages and requires careful regulation of
various parameters, including temperature, pH, precursor concentration, ageing, and drying condition. This complexity can make it
difficult to optimize and reproduce the process consistently which might lead to higher production costs. Besides, the synthesized
materials may experience shrinkage during the gelation and drying phases, which may result in cracking or deformation. Therefore,
scaling the procedure up to industrial levels can be difficult due to critical factors such as consistency, repeatability, and production
cost.

2.2.2. Comparison between sol-gel and co-precipitation synthesis methods

Sol-gel and co-precipitation are both widely used methods for the preparation of cathode batteries. They are often compared
because they share some similarities:1) They both involve the formation of materials from a liquid solution. The raw materials are
dissolved in a solvent, and the desired material is then formed through chemical reactions and precipitation. 2) Both are versatile
methods to obtain nanoparticles with desired properties by manipulating reaction parameters such as temperature, pH, solvent, and
precursor. This makes both methods attractive for applications that require precise control over particle properties like electro-
chemical energy storage devices.

A comparison study of different synthesis methods of NMC 811 via sol-gel and co-precipitation was conducted by Lu et al. [87]. The
flow of both synthesis processes is illustrated in Fig. 5(a). The XRD patterns of NMC 811 from both synthesized techniques displayed
well-crystallized layered structures with space group R-3m. However, from the refinements, the NMC 811 from sol-gel possessed lower
Li*/Ni2* cations mixing compared to the co-precipitation method. The NMC 811 synthesized via sol-gel also exhibited a more porous
structure and less aggregation (cf. Fig. 6(a) and (b)), which provided higher surface area and better electrode/electrolyte contact. Due
to these characteristics, the NMC 811 synthesized via sol-gel displayed an initial discharged capacity of 200.1 mAhg ™! at 0.1 C with
89.1 % capacity retention after 50 cycles which is slightly better than co-precipitation method with 195.7 mAh-g ! at 0.1 C with 85.2
% capacity retention, respectively (cf. Fig. 6(c)).

Another comparison study of different synthesis methods of NMC 111 via sol-gel and co-precipitation was conducted by Santhanam
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et al. [88]. The flow of both synthesis processes is in Fig. 5(b). The XRD patterns of NMC 111 can be indexed to the hexagonal lattice of
a-NaFeO»-type. Splitting peaks at (006)/(102) and (108)/(110) were distinctly observed which demonstrated the formation of
well-ordered layered structures. Both samples possessed an I (003)/1 (104) ratio value of around 1.3 of which this value reflects a low
degree of Ni?*/Li* cation mixing. NMC 111 prepared by the co-precipitation method shows the formation of larger particles (1-2 pm)
in contrast to those prepared using the sol-gel method (0.3-0.4 pm) (cf. Fig. 6(d) and (e)). NMC 111 synthesized via sol-gel and
co-precipitation delivered 168 and 158 mAh g™, respectively at 0.1C. It also displayed higher discharge capacity than co-precipitation
at all current densities from 0.1 to 8.0 C. However, for cycling performances, the NMC 111 synthesized via co-precipitation with a
capacity retention ratio of about 95 % when compared to that of sol-gel is only 87 % at 1.0 C (cf. Fig. 6(f)). The authors stated that the
smaller particle size of NMC 111 synthesized by sol-gel contributes to its high discharge capacity and rate capability. This is because
small particles provide short diffusion lengths for lithium-ion transport within the particles and therefore increase the insertion and
de-insertion of lithium ions. Since the small particles have a high surface area, they have high tendency to exhibit side reactions with
the electrolyte that will lead to poor performance when long-cycling.

In summary, sol-gel synthesis and co-precipitation are compared due to their shared solution-based nature and the versatility in
obtaining desired particle properties. However, sol-gel synthesis offers more process control, higher purity, and better homogeneity,
while co-precipitation is often more cost-effective and suitable for large-scale production. The choice between these methods depends
on the specific requirements of the desired material.

2.2.3. Modification via sol-gel

2.2.3.1. Doping. Doping refers to the intentional introduction of small amounts of specific elements or impurities into the crystal
structure of the material. Doping is commonly employed to modify the electrochemical properties of NMC and enhance its perfor-
mance as a cathode material in LIB. In sol-gel synthesis, the doping salts were introduced together with other metal alkoxide
precursors.

Darjazi et al. [32] improved the electrochemical performance of NMC811 by Mg and Zr co-doping via an acid-assisted sol-gel
method (LiNig gCog 09Mng 1Mgo.05Zr0.0502). The pristine and co-doped NMC811 were labelled as p-NMC811 and d-NMC811,
respectively. Fig. 7(a) shows the XRD patterns of both samples and they displayed well-crystallized layered structures with space group
R-3m. Evidence from XRD refinement via the Rietveld method suggested that the interlayer spacing increased with doping elements.
This is due to the large ionic radius of Zr** (0.79 A) and Mg?* (0.72 A), and therefore expanded the Li-ion pathways. The XPS and EDX
studies confirmed the correct stoichiometry ratio of both samples and the presence of Zr and Mg elements in d-NMC811 (cf. Fig. 7(b)).
The morphology and structure of d-NMC 811 displayed a much smaller particle size with a more uniform particle distribution when
compared with p-NMC811 (cf. Fig. 7(f) and (g)). At 0.1C, the p-NMC811 delivered a discharge capacity of 201.8 mAh g_1 and
d-NMC811 delivered a discharge capacity of 232.2 mAh g~*. After 100 cycles, the p-NMC811 and d-NMC811 maintained 66.0 and 70.5
% of their initial capacity, respectively (cf. Fig. 7(c)-(e)). The improved performance of the LIB can be attributed to the improved
structural and morphological properties of Mg and Zr co-doped NMC 811.

2.2.3.2. Coating. Coatings are commonly used to improve the performance, stability, and safety of NMC cathodes by applying a thin
layer of material or film onto the surface of NMC particles. The coating technique on the NMC materials can be done via the sol-gel
method. The usual approach for preparing the coating is first to dissolve the precursor of the coating material in an aqueous-based
solution. Next, the NMC cathode materials are dispersed into the solution under continuous stirring and heating. Then, the
chelating agent is gradually added into the solution. The solution is kept under stirring and heating until the solvent is dried. Then, the
solid sample is collected for annealing process.

Wu et al. [39], used a polymer-aided sol—gel process to develop a thin coating consisting of a microporous y-AlyO3 protection layer
on the NMC cathodes as illustrated in Fig. 8(a). The polyvinyl alcohol (PVA) polymer was used as a template to facilitate the film
forming while leaving micropores in the film after sintering. The PVA/y-Al,03 sol—gel was first prepared before being mixed with
NCM622 particles for 30 min under continuous stirring. This coating process was performed by sintering at 550 °C for 5 h to remove
the polymer while leaving the y-Al,O3 coating layer. Both samples exhibited a typical a-NaFeO,-type layered structure with no visible
XRD peak of the Al;03 coating layer; this is due to the ultrathin thickness of the coating layer. Further analysis by XRD refinement
suggested that this coating did not change the internal structural details. The coating was homogenous and thin with a thickness of
~7.8 nm as displayed by EDX (cf. Fig. 8(b) and (c)) and HRTEM images (cf. Fig. 8(d) and (e)). The polymer/y-AloO3-coated NMC 622
delivered 203.97 mAhg ! capacity compared to the pristine with 196.07 mAhg ™" as displayed in Fig. 8(f). Fig. 8(g) shows the coated
sample retained 90 % of its capacity at 0.5 C after 200 cycles, which was 24.8 % higher than that of the pristine sample. The high
cycling stability from coated NMC was due to the coating suppressing the dissolution of transition metals.

Engiin et al. [89] used Li ion conductor LiyLa3Zr,015 (LLZO) as a potential coating material for NMC. They studied the performance
of the coating by varying the amount of coating (2-12 %) and the annealing temperature (700-900 °C). The ZnNO3 was used as Zn
doping source and phase stabilizer in LLZO material synthesis. The NMC powder was mixed with the prepared LLZO solution under
continuous stirring for 2 h, with a certain amount of ethylene glycol as a chelating agent. The mixture was dried at 120 C° and gel was
obtained. The solid sample was collected after subsequent drying processes. All samples exhibited a typical a-NaFeO,-type layered
structure. The presence of XRD peaks from LLZO coating is only visible at 12 % amount. The peaks can be indexed to LaMOs (M: Ni,
Mn, and Co). The formation of LaMO3 occurred because of the diffusion of lithium from highly concentrated LLZO to NMC. XRD
refinement revealed that raising the annealing temperature resulted in an increase in lattice volume due to the diffusion of La and Zr
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ions from LLZO into the NMC structure. Fig. 8(h) and (i) show SEM images of white island formation on cathode materials, whereas
Fig. 8(j) displays the TEM image of the coating particle on the surface of NMC material. STEM-EDX analysis was used to analyse the
chemical distribution of the particles. La is strongly diffused inside the cathode materials, Zr remained at the top coating layer and
formed ZrO,. The Ni, Mn, and Co atoms from NMC cathode were found to diffuse out onto the coating surface. The 2 % LLZO with the
800 °C annealing temperature (NMC- 2LLZ0O800) exhibited the best electrochemical performance. Pristine NMC cathode provided a
discharge capacity of 141 mAh g~! and capacity retention of 78 %, whereas NMC- 2LLZ0800 cathode provided a discharge capacity of
135 mAh g_1 with a capacity retention of 92 % (cf. Fig. 8(k) and (1)).

Overall, coating performance via sol-gel can enhance the electrochemical performance of the LIBs especially in the cycling per-
formance. Sol-gel coatings can provide a conformal and uniform coating on the surface of the cathode material, ensuring efficient
utilization of the active material. This uniform coating can also minimize side reactions and degradation processes, thus can extend the
cycle life of the battery. Again, it needs to be highlighted that, the sol-gel technique possesses multiple steps from sol formation,
gelation, and drying, which can be time-consuming and require careful control of various parameters such as temperature, pH, and
drying conditions. This complexity can increase the manufacturing cost and limit scalability. Maintaining the quality, uniformity, and
reproducibility of the coatings can become more difficult as the batch size increases. This limitation can hinder commercialising the
sol-gel-coated cathode materials. The sol-gel process also may not be suitable for all cathode materials. Some materials may undergo
undesirable reactions or phase transformations during the coating process, leading to the formation of unwanted by-products or a
decrease in the electrochemical performance. The compatibility between the sol-gel technique and specific cathode materials needs to
be carefully evaluated.

2.3. Solid-state reaction

The solid-state state reaction method is the conventional method to prepare lithium-ion battery cathode materials. It is the simplest
route to synthesize NMC material. In the solid-state reaction, the reactants in the form of powders or inorganic salts are thoroughly
mixed and ground. The solid-state method is also used as a subsequent step in which the prepared NMC precursor via wet synthesis is
mixed with Li salt. During mixing, these reactants come into close contact with one another, promoting atom or ion diffusion. Then,
they are generally pressed into pellets to reduce the interatomic spacing for better rearrangement of atoms during sintering process.
During the sintering/annealing process, the lithium and transition metal atoms arrange themselves into a new solid phase called a
layered structure [10].

Solid-state reaction synthesis offers a few advantages over wet-chemical synthesis. It typically involves less steps, simpler equip-
ment, and more straightforward processing route. It can yield high-purity materials since there is minimal contamination from solvents
or by-products. Therefore, it is easier to scale up for industrial production due to its simplicity.

850°C,24h

Ball-milling, 60min
B —
Drying

Fig. 9. (a) Schematic illustration of synthesis of NMC622 by solid-state method, SEM images of NMC 622 (b) M1, (c) M2, and (d) M3. Reprinted
with permission from Ref. [22], Copyright 2020 Elsevier. SEM images of NMC 811 calcined at (e) 750 °C, (f) 800 °C, and (g) 850 °C for 10 h.
Reprinted with permission from Ref. [98], Copyright 2021 Wiley.
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2.3.1. Effect of synthesis parameter

Pressure, temperature, and reaction time are critical parameters in solid-state reaction. High pressure applied during the mixing
process improves reaction kinetics by increasing the contact area and density of the reactants, reducing void spaces, and enhancing
homogeneity. High temperature enhances the mobility of atoms or ions, promoting diffusion and reaction rates. Reaction time is
important for allowing sufficient diffusion and reaction to occur. However, excessive pressure can cause phase transition and defect
formation [90]. In addition, excessive temperature and long reaction time during sintering process can cause a significant lithium loss
and formation of large particles, resulting in the increasing length of Li ion diffusion path [91].

In the solid-state reaction, the solid reactants can be manually ground via mortar and pestle [92] or automated via ball-mills and
planetary mills machines [93,94]. However, automatic grinders provide significant advantages over manual grinding methods. They
allow more precise control over the grinding process, making them more effective and efficient in obtaining consistent results.
However, when the solid-state reactions are conducted via milling machines, it is important to consider these factors to achieve desired
reaction outcomes [95]: 1) Milling time; longer milling periods allow more collisions and contacts between reactant particles, which
promotes the reaction. 2) Milling speed; the rotational speed of the ball mill, can affect the intensity of impact exerted onto the reactant
particles. Higher milling speeds result in more vigorous milling action, enhancing the reaction rates. 3) Ball-to-powder ratio; a higher
ball-to-powder ratio provides more collisions between the balls and the reactant particles, enhancing the milling action and reaction
rates. 4) Ball media and size; different media materials and sizes can affect the milling efficiency and collision frequency. 5) Atmo-
sphere and environmental conditions; inert gas atmospheres can prevent unwanted reactions between the reactants with moisture or
air. Therefore, the sample preparation and sealing of the mill jar are commonly done in an argon atmosphere [96].

The properties of the reactant materials, such as their composition, crystal structure, and solvent solubility, can affect the solid-state
reactions [22,97]. Wang et al. [22] synthesized NMC 622 via a ball-mill assisted solid-state method as illustrated in Fig. 9(a). In their
study, different types of manganese sources such as MnO,, MnzO4, and Mn(CH3COO), were used. For simplification, the samples were
labelled as M1, M2, and M3, respectively. The XRD analysis indicated that all XRD peaks obtained from the samples can be
well-indexed to a hexagonal lattice of a-NaFeO-type layered structure, space group R-3m. The M3 sample possessed the largest I
(003)/1 (104) ratio value which reflects a low degree of Ni%*/Li* cation mixing. The SEM images of M1 and M2 particles exhibited
irregular surfaces and severely agglomerated morphology, respectively (cf. Fig. 9(b) and (c)). On the other hand, M3 particles had
regular morphology with octahedral crystal structure and quasi-spherical shape (cf. Fig. 9(d)). The authors claimed that the good
morphology of M3 was due to good solubility of Mn(CH3COO),-4H,0 in ethanol solution which can easily reach the surface of other
reactant materials. This helps to reduce their surface energy and dissociate the agglomerated particles. The M1, M2, and M3 cathodes
produced first discharge capacity of 148.1, 160.5, and 163.6 mAhg ™! at 0.1 C, respectively, and capacity retention of 89.6, 96.0, and
99.1 % after 100 cycles, respectively. Thus, the superior electrochemical performance of M3 cathode was due to its good morphology
and insignificant cation mixing.

The additives or catalysts can be introduced during ball milling to promote or control the solid-state reactions. Jiang et al. [94]
studied the effect of citric acid as the chelating agent and PVP as the additive in solid-state reaction synthesis. A stoichiometric amount
of metal acetate-based salts with citric acid and polyvinyl pyrrolidone (PVP) were mixed by high-energy ball milling and was named
CP. For comparison, the samples were also prepared without PVP and without both citric acid and PVP, and were named CA and NC,
respectively. The CP exhibited the highest discharge capacity at 173 mAhg ™!, followed by CA and NC with 143 and 123 mAhg™?,
respectively. The author claimed that the addition of citric acid enhanced the ordering degree of cation mixing, whereas the addition of
PVP led to a greater crystallinity and better homogeneity of the particle size distribution.

Temperature and heating duration during sintering/calcination are important in solid-state reactions. The choice of temperature
affects the activation energy required for the reaction to occur and influences the diffusion of atoms or ions within the solid materials.
Whereas adequate heating duration provides sufficient time for diffusion and rearrangement of atoms or ions. He et al. [98] studied the
effect of calcination temperature from 750 to 850 °C for 10 h on the prepared NMC 811 samples via nano-grinding-assisted solid-state
method. The choice of sintering temperature can affect the degree of Li*/Ni?* cation mixing, crystal growth (cf. Fig. 9(e)—(g)), grain
size, and specific surface area, and therefore the electrochemical performances of the prepared cathode materials. The sample sintered
at 800 °C exhibited the best electrochemical performance with an initial discharge capacity of 203 mAhg™' at 0.1 C and 91.8 %
retention of capacity.

Generally, in solid-state reaction synthesis, a stoichiometric amount of inorganic metal salts and lithium salt were mixed and
ground together. The choice of precursor can slightly affect the electrochemical performance [22,97]. The incorporation of organic
additives during the mixing process can further aid the solid-state reactions. Other organic additives, including urea, oxalic, tartaric,
and citric acid, have reportedly been used in the synthesis of NMC-based cathode materials via solid-state reaction [92,99]. Besides the
organic additives, solvents such as ethanol or acetone are commonly added as dispersing agents in the solid-state reaction [95]. They
wet the surfaces of the particles, reducing the attractive forces between them, and reducing the aggregation of particles [100].
Therefore, they improve the mixing homogeneity. Temperature and heating duration are critical factors in various synthesis tech-
niques of cathode materials for LIBs as well as solid-state reaction method. A statistical study by Malik et al. [10], found that the NMC
materials synthesized by a solid-state reaction required the highest energy for sintering process. This is because lithium and transition
metal atoms must travel over large distances in solid phases, and require a long time to reach an equilibrium state. Therefore, it is
important to optimize the desired temperature and duration of the sintering process as excessive temperature and heating duration can
lead to significant lithium loss, promote Li*/Ni2" cation mixing, and increase energy consumption.
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Fig. 10. (a) Schematic illustration of coating process of NMC 811 with HEO, (b) SEM images of HEO coated NMC 811, and (c) EDX mapping of the
HEO coated NMC 811 [101]. (d) Schematic illustration of La-surface coating on NMC material, SEM images of () NMC, (f) 1 % La-coating, (g) 3 %
La-coating, and (g) 5 % La-coating on NMC, HRTEM and corresponding FFT images of (i) 3 % La-coating on NMC after 100 cycles. Reprinted with
permission from Ref. [102] Copyright 2020 Elsevier.
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2.3.2. Modification via solid-state reaction

2.3.2.1. Doping. In a solid-state reaction, the doping salts are added together with other solid reactants during the mixing process
before undergoing the heating process. Liu et al. [40] used ZrO, nanopowder as a dopant source in NMC 622. The NMC precursor,
Li»CO3, and ZrO5 were mixed with a molar ratio of 1:0.54:0.01, respectively, followed by the sintering processes. The XRD peaks
obtained from both samples can be well-indexed to an a-NaFeOs-type layered structure. Evidence from XRD refinement suggested that
the lattice parameter increased after Zr doping. The XPS confirmed the presence of Zr element and the EDX confirmed the presence of
Zr in the bulk structure of NMC. The Zr-doped NMC exhibited a slightly low initial discharge capacity at 55 °C with 196.5 mAh g~!
when compared to pristine NMC with 201.3 mAhg ™! at 1C. The lower initial discharge capacity of Zr-doped NMC is because of an
inactive Zr element that does not contribute to the electrochemical reaction. However, Zr-doped NMC possessed much superior cycling
performance with 98 % capacity retention after 50 cycles when compared to pristine NMC with only 91 %. This is because Zr doping
enhances the structural stability of NMC materials owing to the strong Zr-O bond and low Li*/Ni?* cation mixing.

2.3.2.2. Coating. The coating via solid-state reaction typically involves direct reaction of NMC powder and coating materials through
mixing and grinding processes and followed by a heating process at elevated temperature. These processes are simpler and require
fewer processing steps compared to other wet-coating methods.

Yuan et al. [101] studied the effectiveness of high entropy oxide (HEO) as coating materials for NMC 811. The (Lag2
Ndg 2Smg 2Eug 2Gdg 2)2 ZroO7 HEO coating material was first prepared by mixing the LayO3, Nd20s, Sm203, EusO3, Gd203, and ZrO,
and followed by sintering process at 1300 °C. The HEO coating material was coated on NMC 811 at different weight ratios of 1, 3, 5,
and 10 wt% on NMC 811 via ball-milling. Finally, the mixtures were sintered at 300 °C in air for 1 h as illustrated in Fig. 10(a). Fig. 10
(b) and (c) show the FESEM images of HEO nano-flakes that appeared on the surface of NCM811 and the EDX mapping further
confirmed the presence of each coating element (Zr, Nd, Eu, Sm, La, and Gd), respectively. The 1.0 wt% HEO displayed a higher initial
discharge capacity with 194.7 mAhg ! than that of pristine NMC with 190.5 mAh g~! at 0.1 C. Further increases in HEO coating
materials displayed a decreasing trend in initial discharge capacity. The 5.0 wt % HEO coated NMC 811 displayed the best retention
capacity with 74.2 % for 300 cycles compared to pristine NMC 811 with only 57.3 %.

Li et al. [102] prepared different molar ratios of La-coating material on NMC cathode material. The samples were first prepared by
mixing NMC precursor, LioCO3 and CgHgOgLa.xH50 in a molar ratio of 2:1.05: (0.02, 0.06, and 0.1), respectively before heating
processes as illustrated in Fig. 10(d). The XRD analysis indicated that all peaks obtained from the coated and pristine samples can be
well-indexed to a hexagonal lattice of a-NaFeO,-type layered structure, space group R-3m. The coated samples displayed some
additional peaks that can be indexed to LaNi 5Coq 5 O3 and LagNiLiOg phases. The SEM images displayed small white particles which
may imply the formation of La-based oxides covering the surface of NMC particles (cf. Fig. 10(e-h)). The coated sample with 3 %
La-coating material exhibited a better retention capacity with 77 % retention after 100 cycles when compared to pristine NMC with
only 63 %. Post-cycling diagnosis on coated NMC cathode through HRTEM analysis in Fig. 10(i(I)-(III)) display that the bulk and
middle area retained the R-3m structure and the LasNiLiOg phase belonged to the coating material on the NMC surface was well
preserved. Whereas the bulk and middle area of the pristine sample evolved into the LioNiOy phase. Therefore, the coating layer
successfully protected the inner NMC structure during cycling.

The simple process of coating via solid-state reaction through mechanical mixing and heating is advantageous for scaling up
production. However, the prolonged and vigorous mixing process of the post-annealing NMC material can result in structural
degradation, particle cracking, and induce phase transitions at the particle surface [103,104]. Therefore, careful selection of pa-
rameters during the mixing process is crucial for maintaining a good morphology and high quality of the layered structure of NMC
material. The subsequent heating process is another crucial part of the coating process which promotes a solid-state reaction between
the coating material precursor and the surface of the cathode material. The high elevated temperature can promote atom diffusion of
coating material into the bulk of NMC and enhance the adhesion of coating material with the NMC [34]. However, the use of excessive
temperature and long heating duration can cause a significant lithium loss and promote Li*/Ni?* cation mixing which can deteriorate
the electrochemical performance. This dry coating technique also comes with a few disadvantages such as limited coating thickness
control and uneven coating distribution on the NMC surface.

2.4. Hydrothermal

The term hydrothermal method refers to the heterogeneous reaction for synthesizing inorganic materials in which the reaction
takes place in fluids like water, aqueous solutions, and steam at specific temperatures and pressures [105,106]. The properties of
water, such as density and dielectric constant, exhibit variations in response to changes in temperature and pressure. These variations
could influence the process of nucleation, so enable the manipulation of crystal phase and particle size [105]. The hydrothermal
process is very different from other synthesis methods due to the requirement for the reaction to occur within a sealed container called
an autoclave, wherein crystal formation occurred. The autoclave is subjected to elevated temperatures that surpass the boiling point of
the solvent. Supercritical fluids are generated through the application of high pressure and temperature, resulting in enhanced sol-
ubility of solid precursors. Consequently, this heightened solubility facilitates the subsequent precipitation and development of
crystalline solids [107].

Synthesis via hydrothermal is a straightforward process. First, the stoichiometric amounts of inorganic metal salts or metal alk-
oxides are dissolved in distilled water under continuous stirring. Besides that, ammonium hydroxide is added as a pH regulator,
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Fig. 11. (a) Charge/discharge curve at 0.1 C rate, (b) XRD patterns, and SEM images of samples sintered at (d) 750, (d) 800, and (e) 850 °C. Reprinted with permission from Ref. [30], Copyright
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whereas urea or ethanolamine is added as a precipitating agent. The prepared solution is then transferred into a Teflon-lined steel
autoclaved, which is then sealed and subjected to heating at temperatures ranging from 100 to 250 °C for an extended duration. This
process often results in the formation of a colourless, clear solution accompanied by the appearance of a brown precipitate. The
precipitates that were acquired are subjected to rinsing, filtration, and drying processes. The dried powder is then mixed with lithium
salts and finally subjected to sintering process. The products obtained from this synthesis method often result in high-purity materials
and good crystallinity. They are also highly reproducible in terms of purity, crystallinity, and morphologies [108]. However, a major
disadvantage of this method is the inability to produce large quantities of the products in a single run.

2.4.1. Effect of synthesis parameter

The synthesis of the product using this approach can be influenced by various factors, such as hydrothermal temperature and
duration, the molar ratio of precipitating agent to transition metal ions, type of solvent, reactant concentration, and pH value.
Therefore, it is necessary to carefully regulate the process conditions during the reaction.

In a study conducted by Yang Shi et al. [109], it was shown that the utilization of an alternative time duration for the hydrothermal
reaction, specifically 30 h, did not significantly improve the cycle stability of the cathode material when compared to a reaction
duration of 24 h. Nevertheless, the evaluation of a lengthier reaction time proves to be a laborious task, and the enhancement in
electrochemical performance is minimal. Consequently, it is postulated that a hydrothermal reaction lasting 24 h represents the most
favourable condition for synthesizing precursors using this methodology. Li et al. [110] noticed similar observations in their study,
wherein the LiNip 7Cog.15Mng 1502 samples were synthesized with varying reaction times. The findings demonstrate that the utilization
of a 24-h time frame yields better cyclability and rate capability.

Urea is frequently employed as a precipitating agent in hydrothermal processes. It slowly decomposes to produce carbonate ions
(CO%") as precipitating agents in the reaction mixture, permitting particle ripening during precipitation. Yang Shi et al. [109] studied
the effect of the mole ratio of urea with transition metals (2:1, 5:2, and 3:1) in hydrothermal synthesis of NMC 532 precursor at 200 °C
for 12 h. The 5:2 ratio is the optimum ratio to obtain the target stoichiometry composition of NMC 532. The importance to optimize this
ratio is due to the differences in the equilibrium constant between each element reaction. The equilibrium constant (Ksp) of manganese
carbonate, cobalt carbonate and nickel carbonate are 8.8 x 1071, 1 x 107% and 1.4 x 1077, respectively. This makes the manganese
the easiest to be precipitated. It is reported that the undesirable stoichiometry in high (3:1) and low ratios (2:1) results from the
competition between the carbonate precipitation formation and the production of ammonia complexes. The NHJ ions, which was
released from the urea decomposition could react with transition metal ions to form soluble ammonia complexes [M(NHg)n]2+, where
M = Ni, Co, and Mn. The optimised sample of NMC 532 with the mole ratio of urea with transition metals (5:2) and hydrothermal at
200 °C for 24 h delivers the highest discharge capacity of 161.7 mAhg ',

Zhang et al. [30] synthesized NMC811 via a hydrothermal route. They reported on the effect of sintering temperature on the
electrochemical performances and the crystalline structure. The sintering temperatures were chosen at 750, 800, and 850 °C and the
samples were labelled as NMC-750 °C, NMC-800 °C, and NMC-850 °C, respectively. It is reported that the NMC-750 °C has the highest
discharge capacity at 0.1 C of 203.7 mA h g~! as shown in Fig. 11(a). It is also found that after 200 cycles, the capacity retention of
NMC-750 °C remained at 86.2 % of its initial discharge capacity at 0.1 C. Fig. 11(b) represents the diffraction patterns of NMC-750 °C,
NMC-800 °C, and NMC-850 °C. It is safe to conclude that as the sintering temperature increases, the splitting peaks (006)/(012) and
(018)/(110) are getting obvious due to the well-ordered layered structure. The SEM images of all samples are demonstrated in Fig. 11
(c)—(e). The elevated sintering temperatures significantly affected the particle size of the samples which the samples became larger
with temperature. The NMC-750 °C exhibited good electrochemical performances because the small particles of NMC-750 °C can fully
maximize the lithium ions diffusion.

The hydrothermal process is characterized by a unique method, as it involves the use of an autoclave for the reaction. However, the
procedural steps have a few similarities to those employed in co-precipitation and sol-gel procedures. In hydrothermal processes,
chelating agents are commonly employed to improve the properties of cathode materials. Urea is frequently employed as a chelating
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Fig. 12. XRD pattern of (a) LNCM and Na-LNCM, and Rietveld refinement of (b) LNCM (c) Na-LNCM sample. Reprinted with permission from
Ref. [111], Copyright 2023 Elsevier.
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agent due to its ability to release CO3~ during thermal breakdown at elevated temperatures. Additional examples of chelating agents
employed in hydrothermal processes are oxalic acid, lithium hydroxide monohydrate, and ammonium bicarbonate [10]. Based on the
observations made by earlier researchers, it is commonly observed that hydrothermal processes typically include varying durations,
with researchers often opting for overnight or 24-h reaction periods due to the favourable product outcomes.

2.4.2. Modification via hydrothermal

2.4.2.1. Doping. Liuetal. [111] doped the NMC precursor with Na via hydrothermal method. The precursor was dispersed in a 50 mL
NaOH solution with Na:Transition metal ion ratio of 0.03:1, respectively. Fig. 12(a) shows the XRD patterns of both samples displayed
a typical hexagonal a-NaFeO; layered structure with space group R-3m. Rietveld refinement analysis as in Fig. 12(b) and (c) confirmed
that the Na™ is introduced into the lithium layer and broadened the spacing of the Li slab. The Na-doped NMC displayed better
electrochemical performances in terms of cycling and rate performance. This is because Na ions inhibited the mixing of Li*/Ni%*
cations and expanded the diffusion channels of Li*.

2.4.2.2. Coating. Yuan et al. [44] prepared the Li3PO4 (LPO) coated LiNipgMng 1Cog 102 via hydrothermal method. The NMC pre-
cursor, PVA, (NH4)2HPO4, and LiOH were mixed in deionized water and hydrothermal at 180 °C for 24 h and followed by sintering
process. The sample was named H-LPO&NMC. Whereas the LPO&NMC and NMC were named after the coated sample prepared
without hydrothermal treatment and NMC 811 without coating, respectively. Fig. 13 (a) displays all XRD patterns, and the samples
exhibited layered hexagonal a-NaFeO; structure with R3-m space group. Fig. 13(b), (c), and (d) show all the samples exhibited the
same spherical particle which mean that the hydrothermal treatment process did not influence the morphology of final products. The
EDS mapping of the H-LPO&NMC shows that the P element from LPO was well distributed on the NMC particle (cf. Fig. 13(e). The
H-LPO&NMC delivered an initial discharge capacity of 210 mAhg™! with 92.6 % capacity retention whereas the NMC sample
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Fig. 13. (a) XRD patterns of the NMC, LPO&NMC, H-LPO&NMC and LizPO4, HRSEM images of (b) NMC, (c) LPO&NMC and (d) H-LPO&NMC, and
(e) EDS mapping images. Reprinted with permission from Ref. [44], Copyright 2019 Elsevier.
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possessed 199 mAhg ™!, with retention of only 84 % at 50 cycles. The good ionic conductivity and chemical stability of LPO contributed
to the improved electrochemical performances of the H-LPO&NMC. Besides, the coating layer provided SEI resistance and therefore
minimised the side reactions of the active material with electrolytes.

The coating technique via the hydrothermal method is a well-known technique to provide a thin and uniform coating layer on the
cathode surface. However, the vigorous reaction from the hydrothermal process due to the high pressure and temperature can
potentially degrade the crystalline structure and induce the morphology of the bulk NMC cathode materials. In addition, the Ni-rich
NMC cathode materials are moisture sensitive, and the water will extract lithium from the lattice causing structural damage [112].
Therefore, the coating technique proposed by Yuan et al. [44], by mixing the NMC precursor, and coating precursor in Li source
solution for the hydrothermal process is one way to avoid these issues. The coating technique via the hydrothermal method can provide
a huge challenge for large-scale production due to the intricate process requirements and the need to maintain consistent coating
quality across a larger volume of materials.

2.5. Combustion

The NMC cathode materials can be conveniently and effectively prepared by the combustion method. In the direct combustion
method, the metal alkoxides or the inorganic metal salts are first measured according to stoichiometric proportions and dissolved in
deionized water. These metal salts act as oxidants in the combustion reaction. Fuel such as citric acid is also dissolved in the mixture
solution and thoroughly stirred for homogeneity. Subsequently, the solution is heated at temperatures ranging from 100 to 400 °C,
which led to spontaneous combustion of the mixture and ended with the formation of dried powders. Finally, these powders are
subjected to calcination process.

The combustion method presents numerous benefits, such as simplicity, convenience, cost-effectiveness, rapid heating rates, and
short processing time. Additionally, it allows for easy control over the chemical composition, morphology, and crystallite size of the
materials. As a promising technique for preparing cathode materials, it strikes a balance between efficiency, cost-effectiveness, and
controllability, making it appealing for diverse applications in energy storage and other fields. The combustion method primarily relies
on three key constituents: the oxidizer, fuel, and solvent.

2.5.1. Effect of synthesis parameters

Different metal inorganic salts, including metal nitrates, carbonates, and acetates, can serve as oxidants. Among these salts, nitrates
are the most utilized due to several advantageous features. Nitrates are preferred as oxidizers in the combustion method for several
reasons. 1) They are cost-effective and widely available. 2) They are low toxicity making them safer to be handled. 3) They exhibit a
higher oxygen content, which aids in the exothermic combustion process, leading to rapid formation of desired cathode materials. 4)
They have relatively low decomposition temperatures, ensuring easy release of oxygen during heating, thus promoting efficient and
controlled combustion. 5) Good solubility in water, enabling straightforward dissolution and homogeneous mixing with other raw
materials. The combination of these features, such as high oxygen content, ease of decomposition, homogeneity, versatility,
compatibility with aqueous solutions, low toxicity, and cost-effectiveness, makes metal nitrates the preferred choice as oxidizers in the
combustion method for cathode materials synthesis [113].

The selection of fuels in the combustion method for cathode materials plays a crucial role in determining the synthesis process and
the properties of the resulting materials. Different fuels can affect the combustion temperature, combustion rate, and chemical
composition of the cathode materials. When choosing fuels, certain factors become essential, such as cost-effectiveness, stability, ease
of handling, minimal environmental impact, and the ability to produce homogenous and pure materials. The fuel is selected from a
variety of reducing agents including urea, glycine, citric acid, hydrazine, and starch. Urea is the preferred choice of fuel for combustion
because it is cheaper, easily available, and water-soluble. Meanwhile, citric acid has also been reported to be a good complexing agent
and eco-friendly fuel that can improve the LIB electrochemical performances [114]. In a different study [115], NMC cathode materials
were synthesized using different fuels such as glycine, tartaric acid, and citric acid. Among the tested fuels, tartaric acid demonstrated
the highest discharge capacity of 185.9 mAh g~! compared to glycine and citric acid. On the other hand, Elong et al. [116] conducted a
separate investigation on the electrochemical performance of NMC cathode materials synthesized through the combustion method. In
their study, different fuels such as citric acid, urea, and glycine were employed, and water was used as the solvent. Their findings
revealed that NMC cathode materials synthesized with citric acid exhibited the highest discharge capacity of 130.80 mAhg ™. The good
performance was attributed to low cation mixing, higher crystallinity, and smaller crystallite size compared to materials synthesized
using glycine and urea as fuels. The research study demonstrated that the choice of fuel in the combustion method significantly
influenced the structure, crystallite size, and overall performance of the cathode materials. Both studies highlighted the significance of
fuel and solvent selection in the combustion method for synthesizing NMC cathode materials and their direct impact on the elec-
trochemical performance of the prepared cathode materials.

The selection of the solvent in the combustion method depends on several crucial factors, including its ability to dissolve the raw
materials and fuel, ensuring high purity to prevent the introduction of impurities during the process, safety during handling, low
toxicity, non-flammability, and minimal environmental impact. These considerations aim to obtain high-quality cathode materials
suitable for various applications. Common solvents used include water, ethanol, methanol, acetone, and their mixtures. Among these
options, water stands out due to its wide availability, excellent dissolution capacity for various reactants, safety features, and envi-
ronmentally friendly characteristics. These attributes make water a preferred and versatile solvent for synthesizing cathode materials
through the combustion method. Overall, careful consideration of solvent choice is crucial in optimizing the synthesis process and
achieving the desired properties of the cathode materials.
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Ahn et al. [26] studied the effect of annealing temperature from 700 to 1000 °C on the performance of the NMC622 materials. The
cathode materials were synthesized using the simple combustion method and urea was used as a fuel. The morphologies of the syn-
thesized NMC622 at different annealing temperature are shown in Fig. 14(a) and (b), 14(c) and 14(d) for 700, 800, 900 and 1000 °C,
respectively. These figures show that the morphologies of the synthesized samples were strongly dependent on the annealing tem-
perature. NMC622 annealed at 800 °C exhibited a discharge capacity of 170.1 mAh g~! with 98.2 % capacity retention after 30th
cycles, as shown in Fig. 14(e) and (g). The excellent performance of this material was due to the higher crystallinity, well-organized
layered structure with a higher ratio of c/a, shorter diffusion, and uniform distribution nanoparticles. Whereas the NMC622 syn-
thesized at 900 °C shows a drop in performance with a lower first discharge capacity, rate capability, and capacity retention as shown
in Fig. 14(f) and (g) due to lower ratio of c/a and larger particles.

In conclusion, careful consideration of the main elements, such as the types of oxidants, fuels, and solvents, is essential for re-
searchers when using the combustion method to synthesize cathode materials. These key components significantly influence the
structure, morphology, particle size, and electrochemical performance of the cathode materials. The combustion method offers
tuneable parameters, including the fuel-to-oxidizer ratio, fuel mixture, and sintering process, which can be utilized to control and
optimize the characteristics of the cathode materials. Precise calculations of the fuel and oxidizer quantities are crucial for achieving
structural stability, desired material morphology, appropriate crystallite size, and avoiding excessively vigorous reactions during the
synthesis process. Optimizing the annealing process can provide valuable insights into the parameters that yield the best performance
for cathode materials. Understanding these conditions can offer significant advantages for the large-scale production of cathode
materials used in LIBs.

2.5.2. Modification via combustion

2.5.2.1. Doping. Doping has been identified as an effective strategy to enhance structural stability, inhibit Li*/Ni®** mixing, and
improve the electrochemical performance of Ni-rich cathode materials. Various doping elements, including Aluminium and Titanium,
have been successfully incorporated to achieve these improvements [117]. Conry et al. [118] conducted a study using Al as a dopant,
but the result showed capacity fading in Ni-rich cathode materials. However, Ti doping via the combustion method proved to be more
beneficial, as it enhanced the stability of the crystal structure and reduced cation mixing in the layered structure. This led to signif-
icantly improved cycling stabilities, with 91.9 % capacity retention after 70 cycles at a 3C rate at room temperature [119]. These
findings demonstrate that the doping strategy can significantly enhance the electrochemical performance of cathode materials syn-
thesized using the combustion method.

3. Perspective

Progression towards a low-cost battery within the industry has seen a shift towards nickel-rich cathode materials. A greater un-
derstanding of NMC cathode materials is important to optimize the performance of LIBs. This paper provides a review on the influence
of synthesis route and certain modifications on the NMC performance. Each synthesis method has its own advantages and disad-
vantages. Among all, the co-precipitation method can be considered as the most effective method to prepare NMCs for industrialization
purposes. This is due to the highly scalable and good homogeneity at the particle scale of the synthesis product, together with relatively
simple and low-cost synthesis conditions.

The synthesized NMCs should yield good structural properties to produce a good electrochemical performance of LIBs. Therefore, it
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Fig. 14. FESEM images of NMC622 sintered at (a) 700, (b) 800, (c) 900 and (d) 1000 °C; Charge-discharge curves at different current density of
NMC 622 sintered at (e) 800 and (f) 900 °C; (g) Cyclic performance. Reprinted with permission from ref (Ahn et al., 2014), Copyright 2014 Elsevier.
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is important to anticipate the performance of NMC cathode materials from the obtained XRD data. The ideal structure of the syn-
thesized NMCs should meet these three criteria: (1) high purity with no presence of contamination and other secondary phases, (2) the
observable splitting of (006)/(012) and (018)/(110) peaks, which demonstrates the formation of well-ordered NMC layered structures,
and (3) the high I (003)/1I (104) ratio, which reflects low Ni/Li cation mixing. Most of the reported works show outstanding elec-
trochemical performances when these criteria are fulfilled [120,121]. However, fulfilling these criteria is challenging and it is a
time-consuming process, where lots of tuning of the synthesis parameter are required.

The electrochemical performance of NMCs is affected by their morphology, including surface area and tap density. This
morphology can be manipulated by tuning the synthesis parameter. The porous, small, and low agglomeration particles can give a high
specific surface area which is good for electrode/electrolyte contact, and consequently, delivering high discharge capacity and rate
performance; whereas the NMCs with a dense morphology can produce a high volumetric energy density [122]. Recently, the
single-crystalline vs. poly-crystalline cathode has become a current topic in the battery research field. The use of single-crystalline
NMCs is one of the promising approaches in solving the cycling stability issues as its morphology limits surface reactivity and par-
ticle cracking [112]. However, the synthesis process of single-crystalline NMCs is more complex than that of poly-crystalline. The
high-temperature calcination approach can promote other structural disorders, whereas the molten-salt synthesis approach requires a
lot of washing and rinsing processes. Therefore, a simpler synthesis approach is needed to produce high-quality single-crystalline
NMCs.

The Ni-rich NMCs suffered from a quick cell failure due to some degradation factors. Therefore, techniques such as doping, and
surface coating can be employed to further improve the electrochemical performance of NMC cathode materials. NMCs coated with
other metal oxides are reported to have better electronic conductivity due to enhanced electron and Li transportation. Surface coating
suppressed the side reaction between the electrode and electrolyte. However, constructing a uniform coating layer with an optimal
thickness is a challenging task. Doping method improved the battery performances by improving the structural, electrochemical, and
thermal properties. However, challenges in doping method are difficulty in obtaining single phase layered structure, distorted crystal
structure, increased mixed cation ratio and volumetric expansions. In addition, the complicated modification processes with high
prices of machines and materials used may not be practical to the industries. Therefore, development of efficient, cheap, and simple
modification techniques is vital to increase the mass production of Ni-rich NMCs.

Many modifications on the NMCs such as doping, coating, and single-crystalline morphology have been proven to improve the
electrochemical performance of NMC cathode materials. However, more evidence is needed to gain a deeper understanding on the
contribution of such modifications toward the performance of LIBs. Below are some advanced tools and methods that can be used to
gain more understanding on the NMC cathode materials.

(1) Computational analysis has become a good tool in studying LIBs. The design of a new material is challenging, but computational
analysis provides microscopic details such as position of ions, parameters of crystal cell, stability information, electronic
structure, doping sites, chemical activities of elements, intercalation potentials and possible Li-ion diffusion path. Therefore,
recent material research combines with both experimental and computational investigations, is expected to bring further
breakthroughs in the next generation of high-performance LIBs.

(2) Research instruments such as XRD, optical microscopy, electron microscopy, Raman spectroscopy, and nuclear magnetic
resonance have been designed to support in situ studies. The “in situ” means “in the original position or place,” whereas in
scientific experimentation, it refers to the experiment carried out under real operating conditions. These studies can provide
more insights on the structural evolution, formation of solid-electrolyte interphase, side reactions and redox mechanism as well
as Li-ion transport properties during charge-discharge. These studies are important to further understand the operation of Li-ion
batteries.

(3) The purpose of failure analysis is to determine the primary cause(s) that leads to failure and then develop ways to prevent any
future failure occurrence. This is important as LIB failure can cause fire and/or explosion which results in severe injuries to the
user. Common failure analysis on NMC-based LIB has been reported such as undesirable side reactions at the interfaces of
electrode and electrolyte, irreversible phase transformation, and formation of microcracks, which ultimately decrease the
battery lifetimes. Therefore, certain modifications can be made to the NMCs with the aim to minimize these potential failures.
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