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Review of the Scalable Core–Shell Synthesis Methods: The
Improvements of Li-Ion Battery Electrochemistry and
Cycling Stability
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and Peter H. L. Notten*

The demand for lithium-ion batteries has significantly increased due
to the increasing adoption of electric vehicles (EVs). However, these batteries
have a limited lifespan, which needs to be improved for the long-term
use needs of EVs expected to be in service for 20 years or more. In addition,
the capacity of lithium-ion batteries is often insufficient for long-range travel,
posing challenges for EV drivers. One approach that has gained attention
is using core–shell structured cathode and anode materials. That approach
can provide several benefits, such as extending the battery lifespan and
improving capacity performance. This paper reviews various challenges and
solutions by the core–shell strategy adopted for both cathodes and anodes.
The highlight is scalable synthesis techniques, including solid phase reactions
like the mechanofusion process, ball-milling, and spray-drying process,
which are essential for pilot plant production. Due to continuous operation
with a high production rate, compatibility with inexpensive precursors,
energy and cost savings, and an environmentally friendly approach that
can be carried out at atmospheric pressure and ambient temperatures. Future
developments in this field may focus on optimizing core–shell materials and
synthesis techniques for improved Li-ion battery performance and stability.
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1. Introduction

Lithium-ion batteries (LIBs), frequently
utilized as the main power source for
EVs, are in high demand due to the grow-
ing popularity of electric cars (EVs). How-
ever, the typical cycle-life for these bat-
teries is ≈4000–5000 cycles or around 10
years. There is a strong need to improve
the cycle-life in order to meet the long-
term demands of EVs, which are expected
to be in operation for 20 years or more.
In addition, the capacity of LIBs is of-
ten limited for long-range travel, which
can be a challenge for EV drivers. Re-
searchers and battery manufacturers are
exploring ways to extend the lifespan and
boost the capacity of LIBs to address these
challenges and support the transition to a
low-carbon transportation system.[1]

Using a core–shell structure in cath-
ode and anode materials of LIBs is one
strategy that has gained interest. It can
offer several advantages, including an in-
creased lifespan and improved capacity

performance.[2] The core–shell structure can enhance the elec-
trochemical performance and battery stability because 1) the shell
layer of the cathode material has the potential to serve as a barrier
that keeps the core material from coming into direct contact with
the electrolyte. Avoiding chemical interactions between the core
material and the electrolyte can assist in avoiding degradation of
the core material. A stable solid-electrolyte interface (SEI) layer is
created at the shell layer of the anode material, inhibiting aggre-
gation, and buffering significant volume change. 2) The total elec-
trode conductivity can be increased by covering the core material
with a shell layer that has a higher electronic conductivity since
the core material may have a lower electronic conductivity than
the shell material. This technique can reduce electrode resistance
and improve the overall performance of the battery. Core–shell
synthesis techniques are a crucial aspect of the pilot plant-scale
production of LIBs due to their ability to efficiently produce large
quantities of high-quality cathode and anode materials with de-
sired core–shell structures. While liquid and gas phase reactions
have traditionally been the most common techniques for apply-
ing coatings on cathode and anode materials, they come with var-
ious challenges, including environmental concerns, low yields,
high precursor costs, expansive reactions, and difficulties in
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Figure 1. Challenges in layered and spinel cathodes and silicon anodes in LIBs are addressed through core–shell strategies and scalable synthesis
techniques.

scaling up. As such, solid reactions have gained significant atten-
tion in recent years as a promising alternative for coating core–
shell structures in LIBs. These reactions offer several benefits, in-
cluding continuous operation with a high production rate, com-
patibility with inexpensive precursors, energy and cost savings,
and an environmentally friendly approach that can be carried out
at atmospheric pressure and environmental temperatures.

The review discusses the challenges of both cathode and
anode materials in LIBs and how a core–shell strategy can help
to address these challenges. The cathode materials discussed
include layer and spinel materials, while the discussed anode
material is focusing on silicon. The core–shell strategy involves
creating a protective layer around the core material to improve
its performance and stability in LIBs. This review also discusses
scalable synthesis techniques for producing core–shell materi-
als, including solid-phase reactions such as the mechanofusion,
ball-milling, and spray-drying process (Figure 1). In conclusion,
the review highlights the potential of the core–shell strategies
in addressing the challenges of cathode and anode materials
in LIBs. Scalable synthesis techniques, such as solid-phase

reactions are essential for the pilot plant production of these ma-
terials. The use of core–shell materials in LIBs has the potential
to improve their performance and stability, making them more
viable for large-scale applications. Future developments in this
area will likely focus on further optimizing the synthesis and
performance of these materials.

2. Cathode Challenges in LIBs

2.1. Layered Cathodes

2.1.1. High-Voltage Charging

The practical reversible specific capacity of LiCoO2 (LCO) is only
half its theoretical limit (274 mAh·g−1) at a cut-off voltage of 4.2 V
versus Li/Li+.[3] Therefore, to increase the specific capacity, it is
necessary to charge the cells above the standard voltage of 4.2 V.[4]

When the cut-off voltage increases to 4.5 V, the capacity is approx-
imately 220 mAh·g−1.[5] Unfortunately, several serious challenges
limit LCO from being used in high-voltage conditions. First, at
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Figure 2. Schematic representation of the key challenges of layered cathodes in LIBs: a) cation disorder and phase transition, b) gas release reaction, c)
parasitic reaction, d) intergranular and intragranular cracking, and e) transition metal ion dissolution.

high-voltage charging, too much Li+ is extracted from the LCO
layered structure, and the layered lattice transition metal (TM)
slab tends to collapse. This phenomenon causes instability of the
LCO structure and the unfavorable phase transition (O3 phase
to O6 phase or H1–H3 at ≈4.5 V vs Li/Li+). The resultant irre-
versible transformation destroys the layered LCO structure.[4a,6]

Second, Co3+ is oxidized to Co4+ at the LCO surface when the
voltage is high. Subsequently, Co4+ ions react with the organic
electrolyte and may cause side reactions. These reactions desta-
bilize the bulk structure and accelerate the irreversible loss of the
active transition metal. That finally leads to poor cycling perfor-
mance and severe capacity fading.[7]

2.1.2. Cation Disorder and Phase Transition

Cation disorder is a phenomenon known as mixing between Ni2+

and Li+ in the Li slab layers. Ni, as part of NMC (Ni-rich) material,
is partially located in the transition metal layer (Ni, Mn, and Co
share similar crystal) as Ni2+ (0.69 Å). It possesses a similar ionic
radius as Li+ (0.76 Å).[8] Therefore, Ni2+ and Li+ can easily ex-
change positions in the delithiated state through Ni2+ diffusion to
the octahedral sites of Li+ to neighboring tetrahedral sites.[9] Dur-
ing long-term cycling, cation mixing transforms the crystal struc-
ture from a layered structure via a spinel phase to a final rock-salt
structure, as shown in Figure 2a. The Li+ mobility is impeded due
to this cation disordering. That reduces the rate capability and

causes rapid capacity fading of LIBs using Ni-rich cathodes. In
addition, the rock-salt structure (ion-insulating) can release O2 to
the environment. It can react with the organic electrolyte to gen-
erate CO2 and increase the interfacial resistance of electrodes due
to high kinetic barriers in the Li+ insertion/desertion process.[8]

This tendency for Li/Ni mixing occurs much more frequently as
the Ni ratio, operating temperature, cut-off voltage, and SOC in-
crease.

2.1.3. Gas Release Reactions

The most dangerous safety concern of LIBs is the problem of
gas formation and leakage. There is a serious risk of batteries ex-
ploding catastrophically due to the exothermic reactions involved
during gas release. These reactions result in a series of chain
reactions.[10] CO, CO2, and H2O are the byproducts of gaseous
decomposition reactions (Figure 2b). In Ni-rich (NMC) cathodes,
gas generation is caused by three factors:

1) Ni-rich material is generally less stable at the charged state.
The interaction between the electrolyte and the surface of the
active material leads to the loss of oxygen from the lattice
caused by structural change of layered structure into the rock
salt structure.[11]

2) Decomposition of inactive Li2CO3 and reaction with the
electrolyte.[12]

3) Direct electrolyte oxidation.[13]
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2.1.4. Parasitic Reactions

Effect of Ni4+: In the high-voltage state, large amounts of re-
active Ni4+ are generated that can directly react with the elec-
trolyte. That results in the formation of thick cathode electrolyte
interphase (CEI) layers. This formation leads to the consump-
tion of electrolytes, gas evolution, and increased impedance, as
illustrated in Figure 2c.[14] Higher cut-off voltages and elevated
temperatures intensify these reactions. Li2CO3, LixPOyFz, LixPFy,
and LiF are the main compounds reported in the CEI of Ni-rich
materials.[15]

CO2 Generation: A high concentration of Ni4+ at high voltage
can increase the CO2 evolution.[16] Note that cathodes with higher
Ni content are more sensitive to parasitic reactions with Ni4+.
Moreover, the interaction of oxygen with carbonate-base elec-
trolytes is another source of CO2.[17] Other reactions that result
in the production of CO2 include solvent hydrolysis (if OH− ions
are present), oxidation of electrolyte impurities, and hydrofluo-
ric acid (HF) interaction with lithium carbonate at the surface
impurity.[18] The challenges led to capacity fading, short cycling
life, poor rate capability, gas release, and thermal runaway.

2.1.5. Intergranular and Intragranular Cracking

In the charging process, Li+ is extracted from the lattice, and the
repulsion between O2− layer decreases with increased TM-O co-
valent bonding. Lattice expansion along the c-axis and shrink-
age along the a- and b-axis can result from increased electro-
static interaction between neighboring TM layers.[19] The stress
created by the non-uniform accommodation of this volume
change might cause mechanical failure. In the real world, layered
cathode materials are secondary particles created from densely
packed primary particles. However, secondary particles gener-
ally produce intergranular cracks throughout the charge and dis-
charge cycling process (Figure 2d) due to the anisotropic expan-
sion and contraction of primary particles.[20] The microstrain in
cracking material destruction is one of the essential degradation
mechanisms for cathode materials. First, low grain-to-grain con-
nections caused by cracks can result in low electrical conductivity
and even the fragmentation of active materials, resulting in ma-
terial losses. Second, the cracking provides new surfaces that are
exposed to electrolytes and produce additional locations for corro-
sion, side reactions, and surface phase transition, which acceler-
ates the degradation of batteries.[21] Defects in the Ni–Li antisites
and lattice disorder, as well as Columbic repulsion between the
ions, frequently cause intragranular cracking. During prolonged
cycling, the lattice defects in the pristine particles keep getting
worse and finally turn into nanoscale cracks. Furthermore, intra-
granular cracking is a mechanical failure and structural degrada-
tion under extreme electrochemical conditions.[22]

2.1.6. Transition Metal Ion Dissolution

The dissolution of transition metal ions occurs when metal inter-
acts with acidic species present in the liquid electrolytes. Acidic
species are generated in the liquid electrolyte through hydrolysis
of LiPF6 to form HF.[18] As a result, HF will corrode the cath-
odes and cause the dissolution of transition metal ions from the

cathodes.[18,23] Furthermore, Mn produces Mn4+ and Mn2+ ions
by disproportionating Mn3+ after an HF attack. Mn2+ is also solu-
ble in electrolytes. Its presence on the anode implies capacity fad-
ing because it reduces the number of Li+ insertion sites.[14b,23,24]

Mn2+ can further migrate and deposit at the anode side, cat-
alyzing electrolyte reduction and SEI formation.[25] In addition,
the accumulation of Mn at the anode can lead to internal short-
circuits caused by the Mn dendrite penetrating through the poly-
mer separator. That causes direct contact between the anode and
cathode, as schematically shown in Figure 2e. Only HF attack-
induced TM dissolution dominates at low voltages. At high volt-
ages, fast oxidation of both the electrolyte and cathode followed
by cation exchange dominates to generate soluble TM complexes.
The resulting dissolution of NMC materials can also result in ca-
pacity attenuation.[26]

2.1.7. Thermal Instability

During the delithiation process, phase transition of LCO is ini-
tiated at higher than 200 °C (from layered to spinel) to form
O–O bonds and oxygen release. This process leads to the forma-
tion of electrochemically inactive phases with less oxygen in their
stoichiometry (rock-salt phase).[27] Moreover, the alloying strat-
egy has been promising to increase the structural and thermal
stability of high-capacity layered oxide cathode materials. NMC
(LiNi1−x−yMnyCoxO2) and NCA (LiNi1−x−yCoyAlxO2) cathodes
were successfully created and commercialized.[28] Compared to
LCO, these materials exhibit better Li-stoichiometry, enhanced
electrochemical performance, and higher thermal stability.[29]

NMC433 exhibited the first phase transition at 250 °C, and there
was no rock-salt phase until after 600 °C. However, phase transi-
tions of NMC811 (Ni-rich) are observed at the lower temperature
of 135 °C. The final phase transition to the rock-salt phase is ob-
served at 365 °C.[30] The weaker M–O bonds in the delithiated
state have also been associated with the thermal instability of Ni-
rich cathodes. The oxygen binding energy indicates the strength
of the M–O bonds as a function of Li concentration in differ-
ent NMCs.[31] It is evident that when the Ni content of NMC in-
creases and Li deintercalation occurs, the oxygen binding energy
decreases. As a result, oxygen is liberated in a strongly delithi-
ated form, causing Ni ions lowered from a higher valence state to
undergo an exothermic process. Thus, the Ni-rich cathode chal-
lenged the thermal stability during battery operation. The system
will produce heat. For this reason, there is a chance of heat leaks
or, in extreme cases, even explosion.[32]

2.2. Spinel Cathode

2.2.1. Jahn-Teller Effect

The Jahn-Teller effect is a phenomenon describing the distor-
tion of the geometric arrangement of molecules due to the
asymmetric e− (electron) occupancy in the degraded orbital
(Figure 3a). This process reduces the symmetry and degeneration
of molecules and the system’s energy.[33] At the discharge state,
the valence state of Mn decreases with the continued embedding
of lithium ions. Mn4+ will also be converted to Mn3+, causing the
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Figure 3. Schematic representation of the key challenges of spinel cathodes in Li-ion batteries: a) Jahn-Teller distortion, b) reaction of a lithium salt
(LiPF6) and trace water to generate HF acid, c) dissolution of Mn2+, and d) the high-voltage state.

crystal structure to change from a cubic LiMn2O4 to a tetragonal
Li2Mn2O4. This leads to low symmetry obstructing Li+ diffusion,
e− conduction, and a large anisotropic volume change of around
16%, directly affecting structural damage.[34]

2.2.2. Dissolution of Mn

The Mn dissolution is one of the most important challenges of
spinel cathode. Three leading causes of Mn dissolution are Mn2+

dissolved in the electrolyte, HF attack of the host material, and
the high voltage of charging.

Mn2+ Dissolution in an Electrolyte: In the discharge process,
as the amount of Mn3+ increases, the material surface will show
a disproportionation reaction of Mn3+, turning into Mn4+ and
Mn2+ as shown in the following Equation (1)[35]

2Mn3+ → Mn4+ + Mn2+ (1)

The generated Mn2+ dissolves into the electrolyte, resulting in
a continuous loss of active material.

HF Attack: As illustrated in Figure 3b, the reaction between
lithium salt (LiPF6) in the conventional electrolyte of LIBs and
trace water produces HF and other acidic substances, according
to[36]

LiPF6 + H2O → LiF + 2HF + POF3 (2)

POF3 + H2O → HPO2F2 + HF (3)

HPO2F2 + H2O → H2PO3F + HF (4)

H2PO3F + H2O → H3PO4 + HF (5)

Furthermore, Figure 3c illustrates that HF can attack the sur-
face of LMO (LiMn2O4) to produce Mn2+[37]

2LiMn2O4 + 4H+ → 3𝜆 − MnO2 + Mn2+ + 2Li+ + 2H2O (6)

Moreover, HF acid can also attack the surface of LNMO
(LiNi0.5Mn1.5O4), which is another type of spinal material. That

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (5 of 46)
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Figure 4. Schematic of the key challenges of Si anodes in Li-ion batteries: a) low electrical conductivity, b) pulverization, c) loss of electrical contact, and
d) unstable and thick SEI.

process releases Ni2+ and Mn2+ to be dissolved in the electrolyte,
according to[38]

2LiNi0.5Mn1.5O4 + 4HF → 3Ni0.25Mn0.75O2 + 0.25NiF2

+ 0.75MnF2 + 2LiF + 2H2O (7)

The dissolved Mn2+ can redeposit at the surface of the LMO
cathode or migrate to the anode side induced by concentration
gradients. Then it precipitates at the anode surface, resulting in
slower Li diffusion, declined discharge capacity, and a lower ca-
pacity retention of LMO.[39]

High-Voltage State: LNMO cathode can operate at high volt-
age (5 V vs Li/Li+) with high thermal stability, energy density,
and electrochemical stability.[40] Despite its poor cycling perfor-
mance, the LNMO cathode in LIBs is affected by parasitic re-
actions resulting from electrolyte degradation at high voltages.
The commercial electrolyte is usually composed of LiPF6 in
carbonate-base solvents. Such electrolytes tend to be oxidized
under high voltage due to a narrow working potential range of
0−4.5 V.[41] The resulting byproducts, such as CO2, CO, POF3,
C2H5OCOOPF4, and OPF2ORF, can further react with the SEI
and lithium metal at the anode side. CO2 can also react with
the anode to generate inactive Li2CO3 cover layers at the surface.
Byproducts with fluorine elements can generate HF acid, result-
ing in increased capacity fading of LIBs.

During the final stage of charging, the delithiated structure be-
comes unstable and loses some of its MnO content, which causes
it to transform into a more stable single-phase structure. This
leads to greater dissolution of Mn with a higher proportion of
Mn4+, resulting in overcharging. According to Equation (8),[42]

the phase transition may result in Mn dissolving from spinel at
high voltage, according to

LixMn2O4 → LixMn2−yO4−2y + yMnO2 (8)

Following the dissolution of the Mn, the MnO (Mn2+) dissolves
into the liquid electrolyte and is transferred to the anode[43]

yMn2+ + LixC6 → yMn0 + Lix−2yC6 + 2yLi+ (9)

After that, Mn0 eventually covers the anode surface. This pro-
cess inhibits the intercalation of lithium in the graphite and
raises the anode impedance. Additionally, the deposition of Mn
can generate inactive LiCO3 when it reacts with carbonate-base
electrolytes and lithium (Figure 3d).[44] As a result of the pro-
longed cycle life, this mechanism consumes active Li-ions and,
consequently, its storage capacity deteriorates dramatically.

3. Anode Challenges in LIBs

3.1. Silicon Anodes

3.1.1. Low Electrical Conductivity

In practical applications of LIBs, the electronic conductivity of Si
(particles) is ≈10−3 S·cm−1 at room temperature.[45] This property
makes it challenging to use these electrode materials due to the
low e− conductivity, Li+ diffusion, and electrochemical kinetics
(Figure 4a).[46] And from above reasons lead to limitations in the
development of total capacity and kinetics of Si anodes.[47]

3.1.2. Material Pulverization

In the process of electrochemical lithiation, silicon can accommo-
date up to four lithium atoms, making it an alloy anode. However,
this mechanism leads to substantial changes in volume due to
the significant consumption of lithium. For instance, the trans-
formation from Si to Li4.4Si involves an expansion in volume of
about 400%.[48] This repeated expansion and contraction during
lithium insertion and extraction creates significant stress on the

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (6 of 46)
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Figure 5. Schematic illustration of the core–shell strategy for layered and spinel cathodes in LIBs, which prevents direct contact with the electrolyte,
reduces gas release reactions, parasitic reactions, and the dissolution of transition metals due to HF acid, and improves the Li+ diffusion coefficient.

silicon particles in particular, shrinkage occurs during delithia-
tion. That can cause cracking and pulverization of Si, as illus-
trated in Figure 4b.[49] As shown in Figure 4c, this process leads
to a loss of electrical contact between the active powder particles
and the current collector and, consequently, to a considerable loss
of active material, which causes low-capacity stability and rapid
capacity decay.[50]

3.1.3. Unstable SEI

Along with pulverization, SEI is another serious problem caused
by large volumetric changes during electrochemical cycling.[51]

Due to the reduction of the organic electrolyte, the SEI layer cov-
ers the anode surface when the anode potential is less than ≈1
V versus Li/Li+. In order to prevent other side reactions and the
cycle-life performance of LIBs from dropping continuously, the
SEI layer should be dense and stable, electronically insulating
but ionically conducting.[52] As the volume of silicon steadily in-
creases during the lithiation process, the formed SEI becomes
cracked, exposing the electrode surface to bring the fresh Si sur-
face in contact with the electrolyte. That results in the contin-
uous growth of the SEI.[53] This unstable SEI consumes more
electrolyte molecules and lithium ions (Figure 4d). This process
increases the internal resistance of thick SEI, resulting in low
coulombic efficiency, low electronic conductivity, and electrode
degradation.[54]

4. Solving Cathode Challenges by Core–Shell
Strategies

Various strategies have been developed to optimize the benefits
and mitigate the limitations of layered and spinel cathode mate-
rials in LIBs. Two outstanding approaches are the design of core–
shell structures and metal ion doping:

1) Core–shell structure design: layered or spinel cathode ma-
terials are coated by a protective shell made of an electroni-
cally and structurally stable cathode material to form a core–
shell structure. This design prevents direct contact with the
electrolyte, reducing gas release reactions, parasitic reactions,
and the dissolution of transition metals due to HF acid. The
core–shell approach also offers several benefits, including en-
hanced storage properties, simplified electron transfer and
conductivity, and an increased Li+ diffusion coefficient.[55]

These improvements result in better electrochemical perfor-
mance and increased battery stability (Figure 5).

2) Metal ion doping design: the introduction of metal ion dop-
ing into layered and spinel cathode materials offers several
advantages, such as improved structural stability, increased
electronic conductivity, higher capacity, enhanced safety, and
greater cost-effectiveness. To fully realize these benefits, re-
searchers must optimize factors such as dopant selection,
doping methods, and treatment parameters.[56] As a result,
metal ion doping remains a dynamic area of research in the
pursuit of maximizing electrochemical performance in LIBs.

4.1. Layered Cathodes

4.1.1. LCO (LiCoO2)

Coating of LCO with a shell thickness of 100 to 1000 Å as a core–
shell structure effectively prevents direct contact with carbonate-
base electrolytes, suppresses phase transitions, decreases cation
disorder, and improves the structural stability.[57] As a result, the
electrochemical performance is significantly enhanced. That re-
lates to reversible capacity, cyclic behavior, and rate capability.

LCO coatings with inactive metal oxide is well known in the lit-
erature, including Al2O3,[58] MgO,[59] SnO2,[60] ZnO,[61] Fe2O3,[62]
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Figure 6. a) Schematic diagram of coating MTLCO-11 and CLCO-0.25 on a LCO cathode material. Reproduced with permission.[66] Copyright 2022, Amer-
ican Chemical Society. b) Schematic diagram of high-rate solid phase coating process of LTO@LCO cathode material. Reproduced with permission.[69]

Copyright 2020, American Chemical Society.

ZrO2,[63] and TiO2.
[64] The insulator coatings can help to reduce

the chemical or parasitic reactions during the charge and dis-
charge cycling process and at the high voltage during charging.
However, the inert metal oxide layer not only can improve the
capacity of LIBs at higher cut-off voltages but can also influence
the high-rate capability by improving the Li+ conductivity across
the interface of the cathode and electrolyte.[65] Another unique
method was recently presented by the group of Zhao. Direct re-
generation of consumed LCO materials with Al-compounds coat-
ing suppressed the interface side reaction at a high cutoff voltage,
as shown in Figure 6a.[66] The coating layers, composed of Al2O3
and LiCo1−yAlyOz solid solution, at the surface of synergistically
regenerated materials exhibit high cycling stability. That is advan-
tageous for suppressing side reactions and preventing corrosion
at the interface or attacking the bulk phase caused by harmful
substances, such as HF, in the electrolyte during battery opera-
tion.

To overcome the weaknesses of metal oxides that cannot
increase the capacitance and are suffering from low Li+ conduc-
tivities, Li-containing compounds with high ionic conductivity
are alternative coating materials. The examples are, LiAlO2,[67]

LiNbO3,[68] Li4Ti5O12,[69] LiAlF4,[70] Li1.6Mg1.6Sn2.8O8,[71]

LiPON,[72] and Li7La3Zr2O12.
[73] A quick and simple scalable

high-rate solid phase coating technique was devised by Wang

et al. in their study to encapsulate LCO in a thin Li4Ti5O12 (LTO)
layer.[69] LTO has a fast Li+ diffusivity of 1 × 10−6 cm2·s−1 and
outstanding structure stability even at high voltage.[74] According
to Figure 6b, a considerable number of nanosized LTO particles
created using the sand milling technique are attached to the
surface of the LCO microspheres by a high-rate solid-phase
coating. Heat processing results in encapsulating the LCO
micro-spheres within a consistent, continuous LTO layers. Due
to the suppression of bulk phase transition and surface side
reactions, the cycling stability of the cathode materials improved
when tested at high voltages while being armored within such
continuous and robust LTO layers.

On the other hand, carbon coatings can improve the cycling
stability and rate capability of LCO significantly because it acts
as a transport medium and increases the electronic conduc-
tivity of cathodes. Also, these coatings physically prevent side
reactions between LCO and the carbonate-base electrolytes.[75]

The research by Lin et al. shows that the innovative synthetic
method for in situ synthesis of a carbon coating LCO het-
erostructure derived from a metal-organic framework (MOF)
was elevated-temperature solid-state annealing.[76] A simple
microwave-assisted approach was used to synthesize a zeolitic
imidazolate framework (ZIF67) efficiently. The ZIF67 powder
was first prepared and then combined with lithium carbonate

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (8 of 46)
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for high-temperature sintering lithiation. This transformed the
ZIF67 nanopolyhedron into an LCO particle, which was further
annealed using a solid-state method at elevated temperatures. To
achieve complete conversion and produce a series of core–shell
LCO@C particles with high crystallinity, they were heated un-
der nitrogen at 600, 700, and 800 °C. The carbon-coated layers
on these particles prevent direct contact between the LCO bulk
and electrolyte, improving electrochemical conductivity and re-
ducing structural distortion caused by strain during lithium in-
sertion and extraction. This enhances long-term cycling stabil-
ity and improves the electrochemical performance, particularly
at high cut-off voltages of 4.5 V.

Overall, an ideal core–shell coating strategy allows it to cre-
ate a high-voltage, chemically, and electrochemically stable, low-
resistant surface layer and boost the electrical conductivity for
LCO. A homogeneous and conformal core–shell is also neces-
sary to homogenize the lithium flow throughout the (dis)charge
process. This property is particularly important for LCO when
cycled at high voltages, as the structure quickly collapses at high
delithiated states, and more Li+ is extracted from the LCO struc-
ture. It is caused by inhomogeneous (de)lithiation may accelerate
this process.

4.1.2. Ni-rich NMC (LiNi1−x−yMnyCoxO2) and NCA
(LiNi1−x−yCoyAlxO2)

The idea of adopting a core–shell strategy is to cover the highly
reactive Ni-rich cathode material with an outer sphere of less
reactive material.[77] This structure enables the combination of
the shell outstanding stability with a core of high electrochemical
performance.[32a,78] The core–shell strategy has proven to be an
effective method to protect the reactive Ni4+ of Ni-rich cathode
material from unfavorable side reactions. In order to both boost
the surface structural and thermal stability, the coating layer cre-
ates a physical barrier between the active material and electrolyte,
especially in the highly lithiated states.[79] Additionally, these
coatings can protect Ni-rich cathode materials effectively against
corrosion by HF, formed by hydrolysis of LiPF6. The scavenger
of acidic HF leads to the dissolution of transition metal ions out
of the surface of the active material, causing lattice damage and
continuous loss of active material.[55c,e,80] During (de)lithiation,
the coating layer could help to suppress the phase transition of
cathodes from a layered structure to a rock-salt phase because the
presence of the physical layer can prevent the loss of oxygen from
the lattice by preventing the reaction between reactive Ni4+ and
electrolyte.[81] Although core–shell materials cannot directly sup-
press the intergranular and intragranular cracking, it reduces ef-
fects of lattice expansion along the c-axis and shrinkage along the
a-axis and b-axis. However, the core–shell morphology can avoid
parasitic reactions caused by the interaction between the fresh
surface (reactive surface) formed by cracking and electrolyte.[82]

Moreover, Ni-rich cathode materials tend to form surface impu-
rities under ambient conditions, which causes to lose capacity
more quickly during cycling, become higher impedance, and
generate gas. Another beneficial side effect of a stable coat-
ing layer is the improved storage property of Ni-rich cathode
materials by protecting of CO2 and H2O from the ambient
condition.[83]

On the other hand, changing the chemical properties of the
electrode/electrolyte interface can increase the raw material ca-
pacity and simplify e− transfer by introducing coating materials
with superior ionic and electronic conductivity.[84] Finally, core–
shell structure increases the ability of materials to withstand me-
chanical deterioration. The cathode material particles shatter un-
der the high stresses experienced during the electrode calen-
daring process.[85] The mechanically induced materials capacity
degradation is suppressed, and the integrity of the particles dur-
ing cycling is improved when the material has a mechanically-
strong protective layer created by the core–shell strategy.

Metal oxide is one of the most common coating materi-
als demonstrated via testing to be highly stable under ex-
ertive conditions, such as windows with extended operating
potential voltage and higher elevated cycling temperatures
due to inert material with properties that are virtually non-
reactive to electrolytes and prevent corrosion caused by HF
scavengers.[86] Surface coating of Ni-rich (NMC and NCA) with
an inert material can be divided into the following categories:
metal oxide (Al2O3,[87] TiO2.

[88] ZnO.[56a,89] V2O5.
[90] MgO,[91]

ZrO2,[92] SiO2,[93] Co3O4,[89,94] CeO2
[95]), metal fluoride (LiF,[96]

AlF3,[97] CaF2,[98] FeF3,[99] MgF2
[100]) and metal phosphate

(AlPO4,[101] Li3PO4,[102] MnPO4,[103] LaPO4,[104] FePO4,[101a,105]

Ni3(PO4)2
[106]). Figure 7a illustrates the results of a thorough in-

vestigation of the ideal coating and its impact on the electrochem-
ical performance and safety of the NCM811 cathode material by
Ramakrishna and colleagues.[107] They developed a novel TiO2
nanolayer using a simple wet chemical technique. The prepared
coating effectively reduced the surface area in contact between
the cathode and electrolyte to reduce transition metal dissolution.
It also prevented unfavorable side effects, including HF attacks.
As a result, the coated NMC811 with TiO2 showed significantly
improved cycle performance and rate capability. The exother-
mic peak of the NCM811 cathode material was also moved to
higher temperatures. The cathode phase change during heating
was postponed by surface modification using TiO2 nanoparti-
cles. This outcome demonstrates the value of TiO2 coating in
improving the performance and safety of NCM811 cathode ma-
terials in LIBs. Moreover, Ming and co-workers have developed
a unique organic ligand coordination complex to stabilize the
metal phosphate in a non-aqueous solution and then use it to
modify NCM with AlPO4. The schematic representation of the
coating process and the various chemical compositions of the
coating layer are shown in Figure 7b.[101b] Previous to forming
an amorphous AlPO4 layer after sintering, the AlPO4-based solu-
tion can evenly disperse over the NCM particles at the molecular
level and create a thin film after drying. This strategy addresses
the issue of nonuniform coating in the existing precipitation pro-
cess. It creates a new path to molecularly controllable ultra-thin
surface modification. Consequently, the performance of NCMs
in high-voltage situations has significantly improved, including
their stability and reliability, as well as their cycling and cycling
capabilities.

Nevertheless, inert materials have the disadvantage of hav-
ing low conductivity for ions and electrons. That hinders
the cell performance at fast (dis)charge rates and slightly
increases the irreversible capacity of the Ni-rich cathode mate-
rials. Conductive polymers (polypyrrole (PPy),[108] poly(3,4-
ethylenedioxythiophene),[109] polyaniline (PANI),[110] and

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (9 of 46)
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Figure 7. a) Schematic illustration of applying an TiO2 coating on a NCM811 cathode powder and cell assembling with the modified cathode. Reproduced
with permission.[107] Copyright 2021, American Chemical Society. b) Schematic illustration of surface modification of AlPO4 for NCM. Reproduced
with permission.[101b] Copyright 2019, American Chemical Society. c) Schematic illustration of coating process of PNCM via polysiloxane. Reproduced
with permission.[112] Copyright 2021, American Chemical Society. d) Schematic illustration of preparation and charge attraction effect on NCM@LTP.
Reproduced with permission.[126] Copyright 2019, Elsevier.

3,4-ethylenedioxythiazide (PEDOT)[109]) have attracted much
attention from researchers as coating materials, due to their
high electronic conductivity, stability elasticity, electrochemical
activity, and low cost. These polymers could simultaneously sta-
bilize and buffer the volume change of cathodes during cycling.
Additionally, coating layers of conductive polymers may enhance
the rate capability and charge-transfer process at the surface
of Ni-rich cathodes.[111] Li et al. demonstrated that coating the
NCM cathode with polysiloxane via a wet chemical process may
prevent interfacial side reactions by removing the HF in the elec-
trolyte and the H2O on the NCM, as shown in Figure 7c.[112] This
method guarantees stable electrochemical cell performance.
The polysiloxane coating prevents adverse effects on the NCM,
which helps increase the structural stability of the NCM cathode.
At the same time, the rate performance of the NMC@PSi is
better than that of PNCM (pristine NCM) at various rates. All
these improvements are attributed to the polysiloxane coating
layer.

Electrically conductive carbon materials are another example
of a coating material with improved electronic conductivity com-
pared to an inert coating material (metal oxide, metal fluoride,
and metal phosphate).[113] Highly conductive carbon material can
be coated on a surface to increase e− transfer through the inter-
face of the cathode material particles, accelerating the process of
heterogeneous charge transfer on a Ni-rich surface. The coating
can also add additional pathways for e− to travel between the cath-
ode material particles and between the cathode material particles
and the current collector.[114] Additionally, this material shows
faster Li+ diffusivity and less gas generation at high charging po-
tentials voltages resulting in higher capacity and cycling stability,
especially at high rates.[115]

Unfortunately, most of the coating materials for Ni-rich cath-
ode have low ionic and electronic conductivity, which is detrimen-
tal to rate performance and even reversible capacity. Therefore,
Li-containing inorganic oxides, as a prominent coating material,
are introduced, such as LiTi2(PO4)3,[116] Li3PO4,[117] Li2SiO3,[118]

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (10 of 46)
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Li2ZrO3,[119] LiAlO2,[120] Li2CO3,[121] Li2TiO3,[122] Li2MnO3,[123]

and LiCoO2.
[124] Li-containing inorganic oxides can improve the

rate performance of Ni-rich cathode materials and facilitate the
diffusion of Li+ at the interface between the active material
and electrolyte. Additionally, they can act as a barrier to mini-
mize unwanted side reactions. When tiny particles of these ox-
ides are attached to the surface, they preferentially react with
the HF present in the electrolyte.[125] Thus, the coating layer is
successfully maintained throughout the cycle lifetime, resulting
in a stable interface with low impedance. Tian and co-workers
have presented a novel approach for synthesizing NCM@LTP
cathode material (Figure 7d).[126] The self-assembled electrostatic
charge attraction between LTP (negative charge) and NMC@KH-
540 (positive charge) is maintained, facilitating uniform NCM
surface coatings. As a superior solid electrolyte, NASICON-type
LiTi2(PO4)3 (LTP) exhibits ultrahigh Li+ conductivity in the group
of LixM2(PO4)3. Electrochemical experiments have also revealed
that coating with LTP increases cycling stability at high cut-off
voltage while simultaneously improving ionic transport. Hope-
fully, the work by Tian will provide novel insights for future coat-
ing developments.

4.2. Spinel Cathodes

4.2.1. LMO (LiMn2O4)

The synthesis of morphologies,[127] metal ion doping,[128] and sur-
face coating have all been examined as potential solutions to im-
prove LMO material. Despite efforts to control the synthesis of
morphologies and introduce metal–ion doping, it is still not pos-
sible to completely prevent the dissolution of Mn due to HF at-
tack at the interface between the electrode and electrolyte during
charging and discharging. On the other hand, the coating layer
is a practical and controllable approach that can:

1) Prevent direct contact between the active cathode material and
electrolyte, reducing Mn dissolution.

2) Minimize the Mn deposition on the anode surface, resulting
in a slower impedance increase.

3) Suppress phase transitions and dendrite formation.
4) Enhance the structural stability at high voltage.
5) Decrease the disorder of cations in crystal sites.
6) Increase the electronic and ionic conductivity of the

electrodes.[129]

The majority of efforts have been focused on covering the sur-
face of the core–shell structure with various inert shell materials,
such as metal oxide (MgO,[130] Mn2O3,[131] CeO2,[132] ZrO2,[133]

Al2O3,[134] TiO2,[135] SiO2
[136]), fluorides (LaF3,[137] MgF2,[138]

AlF3,[139] and FeF3
[140]), and phosphates (YPO4,[141] AlPO4,[142]

FePO4,[143] and LaPO4
[144]), to solve these challenges. These inert

layers act as HF scavengers that reduce Mn dissolution and side
reactions by preventing direct contact between the active material
and the electrolytes. The resultant core–shell constructions with
inert shells have also been investigated for enhancing cycling or
thermostability at high temperatures. The Tu group also demon-
strates the co-existence of an Al-diffusion surface layer and an
oxide coating at the surface.[145] That was carried out to avoid

surface Jahn-Teller distortion and delay Mn dissolving, retain-
ing good structural stability and electrical contact. In the study
by Yu and co-workers, TiO2 nanocoating is deposited to an LMO
electrode using the atomic layer deposition (ALD) technique, as
shown in Figure 8a. This highly homogeneous, conform, and
dense amorphous coating layer is directly coated at the cathode
electrode to maintain electrical conductivity. The polarization and
self-discharge of this coated material are low. The highly confor-
mal and ultrathin TiO2 coating improves the kinetics of Li+ diffu-
sion. It stabilizes the electrode and electrolyte interface resulting
in increased electrochemical performance.[146]

Metal nanoparticles are another choice for coating. This coat-
ing can improve electrical contact between particles to direct e−

toward the current collector and improve Li+ diffusion pathways
of the cathode material. In Figure 8b, Julien and co-workers ex-
hibit LMO cathode material coated with Ag via a co-precipitation
synthesis process. The coating state forms nanospheres cover-
ing the surface of LMO with major Ag particles and minor AgO.
The synergistic effect of Ag and AgO can enhance specific sur-
face area up to 4.1 m2·g−1 and raise mesoporosity, which might
promote accessible diffusion pathways for Li+ to LMO particles.
Moreover, a small amount of Ag can reduce the thickness of SEI.
The presence of the superficial conductive layer increases the in-
terparticle electrical contact of LMO. It creates a thin insulating
AgO layer that shields against side reactions. This strategy in-
creases the rate capability and cycling life of the LMO cathode.[147]

Besides, limited ionic and electronic conductivity of inert coat-
ing materials lead to a restriction of the electron transfer ki-
netics. Amorphous carbon,[148] graphene oxide,[149] rGO,[150] and
CNTs[151] are examples of several forms of carbon coatings that
have been investigated to overcome the weaknesses of inert
coating materials.[152] Moreover, the advantages of carbon-based
surface coating are as follows: 1) Excellent electrochemical and
chemical stability. Carbon has great electrochemical stability and
good resistance to corrosion from HF due to the reduce inter-
action between the electrolyte and electrode, which reduces the
Mn dissolution.[153] Additionally, the cathode materials might be
protected from oxygen and moisture in the air by carbon, which
cannot be easily oxidized. 2) Carbon possesses distinct physical
properties such as anisotropic conductivity, low density, high me-
chanical strength, and structural flexibility.[154] 3) Carbon exhibits
outstanding electrical conductivity, which can enhance the flow
of e− through the coated shell, resulting in better utilization of
the active material.[155] 4) The 3D structure of the carbon layer
has the potential to prevent the collapse of the cathode material’s
structure, thereby reducing the formation of cracks in the parti-
cles due to structural changes.[156] 5) Low cost and abundance.

In addition, a novel nitrogen-containing carbon (N–C) coating
developed by Lee and colleagues significantly improved the cy-
clability and discharge capacity of LMO cathodes. Easy coating
of N–C material onto the LMO resulted in an ordered surface
encapsulation promoted fast Li+ diffusion while preserving the
structure of the LMO core material. The coating reduced Mn
dissolution by preventing direct contact between the electrode
and electrolyte. This coating process promises to produce a high-
performance cathode material for LIBs, as evidenced by observed
EIS and cycling characteristics (Figure 8c).[153]

Another example of conductive polymer coatings is polypyr-
role (PPy)[157] and polyacrylonitrile (PAN).[158] Conducting

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (11 of 46)
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Figure 8. a) Schematic illustration of TiO2 layer deposited on LMO electrode surface via ALD. Reproduced with permission.[146] Copyright 2018, Amer-
ican Chemical Society. b) Schematic illustration of the Ag coating process of LMO nanoparticles. Reproduced with permission.[147] Copyright 2020,
MDPI. c) Schematic illustration of preparation of N–C@LMO via ultrasonication and calcination process. Reproduced with permission.[153] Copyright
2016, Springer Nature. d) Schematic illustration of three-dimensional in-situ polymerization and high-temperature annealing of PPy on a LMO surface.
Reproduced with permission.[160] Copyright 2022, Elsevier.

polymers can improve the kinetic performance of LMO and re-
duce the charge-transfer resistance of Li+ at the interface of the
electrolyte and electrodes.[159] Figure 8d illustrates the procedure
used by Yuan et al. to create a unique carbon-encapsulated LMO
membrane electrode created by growing the PPy coating in situ
after high-temperature annealing. The coating layer served as a
conductive layer to improve both electronic and ionic transport
and as a buffer layer to prevent crystal volume collapse and dis-
solution of Mn. This core–shell material demonstrated a faster
Li+ electrosorption rate, higher Li+ diffusivity, and better stability
than the LMO electrode.[160]

4.2.2. LNMO (LiNi0.5Mn1.5O4)

Numerous techniques have been studied to address these is-
sues, including coatings,[161] cation doping,[162] and electrolyte
additives.[163] Among them, the core–shell structure has been
recognized as an excellent method for preventing direct contact
between the LNMO electrode and electrolyte by creating a com-
pletely protective layer at the LNMO surface, thereby suppressing
the undesirable side reactions. Additionally, this technique can
improve the structural stability at high voltages, the electrode and
electrolyte surface stability, the ionic or electronic conductivity,
inhibit the phase transition, and reduce cation disorder at crystal

sites.[164] As a result, it can significantly improve the electrochem-
ical performance of LIBs.

One potential approach to overcome these shortcomings of
LNMO is a core–shell structure with metal oxides (Al2O3,[161a,165]

TiO2,[166] ZrO2,[167] CeO2,[168] ZnO,[169] MgO,[170] V2O5,[171]

SiO2,[172] and MoO3
[173]) and phosphates (AlPO4,[174] FePO4,[167]

and Li3PO4
[175]). From literature, inactive shell materials have

been adopted to address the issues of electrolyte oxidation and
dissolution of transition metals due to their electrically noncon-
ductive and electrochemically stable properties and enhanced
electrochemical performance at both room and elevated tem-
peratures. These inert layers can provide a protective barrier to
avoid direct contact of the particle surface with the electrolyte at
high voltages and also eliminate the harmful HF acid molecules
produced in the electrolyte, resulting in an improvement of the
cycling performance of spinel LNMO cathodes. The results of
using ALD to produce ultrathin Al2O3 coatings on LNMO par-
ticles are reported by Kim et al. The core–shell showed consider-
ably reduced self-discharge and transition metal dissolution in
combination with significantly improved coulombic efficiency,
cycle retention, and rate capability. This discrepancy results from
the ALD-deposited Al2O3 coatings, inhibiting side reactions at
high voltages. In addition, the SEI layers on uncoated and Al2O3-
coated LNMO particles after cycling performance are represented
schematically in Figure 9a. The Al2O3-coated LNMO particles

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (12 of 46)

 23669608, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300345 by Scholarly Inform
ation U

niv L
ib, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 9. a) Schematic illustration of a bare and Al2O3-coated (ALD) LNMO electrodes after (dis)charge cycling, showing different features in the
SEI layers Reproduced with permission.[176] Copyright 2015, Elsevier. b) Schematic illustration of the advantages of the integrated surface coating to
stabilize the surface of the LNMO particle with LiMg0.5Mn1.5O4 (LMgMO). Reproduced with permission.[189] Copyright 2020, Wiley-VCH. c) Schematic
illustration of PVDF coating at a LNMO surface and its role in protecting LNMO and suppressing undesired interfacial reactions and Mn dissolution.
Reproduced with permission.[193] Copyright 2018, Elsevier.

have substantially thinner SEI layers and have fewer organic
species than the bare LNMO particles.[176]

Metal fluoride (LiF,[177] MgF2,[178] CeF4,[179] and AlF3
[180]) is

also an effective coating material for LNMO cathodes because
1) it suppresses the Mn dissolution of active materials via a
physical protecting layer, 2) inhibits the fast SEI growth during
(dis)charging, 3) provides surface stabilization due to a strong
ionic bonding with high ionic conductivity and (electro)chemical
stability and insolubility that significantly improves Li+ transport
during the cycling process.[181] As a result, the structural stabil-
ity, interface stability, cycling capability, and thermal stability of
LNMO are improved significantly.

Nevertheless, these conventional coating layers, including ox-
ides and fluorides, are often not electrochemically active and
have poor electronic and/or ionic conductivity. The inert coat-
ing materials are insulators for Li+ conduction and could pre-
vent Li+ migration.[182] Therefore, utilizing core–shell materials
composed of Li-containing inorganic oxides such as LiNiPO4,[183]

Li2ZrO3,[184] Li0.33La0.56TiO3,[161c] LiAlSiO4,[185] and LiNbO3
[186]

as the shell material is recommended as it serves as both a
protective layer and an efficient electrical and ionic conduc-
tor. The same crystal structure exists in both the core and
shell, allowing coherent connections at the interface. Addition-
ally, Li+ diffusion channels present at the intersection of the
two materials exhibit exceptional thermodynamic stability.[187]

Also, some Li-containing inorganic oxides may absorb HF acid
through aluminosilicates with hierarchical porosity, leading to in-
creased cycle performance and thermal stability of the LNMO

cathode.[188] LNMO@LMgMO, synthesized via a sol-gel self-
combustion method, was introduced by Xie and co-workers as
cathode materials for LIBs that can endure both high voltages
and temperatures. The synergistic effect improves the Ni/Mn or-
dering and crystal stability of LNMO. LMgMO (LiMg0.5Mn1.5 O4)
gives LNMO a Li+ transport window for enhancing Li+ diffusion.
The physical protective layer that LMgMO creates at the surface
of LNMO also reduces the growth of SEI film, minimizes sur-
face side-reactions, and impedance growth. In addition, as shown
in Figure 9b, LMgMO could effectively prevent HF attack at the
LNMO surface, decrease transition metal dissolution, and en-
hance material reversibility.[189]

Unfortunately, the Li+ diffusivity does not change significantly
due to the poor conductivity of these inorganic materials. These
coatings potentially reduce the high-rate performance of the com-
posite compared to the case when the coating is absent. Conduc-
tive carbon coatings have been mentioned as alternative material.
However, it is still challenging to apply to LNMO because Mn4+

in LNMO is quickly reduced by carbon to Mn3+, which requires a
reducing atmosphere for the carbon source to carbonize at high
temperatures.[190] Identifying another unique coating substance
that may serve as a protective and conductive layer for LNMO
is crucial in this regard. Conducting polymers (PEDOT,[191] poly-
imide (PI),[192] polyvinylidene fluoride (PVDF),[193] and PPy[194])
has been considered a possible addition in recent years to help
LIBs operate better during cycling also at higher rates. The uti-
lization of a conducting polymer layer serves to enhance ion con-
ductivity and inhibit unintended surface reactions on LNMO.

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (13 of 46)
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Figure 10. Schematic illustration of the core–shell strategy for silicon anodes in LIBs, which mitigates pulverization, stabilizes the SEI, and improves
electrical conductivity.

This effectively minimizes dissolution of Mn during the charge
and discharge process. Gao et al. produced the conductive PPy-
coated LNMO applied as cathode materials in LIBs. They showed
excellent electrochemical performance at high potentials and dur-
ing long-term cycling due to the fact that 1) PPy acts as a conduc-
tive polymer that can improve the conductivity and reduce the
charge transfer resistance of bare LNMO, 2) the PPy layer can
suppress transition metal dissolution into the electrolyte and 3)
PPy protection layer can prevent undesirable reactions between
the cathode electrode and electrolyte at the surface of the ac-
tive material at high temperatures, which results in significantly
enhancing the coulombic efficiency.[194a] The Huang group[193]

presented a method where PVDF is deposited on the surface of
the particles using a liquid coating technique to support the 5
V spinel LNMO cathode in organic electrolyte. PVDF is electro-
chemically inert and oxidation resistant. Researchers have dis-
covered that the continuous and completely covered PVDF layer
effectively reduces electrolyte decomposition at the electrode-
electrolyte interface and protects LNMO from corrosion by the
organic electrolyte, particularly under high voltage and high-
temperature conditions. The electrochemically inactive surface
coating essentially prevents the formation of an SEI film, and the
impedance rise of the electrode during cycling is decreased. Dur-
ing prolonged electrochemical cycling, the PVDF wrapping layer
prevents Mn from dissolving into the electrolyte. Consequently,
the 5 V spinel LNMO cathode is successfully stabilized in the or-
ganic electrolyte, and as shown in Figure 9c, its overall electro-
chemical performance is significantly improved.

5. Solving Anode Challenges by Core–Shell
Strategies

5.1. Silicon Anodes

Various techniques have been developed to illustrate the advan-
tages and minimize the drawbacks of silicon anode nanomate-

rials. That includes the design of novel structures,[195] dispers-
ing silicon into an active or inactive matrix,[196] and coating the
core–shell with an electronically conductive or inactive layer[197]

as follows:

1) The creation of unique structures that can decrease volume
expansion, pulverization, and contraction during the lithi-
ation and delithiation of silicon anodes, respectively. That
includes, for example, zero-dimensional nanoparticles (0D),
nanowires, nanotubes, and nanorods (1D), and nanosheets
and thin films (2D).

2) Various composites of active and inactive materials have been
widely used in these approaches, with the inactive compo-
nent serving as a structural buffer to reduce mechanical
stress and help to reduce the significant volume changes of
the active silicon. That prevents the electrode integrity from
deteriorating.[198]

3) The core–shell structure consists of crystalline silicon (Si) in
the core and a conducting material or inactive layer as the
shell. Si mainly contributes to the capacity of the LIBs. In con-
trast, layer materials allow for the prevention of Si particle ag-
gregation, can buffer significant volume changes, and form
a stable solid-electrolyte interface (SEI) layer (Figure 10). Fur-
thermore, conducting materials can further increase electrical
conductivity. As a result, core–shell architectures can enhance
the capacity retention and cyclability of LIBs.[199]

The most common technique for addressing these issues
is covering the Si anode with various carbonaceous nano-
materials to create Si@C core–shell structures. Examples
are carbon black,[200] carbon nanotubes,[201] graphite,[202] and
graphene.[201,203] The mechanical characteristics, electrical con-
ductivity, and capacity to accommodate Li+ insertion and extrac-
tion of the carbon shell materials can all affect the long-term
cyclability and kinetics of the LIBs.[204] During several alloying
processes, the carbon layer serves as a soft medium to absorb
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Figure 11. a) Schematic illustration of the synthesized SF@G features a two-dimensional covalently bound component interface. Reproduced with
permission.[207] Copyright 2020, Springer Nature. b) Schematic illustration of the synthesis of Si@V-C-M (void-carbon-MoS2) composite anodes. Re-
produced with permission.[210a] Copyright 2020, Elsevier. c) Schematic illustration of the core–shell Si/Co composite powder formation by electroless
cobalt plating. Reproduced with permission.[218] Copyright 2014, Elsevier. d) Schematic illustration of the synthesis process of Si NPs@x-PAN core–shell
material via an emulsion-based technique. Reproduced with permission.[224] Copyright 2022, Elsevier.

volume changes.[205] The physical barrier of the carbon shell iso-
lates the contact between silicon and electrolyte, thereby improv-
ing the stability of the SEI film.[206] To address the issue of sig-
nificant volume changes in silicon electrodes during cycling, Zhi
and colleagues proposed a new design for skin-like covalent en-
capsulation of silicon electrodes. This methodology is described
as 2D covalent encapsulation using chemical vapor deposition
(CVD), as illustrated in Figure 11a. The novel material design is
demonstrated using covalently bonded, 2D silicon-carbon hybrid
materials. Regarding weight, volume, and area, their excellent re-
versibility, capacity, and rate capability provide a remarkable de-
gree of integrated performance. The binding of Si and C is crucial
because it creates a reliable and effective contact between silicon
and electrically conductive C, allowing rapid electronic and ionic
transfer to/from silicon.[207]

Nevertheless, silicon anodes can be coated with the most
widely used inert materials, such as metal silicide,[208] metal
oxides,[209] metal sulfides,[210] and silicon oxides.[211] Due to the
unique characteristics of these inactive shell materials, it is pos-
sible to increase the adhesion to the conductive binders and pre-
vent the formation of unstable SEI layers when silicon comes into
direct contact with the electrolyte. The volume expansion of sil-
icon particles during cycling also declined to maintain its struc-
tural electrode integrity.[212]

Figure 11b schematically shows the fabrication process of
molybdenum sulfide (MoS2)-C double-protective-shell layers that
Wang and co-workers developed to reduce the structural collapse
of the silicon anode in yolk-shell (Si@V-C-M) anodes. The exte-
rior MoS2 shells withstand mechanical stress to maintain struc-
tural integrity and stability. In contrast, polyvinylpyrrolidone-
produced carbon shells provide internal voids (V) to inhibit the
volume expansion of silicon nanoparticles. Additionally, this in-
tricately designed architecture promotes Li+ and e− transport by
reaping the benefits of pseudo-capacitance behavior driven by
coating structure. The reversible capacity, extended cycle stabil-
ity, and better rate performance of the Si@V-C-M yolk-shell may
be improved by the structural evolution and kinetics properties
of the (de)lithiation process.[210a]

However, the carbon coating method necessitates a high-
temperature operation of >700 °C, such as carbonizing carbon
materials or the thermal decomposition of acetylene gas. These
metal coating techniques are highly valuable and may be applied
at relatively low temperatures to improve the electrical conduc-
tivity of Si-based materials further.[213] Metallic materials (Ag,[214]

Al,[215] and Cu[216]) with high mechanical strength, outstanding
ductility, and high electrical conductivity can be used as coatings
to create tougher, more flexible forms that can withstand vol-
ume expansion of silicon during cycling. Meanwhile, the high
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electrical conductivity of the coating material provides fast
pathways for the transfer of electrons. Its high electrochemical
stability can prevent direct contact between silicon and the elec-
trolyte through core–shell coating.[217] Figure 11c shows the pre-
treatment and electroless deposition procedure and illustrates
the method that Cetinkaya et al. provided for forming core–
shell Si/Co materials. The improved charge transfer kinetics and
decreased charge transfer resistance resulted from the higher
core–shell Si/Co conductivity Increasing the cobalt content at the
silicon surface improves the cycling performance and capacity re-
tention of the electrode because the cobalt shell layer acts as a
buffer against significant volume changes during the Li+ inser-
tion and extraction process.[218]

Furthermore, conductive polymer coatings are another choice
that can be synthesis at low temperatures and is a scalable
process. The coating layers of conductive polymer (PPy,[219]

PANI,[220] polyacrylic acid (PAA),[221] and PEDOT[222] on sili-
con nanoparticles show excellent electrical conductivity, excellent
chemical stability, and high structural stability of LIBs. All that is
due to the uniform Li+ transport around the silicon nanoparti-
cles ascribed to the wettability of polar solvents on the conduc-
tive polymer coatings. This wettability prevents the localization
of Li+ insertion, leading to an ultrafast rate capability and a pro-
longed cyclic performance.[223] The synthesis of silicon nanopar-
ticles with cross-linked PAN (Si NPs@x-PAN) via an emulsion-
based technique is depicted in Figure 11d by Park and colleagues.
Ultra-thin PAN polymer coating layers may help to improve the
long-term cyclability of LIBs. Such layers compensate for the me-
chanical stress of silicon nanoparticles. More specifically, silicon
nanoparticles are provided with a homogeneous Li+ current by
cross-linked, nanometer-thick PAN coatings. Cross-linking the
PAN polymer chains significantly increased their elasticity. That
also efficiently distributed the stress from the silicon nanoparti-
cles and permitted extremely stable cycling performance.[224]

6. Scalable Synthesis of Core–Shell Techniques

6.1. Solid-Phase Reactions

The most common technique for applying coatings on cathode
and anode materials in LIBs as core–shell structure is by liq-
uid and gas phase reactions. For example, liquid phase reactions
include wet-chemical, sol-gel, hydrothermal/solvothermal, elec-
trochemical methods, and chemical polymerization routes. The
advantage of liquid phase reaction is the creation of uniform par-
ticle size distributions and smaller size particles at the nanoscale.
Generating a compound with high crystallinity and the ability to
carry out the reaction at lower temperatures prevents damage to
the host structure.[225] However, the drawbacks of this method
include 1) the risk of damaging Ni-rich cathode materials caused
by ion exchange between Li+ from the cathode materials and H+

from the solution when using aqueous solutions. 2) Concerns for
the environment are raised when using organic solvents because
of the waste streams that may be produced and the possible emis-
sions of volatile organic compounds. 3) Requires extra processing
steps (filtering and drying process), increasing energy costs, and
negatively affecting the environment. 4) Low yield, high precur-
sor cost, and challenging scaling up of these processes.[226]

Gas phase reactions such as CVD, physical vapor deposition
(PVD), and ALD have the following advantages for providing both
cathode and anode materials with core–shell structures:

1) The thickness of the coating layer can be controlled at the
nanometer range and the shape of the coating layer corre-
sponds to the surface of the substrate, resulting in a uniform
thickness of the coating.

2) Various materials can be deposited, including surfaces made
of conductive and insulating materials.

3) The processes involved only need a small amount of precur-
sor, and the deposition temperature is low.

4) The surface coating can decrease the rate of surface reactions
and increase ionic conductivity of the electrode.[227]

Unfortunately, gas phase reactions have various challenges
with scaling up the deposition process, such as

1) The slow production rate of the coating layers.
2) Requires complicated synthesis procedures, which raises op-

erating expenses.
3) The coating preparation procedure is complicated by

eliminating the excess precursors when the coating is
complete.[228]

4) Very expensive reaction.

Solid reactions are the preparation method between the solid
core and solid shell material to create core–shell structures by
mechanofusion process, ball-milling, and spray-drying process
via physical-mechanical force. Recently, solid reactions have at-
tracted widespread interest in scaling up the pilot plant processes
for several reasons, such as: 1) solid reactions can perform con-
tinuously, producing several grams per minute. They offer easy
and dependable access to small particles, ranging from tens to
hundreds of nanometers, that can be generated from affordable
precursors; 2) there are significant energy, money, and time sav-
ings since it avoids using hazardous solvents, binders, and subse-
quent drying; 3) these techniques make the dry particle coating
approach for surface modification auspicious, affordable, envi-
ronmental temperature, atmospheric pressure, and ecologically
responsible; 4) reducing the solvent impurity that causes damage
to active material during the core–shell synthesis process.[229]

Expanding upon the previously discussed solid-phase reac-
tions, a table is included to further elucidate the impact of var-
ious shell materials and their associated preparation methods on
LIBs. As illustrated in Table 1, an overview of various phase reac-
tion synthesis methods, including liquid, gas, and solid reactions,
are employed to synthesize core–shell morphologies for both an-
ode and cathode materials. The application of these protective
shell coatings plays a significant role in substantially augmenting
the electrochemical performance of LIBs, ultimately contributing
to enhanced rate capability and cycling stability.

6.1.1. Mechanofusion Process

Figure 12a illustrates a mechanofusion machine consisting of
three parts: a chamber parts, a press head, and a scraper. The
material must be coated with particles of two different sizes in
order to produce a core–shell structure using a mechanofusion
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Table 1. Overview of various phase reaction synthesis methods for core–shell morphologies applied to cathodes and anodes.

Core material Shell material Phase reaction Method Electrochemical performance Ref.

Capacity
[mAh·g−1]

Capacity
[mAh·g−1] @1.0C

Capacity retention
[% cycles−1]

Layered cathodes

NCA C Liquid Wet chemical 220@0.1C 180 88/200@1C [230]

Gas CVD 121@0.05C 80 90/100@0.1C [231]

Solid Mechanofusion 200@0.1C 178 84/250@0.5C [115b]

Solid Ball-milling 187@0.1C 175 97/80@0.2C [232]

NMC C Liquid Wet chemical 200@0.2C 175 94/50@1C [233]

Liquid Sol-gel 191@0.5C 179 90/100@1C [234]

Gas CVD 207@0.1C 175 94/100@0.1 [235]

Solid Mechanofusion 192@0.1C 160 78/200@1C [236]

Solid Ball-milling 114@0.15C 64 33/200@1.0C [237]

NMC ZrO2 Liquid Sol-gel 205@0.1C 128 95/50@0.1C [92b]

Liquid Wet chemical 180@0.1C 150 98/25@0.2C [238]

Gas ALD 200@0.1C 170 94/50@0.5C [92a]

Solid Mechanofusion 193@0.1C 133 83/200@1C [239]

Solid Ball-milling 197@0.2C 175 83/100@0.5C [240]

Solid Spray-drying 161@0.1C 139 87/40@1C [241]

NMC Al2O3 Liquid Wet chemical 199@0.1C – 99/100@0.5C [242]

Liquid Freeze drying 272@0.1C 200 97/90@1C [243]

Gas ALD 213@0.1C – 74/100@0.1C [244]

Solid Mechanofusion 184@0.1C 110 77/300@0.5C [245]

Solid Spray-drying 182@0.1C – 148/100@0.5C [246]

Spinel cathodes

LMO C Liquid Wet chemical 98@0.1C – 91.2/100@0.1C [247]

Liquid Hydrothermal 138@0.1C – 98/100@0.1C [148b]

Gas CVD – – 90/200@0.1A·cm−3 [248]

Gas ALD 120@0.1C 80 – [249]

Solid Mechanofusion 129@0.2C 118 82/1000 @0.75C [250]

Solid Ball-milling 121@0.1C 116 96/100@0.2C [150]

LNMO SiO2 Liquid Wet chemical 133@0.1C 130 97/200@0.1C [172a]

Liquid Sol-gel 260@0.2C 220 78/40@1C [251]

Solid Mechanofusion 127@1C 127 89/100@1C [252]

Solid Ball-milling 130@0.5C 133 97/400@10C [253]

Silicon anodes

Si C Liquid Wet chemical 1800@0.1A·g−1 – 90/50@0.1A·g−1 [254]

Liquid Polymerization 1887@0.5C 650 86/40@0.5C [255]

Gas CVD 2500@0.3A·g−1 – 53/70@0.3A·g−1 [256]

Solid Mechanofusion 1500@0.1C 1000 67/1000@1C [257]

Solid Ball-milling 680@0.2C 600 94/50@0.2C [258]

Solid Spray-drying 480@0.2C 460 86/500@0.2C [259]

Si Graphite Liquid Wet chemical 816@0.1C 723 82/50@0.2C [260]

Liquid Hydrothermal 860@0.2C 797 86/150@0.2C [261]

Gas CVD 537@0.1C – 95/50@0.5C [262]

Solid Mechanofusion 950@0.1C 950 68/100@0.25C [263]

Solid Ball-milling 1800@0.1 A·g−1 – 50/140@0.1A·g−1 [264]

Solid Spray-drying 2757@0.1A·g−1 – 99/500@0.5A·g−1 [265]
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Figure 12. Schematic illustration of a) a mechanofusion system and b) scalable synthesis of core–shell materials via mechanofusion.

process.[266] The larger particles, in this example, were most prob-
ably micrometers in diameter, while the smaller particles were in
the nanometer range. The large particles coated were core mate-
rial, and the small particles are responsible for the formation of
the shell material. The mixing powders are added to the chamber
and referred to as feedstock. It consists of a rotating cylindrical
chamber, a fixed press head and a scraper. At the beginning, the
rotation of the chamber can generate a centrifuge force between
mixing powders and the chamber wall leading to the acceptable
aggregation of shell particles to adhere to the surface of larger
particles. And then, mixing powder passes through the converg-
ing space between the fixed press head and the rotating chamber
wall. The large particles then collide with other large particles at
a high shear rate, transferring some of the small particles which
have adhered to their surfaces. The small aggregates gradually
disperse at all large particle surfaces by friction and collision be-
tween particles. The quantity of mechanical energy input, which
can temporarily melt the particle surface, significantly impacts
the dispersion rate and degree of collision. As the particles come
out of the diverging space of the press head region, the particles
adhere to each other and the chamber wall.

The function of the scraper is to remove the powder that
is adhered to the chamber wall. The sheared particle combi-
nation then returns to the chamber and moves again into the
direction of the press head. The sheared particles continuously
undergo this process of compression, frictional shearing, and
deagglomeration while the chamber rotates.[267] Finally, the con-
tinuous coating process ensures that all the particles get their

turn running through the press head thousands of times, cre-
ating a core–shell structure, as shown in Figure 12b. A homoge-
neous coating over the core particles is guaranteed by high-rate
operation (1000–5000 rpm) and a continuous mechanical force
with a three-dimensional dispersion without damaging the mor-
phology. In addition, mechanical coatings depend only on com-
pression, collision, friction, and shearing forces to adhere the
shell material particles to the surface of the core material particles
without needing any solvents or binders. Despite the small size
of the shell particles, van der Waals interactions may be strong
enough to maintain firm attachment of the shell particles to the
core particle.[268]

Operational parameters impact the coating of core–shell struc-
tures through the mechanofusion process.

1) Processor rotation rate

Core and shell material particles deagglomerate with increased
rotating rate and improved flow characteristics leading to a more
uniform distribution at the surface of the core material particles.
Moreover, increasing the processor rotation rate does not harm
properties and do not damage core–shell materials.

2) Processing time

A minimum processing time is necessary so that core and
shell material particles deagglomerate. The shell material parti-
cles have enough time to coat the core material particle surfaces.
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In addition, increasing the time can guarantee that the shell ma-
terial completely covers the surface of the core material. However,
increasing the processing time does not impact the flow proper-
ties because mechanofusion does not result in significant particle
attrition. This means that the process energy does not break or
micronize the particles.[269]

3) The degree of coverage at the surface of core material particles

The degree of coverage at the surface of the core material par-
ticles in the core–shell structure depends on several factors, in-
cluding: i) the required particle size ratio of the core to shell being
greater than 10:1; ii) the properties of the shell material; iii) the
relative adhesive properties of the core and shell particles; iv) ad-
justing the distance between the press head and scraper and the
chamber wall; and v) the energy input from the machine.[270]

As shown in Figure 13a, the authors presented a synergistic ef-
fect of surface protection by coating NMC811 with crystalline in-
ert ZrO2 nanoparticles utilizing a green and scalable mechanofu-
sion technology and Zr4+ doping via an annealing procedure at
800 °C.[239] After annealing, the cross-sectional FE-SEM image
of the NMC@Zr-800 as core–shell is shown in Figure 13b. Af-
ter annealing at 800 °C, the ZrO2 shell was thinner as some
Zr4+ migrated into the bulk of the NMC811, particularly in the
Li layer. The shell thickness decreased from 245 to 60 nm. Ad-
ditionally, TEM images of NMC@Zr-800 with EDS mapping re-
veal that the ZrO2 shell is uniformly distributed at the surface
of NMC811 with adjustable Zr4+ doping in the bulk, introduced
by the subsequent annealing procedure. Figure 13c displays the
contour plots of the in operando XRD spectra for the three 2𝜃 re-
gions containing the (003), (101), and (104) diffraction peaks of
NMC@Zr-800. According to the NMC@Zr-800, which exhibits
a normal phase change similar to the pristine NMC811, the ma-
terial structure did not collapse throughout the mechanofusion
and high-temperature annealing process.

Furthermore, in operando XRD analysis using Rietveld refine-
ment was utilized to determine the changes in lattice parameters
and unit cell volumes during lithiation and delithiation. The re-
sults showed that the c-parameter rapidly increased and gradually
decreased as Li intercalation occurred. In contrast to unmodified
NMC811, the lattice properties and cell volume of NMC@Zr-800
underwent minimal alterations. The presence of Zr4+ in the Li-
slabs acted as a pillaring agent, preserving the layered structure
and hindering rapid shrinkage and potential microcrack forma-
tion during charging at high voltages. The small change in the
c-lattice of NMC@Zr-800 at 4.3 V provided further evidence for
this. Additionally, the cell volume change in NMC@Zr-800 was
lower than that of pure NMC811. The cycling test showed that the
ZrO2 coating and Zr4+ doping synergistically enabled NMC@Zr-
800 to exhibit excellent capacity retention after 200 cycles.
Electrochemical performance, including rate capability, cycle
performance, and coulombic efficiency, was evaluated for all ma-
terials, with C-rates ranging from 0.1 to 2.0 C in the same poten-
tial window (Figure 13d). At C-rates of 0.1, 0.25, 0.5, 1.0, and 2.0
C, NMC@Zr-800 demonstrated discharge capacities of 193, 183,
157, 133, and 111 mAh·g−1, respectively. The improved rate per-
formance at higher C-rates could be attributed to the presence of
Zr4+, which could increase the Li layer spacing and promote Li+

diffusion. The cycling performance of NMC@Zr-800 at a high

charge current of 1.0 C for 200 cycles was exceptional, with a ca-
pacity retention of 83% and a coulombic efficiency of ≈100%.

According to Figure 13e, all materials were also evaluated with
respect to the electrochemical performance using 18 650 cylindri-
cal full-cells. The study evaluated the rate capability, cycle perfor-
mance, and coulombic efficiency of cells at 1.0 C after 1000 cycles.
The cells included NMC811//Graphite, NMC@Zr//Graphite,
and NMC@Zr-800//Graphite within a voltage range of 3.0–4.3
V at 0.1–2.0 C. The NMC@Zr-800 demonstrated the highest
rate performance with reduced polarization, especially at high C-
rates, consistent with the half-cell results. In the stability test of
the 18 650 full-cells, cells were operated at a high rate of 1.0 C
for 1000 cycles with a practically constant discharge voltage. The
NMC@Zr-800 cell showed the best capacity retention of 68% due
to the synergistic doping and coating effect, improving the Li+

diffusion coefficient and kinetics while reducing crack formation
and metal dissolution. These benefits enabled good rate capabil-
ity and excellent cycling stability, as observed in both half-cells
(CR2032) and 18 650 cylindrical full-cell batteries.

Figure 14a illustrates the use of a green and scalable solvent-
free mechanofusion process to create a core–shell structure
of NMC811 with a thin layer of carbon nanosphere coating
(NMC811cs). This approach aims to address the drawbacks of
NMC811 such as poor electrical conductivity, cation mixing, par-
asitic reactions with electrolytes, and the formation of micro-
cracks, by incorporating a carbon nanosphere coating. The FE-
SEM image of NMC811cs, which exhibits a smoother surface ap-
propriate for uniformly coating with a carbon shell, can be seen in
Figure 14b. Furthermore, the EDS mapping result from HR-TEM
images reveals carbon shell layers of 50 nm carbon nanospheres
uniformly covering the surface of NMC811. The NMC811 core
displays a distinct crystalline structure, in contrast to the car-
bon nanospheres, which have a turbostratic structure with amor-
phous and graphitic regions. Interestingly, it is possible to see
that some regions of the NMC811 materials surface have over-
lapping carbon nanospheres. The high-rate rotation results in
an interparticle collision, compression force, and localized high
temperature, leading to surface fusion and penetration of fine
particles into the larger particle bodies. The contour plot of the
in operando XRD spectra, which includes the (003), (101), and
(104) diffraction planes, illustrates the selected three 2𝜃 regions
of NMC811cs (Figure 14c). The NMC811cs demonstrated a typ-
ical phase shift, much like the original NMC811, indicating that
the structure was preserved with improved lithium storage capa-
bilities following the mechanofusion process.

In addition, the in operando XRD measurement supports the
rapid and uniform phase change with minimal Li+ diffusion and
kinetics resistance. The abrupt shrinkage in the c-axis does not
affect the structural integrity of NMC811cs since it exhibits bet-
ter cycle stability than the original NMC811 with less c-parameter
variation. At increasing rates, it was discovered that the Li content
and overpotential in the LiO6 layer of NMC811 are related to the
contraction in the c-lattice. In a coin half-cell, the rate capability
and cycle tests were evaluated (Figure 14d). The rate capability
of NMC811 and NMC811cs were measured at various current
densities between 0.1 and 5.0 C and a potential window between
3.0 and 4.4 V versus Li+/Li. In the study, it was observed that
NMC811cs has specific capacities of 191, 182, 175, 168, 160, 142,
134, and 105 mAh·g−1 at 0.1, 0.25, 0.5, 0.75, 1.0, 2.0, 2.5, and 5.0
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Figure 13. a) Schematic illustration of NMC@Zr core–shell preparation via mechanofusion process and NMC@Zr-800 with a subsequent annealing
process. b) cross-sectional FE-SEM, TEM images, and EDS mapping of NMC@Zr-800. c) Contour plots of in operando XRD spectra of NMC@Zr-800
at 0.05 °C. d) Rate capabilities and cycle performance and coulombic efficiency at 1.0 °C after 200 cycles of NMC811, NMC@Zr, NMC@Zr-600, and
NMC@Zr-800. e) Rate capabilities and cycling test and coulombic efficiency at 1.0 C after 1000 cycles of NMC811, NMC@Zr, and NMC@Zr-800 18 650
full-cells. Reproduced with permission.[239] Copyright 2022, Wiley-VCH.
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Figure 14. a) Schematic illustration of NMC811cs (NMC811@C core–shell) core–shell preparation via the mechanofusion process. b) FE-SEM, HR-
TEM images, and EDS mapping of NMC811cs. c) Contour plots of in operando XRD spectra of NMC811cs at 0.1 C. d) Rate capabilities and cycle
performance and coulombic efficiency at 1.0 C after 200 cycles of NMC811 and NMC811cs. e) GCD profiles at 0.1 C and stability test at 1.0 C of
NMC811 and NMC811cs 18 650 full-cells. Reproduced with permission.[236] Copyright 2021, Elsevier. f) Schematic illustration of an NMC@CLA core–
shell configuration can prevent acidic HF scavenger and increase the electronic conductivity. g) FE-SEM, STEM images with EDS mapping of NMC@CLA.
h) Rate capabilities and capacity retention of the uncoated and coated NMC cathode at 0.5 C for 200 cycles. i) Rate capabilities and capacity retention
and coulombic efficiency of long-term cycling performance at 1.0 C of NMC and NMC@CLA 18650 full-cells. Reproduced with permission.[271] Copyright
2023, Elsevier.

C. The results indicated that NMC811cs had higher capacity with
reduced polarization during charging and discharging at all cur-
rent densities. The lower overpotential observed in NMC811cs
indicated that Li+ insertion and extraction occurs without being
impeded by Li+ diffusion or (dis)charge kinetics. Additionally, af-
ter 200 cycles at a high current of 1.0 C, NMC811cs showed a
capacity retention of 78%, which was significantly higher than
the bare NMC811 cell (18%).

The charge and discharge profiles and stability test results for
the 18650 cylindrical full-cells constructed of NMC811//Graphite
and NMC811cs//Graphite are shown in Figure 14e. The charge-
discharge profiles were evaluated using constant current con-
stant voltage (CCCV) in the voltage range of 3.0–4.2 V at 0.1 C.
Compared to NMC811 in its pure state, the NMC811cs exhibits a
similar expected capacity of around 2.4 Ah (216 Wh·kg−1

cell) at a
nominal voltage of 3.66 V. In addition, the stability test was per-
formed for 150 cycles at a high rate of 1.0 C. After testing, the
NMC811//Graphite 18 650 cell shows a rapid capacity decline to
50%. That is potentially caused by the pure NMC811, which was
exposed to crack formation, electrolyte side reactions, and low
conductivity.

On the other hand, the NMC811cs shows capacity retention of
90% after 150 cycles. In 18 650 battery prototype cells, NMC811cs
exhibit superior cycle stability and better specific capacity and
energy compared to pure NMC811. This research offers foun-
dational knowledge and a financial plan for reliable high-energy

LIBs. These findings demonstrate the critical role that carbon
nanosphere coating plays in achieving superior specific capacity,
energy density, and cycle stability compared to pristine NMC811,
which is advantageous for pilot plant scale high-energy 18 650
LIBs.[236]

In Figure 14f, novel multi-functional three materials coatings
on NMC811 are presented, which have been produced via a
dry, green, and scalable solvent-free mechanofusion process
(NMC@CLA). The coating materials include a high chemical
stable Al2O3, high electrical carbon black (CB), and high ionic
conductive Li7La3Zr2O12 (LLZO) to reduce parasitic reactions,
internal charge transfer resistance, and enhance Li+ diffusion,
respectively. The morphology of these materials has been charac-
terized by FE-SEM and STEM with EDS mapping (Figure 14g).
After coating with mechanofusion (NMC811@CLA), the FE-
SEM images showed a smoother surface with a slight change
in particle diameter. The STEM image with EDS mapping
demonstrates uniformly dispersed chemical elements, and all
overlaying elements results demonstrate the thickness of CLA
around 100 nm. In other words, mechanofusion may produce
spherical NMC811 particles as core–shell structures with smooth
surfaces and low surface energies. That indicates the formation
of modified surface structures, microstrains, and local lattice
variation, which improves the stability of NMC811.

In addition, the cross-sectional FE-SEM image confirms the
shell thickness of around 100 nm, which agrees with the result
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of STEM. Figure 14h demonstrates the rate capability at various
C-rates, ranging from 0.1 to 2.0 C, and capacity retention at 0.5
C for 200 cycles of the uncoated and coated NMC811 cathode
coin half-cells. Consequently, the use of NMC811@CLA coating
materials in the multi-functional three materials coating strategy
of this study significantly enhances the overall cell performance.
The coating of three combinations of materials on NMC811 ex-
hibits high discharge capacities of 205, 193, 184, 174, 158, and
192 mAh·g−1 at 0.1, 0.25, 0.5, 1.0, 2.0, and 0.1 C, respectively.
The cells were tested during long-term cycling at 0.5 C in a win-
dow potential of 3.0–4.3 V for 200 cycles. The NMC@CLA cells
demonstrated outstanding capacity retention during the stabil-
ity test up to 73%. The synergistic effect of the three combina-
tions can enhance electrochemical performance in rate capability
and cycling ability due to better electronic conductivity (CB), inert
shell protectability (Al2O3), and good ionic conductive (LLZO).

Figure 14i demonstrates the rate capability test at vari-
ous C-rates in the range of 0.1–2.0 C and capacity reten-
tion at 1.0 C for 1000 cycles of the NMC811//Graphite and
NMC@CLA//Graphite 18 650 cylindrical full-cells. The in-
creased specific discharge capacity is due to the CLA multi-
functional layer at the surface of NMC811, especially at high
C-rates, delivering 167, 149, 128, 103, 62, and 171 mAh·g−1 at
0.1, 0.25, 0.5, 1.0, 2.0, and 0.1 C, respectively. Compared to the
uncoated NMC811, the discharge capacity of NMC@CLA is ap-
proximately two times higher at 2.0 C. The identical specific ca-
pacity at low C-rates (0.1–0.5 C) showed that using CLA materi-
als as a shell does not decrease the usage of active material but
rather improves the Li+ diffusion pathway and enhances the ki-
netics of the thick electrode, particularly at high current rates. The
higher electrical conductivity of CB as a shell component of CLA
can reduce the IR drop of the cell compared with bare NMC811
cells. After the cycling test at 1.0 C with a window potential from
3.0 to 4.2 V for 1000 cycles, NMC@CLA outperforms the bare
NMC811, maintaining capacity retention of over 80%, whereas
NMC811 gives ≈38%. CLA-shielded NMC811 particles outper-
form the bare NMC811, maintaining capacity retention of over
80%. In comparison, NMC811 provides only 38% after cycling
tested at 1.0 C with a window potential from 3.0 to 4.2 V for 1000
cycles. This work[271] exhibited that the combination of three shell
materials can overcome intrinsic drawbacks of high Ni-rich cath-
ode materials, including micro-cracking, parasitic reactions, and
metal dissolution at the upscale production for a 18 650 cylin-
drical full-cell configuration with a high overall electrochemical
performance.

Sawangphruk et al. exhibited the nano-sized conductive car-
bon coated on the LMO (LMO@C) with the core–shell structure
synthesized using a dry mechanofusion process.[272] The mor-
phologies of LMO@C materials synthesized by the mechanofu-
sion process were investigated by FE-SEM and HR-TEM with
EDS mapping (Figure 15a). FE-SEM images show the uniform
cover on the LMO surface, providing a core–shell structure with
a diameter of around 8 μm after mechanofusion processing by
coating carbon nanoparticles. In the HR-TEM images, the car-
bon shells are composed of 2–4 overlapping carbon nanospheres
with a thickness of around 40–50 nm. There are no void ar-
eas between the core particles and the carbon shells. Because
of the strong compressive force and high heat energy produced
during the mechano-thermal process, carbon, and LMO adhere

to one another very well. The carbon coating layer is expected
to enhance the electrical conductivity and decrease the dissolu-
tion of Mn in LMO by preventing direct contact with the elec-
trolyte and severe HF attack. Additionally, EDS mapping sup-
ports the uniformity of the carbon coating, in which the C atomic
ratio at the shell decreases to 0% as the LMO@C particle ap-
proaches its center. In contrast, the percentage of Mn atoms in-
creases as it approaches the center of the particle. Figure 15b
shows the contour plots of the in operando measured XRD spec-
tra of LMO@C during lithium deintercalation and intercalation.
The in operando XRD results of LMO@C cathodes showed two
peaks in the dQ/dV curves, corresponding to a two-phase transi-
tion throughout the (dis)charge operation. The XRD peaks slowly
changed to higher 2𝜃 in the initial charging state with <50% Li+

extraction by the decrease in lattice characteristics. The ionic ra-
dius and cell diameters decreased as the average Mn oxidation
state increased. Following that, additional deintercalation of Li+

from Li0.5Mn2O4 triggers a solid-solution reaction to produce Li-
deficient Li1-𝛿Mn2O4 when Li+ extraction approaches 50% at 4.05
V. The mixed phase of Li1-𝛿Mn2O4 and 𝜆-MnO2 was also gener-
ated at a high state of charge (SOC). The formation can be seen
as a new phase towards the end of charging (red circle). The XRD
peaks migrated back to lower 2𝜃 during Li+ re-intercalation (dis-
charging), showing a reversible phase change to cubic LiMn2O4.
The variation of lattice parameters during (de)lithiation was also
estimated using in operando XRD with Rietveld refinement. Dur-
ing the charging process in P-LMO, the lattice parameter con-
stantly reduced from 8.20 to 8.0 Å with the 𝜆-MnO2 phase at
xLi+ with x is reduced from 0.4 to 0.2 (60% Li+ deintercalation).
While LMO@C shows significantly less of the 𝜆-MnO2 phase, it
did so after Li+ deintercalation for about 75% (xLi+ = 0.25–0.15).
Lesser formation of 𝜆-MnO2 and suppressed contraction and
expansion of the crystal lattice are demonstrated by the minor
appearance of the 𝜆-MnO2 phase and lower variation in the
parameter of LMO@C. In other words, the mechano–thermal
carbon-coated LMO core–shell can inhibit phase transformation,
particularly lowering the occurrence of an unstable two-phase
area (Li1−𝛿

Mn2O4 + 𝜆-MnO2 mixed phase) at high voltages.
These findings demonstrate that carbon shells can stabilize

the phase transition, reduce Mn dissolution, and prolong battery
life. The electrochemical performance of LMO material in coin-
type half-cell batteries before and after the coating is shown in
Figure 15c. The rate performance for P-LMO and LMO@C at po-
tentials 3.0–4.3 V at various C-rates is plotted. About 129, 115,
107, 93, and 82 mAh·g−1 discharge capacities for LMO@C were
achieved at 0.1, 0.5, 1.0, 2.0, and 3.0 C, respectively. On the other
hand, the specific discharge capacities of P-LMO are 121, 107,
96, 84, 66, and 48 mAh·g−1, which correspond to 0.1, 0.5, 1.0,
2.0, and 3.0 C, respectively. The growing electrode polarization,
caused by the rising overpotential and rising internal resistance,
or IR drop, is responsible for the poor specific capacities at high
C-rates. LMO@C exhibits lower polarization and higher capac-
ities at high C-rates than the P-LMO; this difference might be
attributed to the increased e− conductivity, which increases the
usage of the active material. The electrochemical performance
of cylindrical 18 650 P-LMO//Graphite and LMO@C//Graphite
full-cells are shown in Figure 15d. At faster rates of 0.75 and
1.0 C, the LMO@C//Graphite cells showed slightly better rate-
capability, possibly because of the enhanced conductivity from
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Figure 15. a) FE-SEM, HR-TEM images and EDS mapping of LMO@C. b) Contour plots of in operando XRD spectra of LMO@C. c) Rate capabili-
ties and cycle performance and coulombic efficiency at 1.0 °C after 1000 cycles of LMO@C. d) Rate capabilities and cycling stabilities of P-LMO and
LMO@C 18 650 full-cells. Reproduced with permission.[272] Copyright 2021, Springer Nature. e) Schematic illustration of Si@C core–shell preparation
via mechanofusion process. f) FE-SEM, TEM images, and EDS mapping of Si@C. g) rate capability tested at 0.05–2.0 C and cycling performance at 1.0
C of Si@C, lithiated Si@C, and Si anodes. Reproduced with permission.[257] Copyright 2020, Elsevier.

the carbon coating, as discussed earlier. The constant current sta-
bility test was conducted at a high rate of 1.0 C for 900 cycles. The
capacity retention of the P-LMO//Graphite cell declined signifi-
cantly to 46% after 900 cycles due to several issues, including Mn
dissolution, Mn redeposition at the anode, mixed phase transi-
tion, and low conductivity. On the other hand, the LMO@C cell
maintained its capacity retention at 67% after 900 cycles, indi-
cating that the carbon shell improved the stability of cylindrical
LIBs.

Finally, to generate silicon–carbon nanoparticle core–shell ma-
terials (Si@C) with interparticle void space, Sawangphruk and
co-workers devised a unique, scalable mechanofusion process
that produced carbon nanospheres-encapsulated SiO2 (SiO2@C),
as shown in Figure 15e.[257] Figure 15f demonstrates FE-SEM,
TEM, and EDS mapping of the as-produced Si@C. The carbon
was coated at the SiO2 to produce SiO2@C using a solvent-free
mechanofusion process. Carbon nanospheres with a particle size
of ≈3–5 mm are uniformly coated at the surface of the SiO2 par-
ticles. Despite being chemically reacted with Mg at high temper-
atures and in an acidic environment, the Si@C core shell mor-
phology maintains its structure with particles of a similar size to
those of SiO2@C. Encapsulation of Si with carbon nanoparticles

with an estimated shell thickness of around 230 nm can be ob-
served in TEM images of Si@C.

The pure crystalline form of Si was confirmed by TEM analyses
of the crystalline Si planes using selected area electron diffraction
(SAED). In contrast, STEM-EDX images can support the cover-
age functionality on the surface of Si@C. For inner Si particles
to expand freely within the carbon confinement without crack-
ing during cycling, the provided core–shell structure is advanta-
geous. Additionally, interconnected carbon nanoparticles main-
tain the SEI thickness by preventing Si particles from coming
into direct contact with the electrolyte and improving the mate-
rial’s conductivity. The first discharge capacity of Si@C synthe-
sized from SiO2 is 4308 mAh·g−1 with an initial coulombic effi-
ciency of 33.8%. In contrast, subsequent cycles show a specific
capacity of 1387 mAh·g−1, then gradually decline after the rate
capability test and get a capacity of 1259 mAh·g−1 at the last dis-
charge cycle at 0.05 C. It should be noted that the initial lithia-
tion has a substantial irreversible capacity due to the creation of
an unstabilized SEI. The problem can be solved by pre-lithiating
the Si@C electrode through the use of a 20 mL electrolyte in di-
rect contact with the Si@C anode and lithium chip. After 2 h
of pre-lithiation, the anode, now in a lithiated Si@C form, was
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assembled into a coin-cell battery and tested. The first irreversible
discharge capacity disappeared with a high initial coulombic effi-
ciency of 98%, indicating that the SEI layer has already stabilized
at the anode. Successive cycles provided a steady specific capacity
at different applied C-rates, similar to the cell using pure Si@C.

Bare Si without an additional buffer layer demonstrates rapid
degradation. That originates from the formation of thick SEI lay-
ers and significant volume changes, resulting in strong pulver-
ization. Both Si@C and lithiated Si@C exhibit a similar trend
in their long-term stability tests. Both materials can maintain
a specific capacity of 600 mAh·g−1 after 1000 cycles with 100%
coulombic efficiency at 1.0 C. The electrochemical results show
that the additional carbon shell of Si@C acts as a protective layer
to stabilize the SEI thickness development and prevent particle
cracking owing to the severe volume expansion upon lithiation,
which is advantageous for highly stable batteries (Figure 15g).
One method for stabilizing the SEI and forming it uniformly dur-
ing cycling tests involves the use of carbon-encapsulated silicon
created through a solvent-free mechanofusion technique. This
method introduces more e− and Li+ to react with and enables
silicon particles to expand freely within the buffer shell without
breaking. Due to its stable structure, cost-effectiveness, simplic-
ity, and scalability of synthesis, as well as its suitability for appli-
cations requiring high energy and stability, carbon-encapsulated
silicon (Si@C) is a promising anode material for high energy,
scalability, and stability in LIBs.

In conclusion, coating various protective shell layers on the
surface of anode and cathode core materials in LIBs can be
achieved through the use of the mechanofusion process. Core–
shell materials show significantly improved electrochemical per-
formance (discharge capacity, rate capability, and cycling stabil-
ity) and can easily be upscaled for pilot plant production. Table 2.
summarizes the latest research synthesis of core–shell structures
of both cathodes and anodes via mechanofusion.

6.1.2. Ball-Milling Process

The complexity, inefficiency, and high cost is often a barrier to
mass produce core–shell materials. Ball-milling is a low-cost,
high-yielding, and scalable technique for efficiently producing
core–shell structures of cathode materials (layered and spinel)
and silicon anode materials, making it feasible for pilot plant
manufacturing.[282] The synthesis of core–shell structures in ball-
mill equipment results from the energy impact of balls between
the shell and core material. A chamber, the balls, and driver roller
are essential components of a ball-mill machine, as schematically
shown in Figure 16a. The axis of the chamber might be hori-
zontal or slightly inclined to fill the balls into the chamber. Ce-
ramic, stainless steel, flint pebbles, and chrome steel can all be
used to produce the balls. The feed and mill size determines the
diameter of the balls, which account for 30–50% of the mill ca-
pacity. The interior surface of the chamber shell is often lined
with abrasion-resistant material, such as rubber or manganese
steel. At the start, all the materials and balls inside the cham-
ber rotate following the rotational force of the driver roller. The
balls encounter centrifugal forces from the base plate rotation,
and the chamber-independent revolution causes the balls to hit
the inner wall simultaneously. Balls can have energy up to 12

times greater than gravitational acceleration. The collisions be-
tween the core and the shell material are caused by two balls or a
ball against a wall chamber, thus leading to the adhering of shell
material into the core material generated by the impact energy
during the rotation movement. The continuous coating process,
which results in core–shell structures, guarantees that all the par-
ticles can go through the impact energy of balls thousands of
times (Figure 16b). So, mechanical ball-milling generating the
coating layer is non-destructive to the host material and is avail-
able for commercial use. In addition, literature reports applying
high temperatures of the calcination process in air. That helps to
create a smooth and compact surface of the core–shell structure
after the ball-milling process.[283]

Operational parameters impact the coating of core–shell struc-
tures through the ball-milling process.

1) Factors determining the efficiency of the ball-milling process

Critical factors, such as the type of balls (chrome steel, stainless
steel, flint pebbles, and ceramic), affect the formation of core–
shell structures with different core and shell materials. Other ball
factors affect the core–shell synthesis, for example, size, density,
the number of balls, and the nature (hardness) of the balls and
material to be ground.

2) Processor rotation rate

The rotating rate is crucial when using a ball-milling process.
At slow rate, the ball mass rolls or slides over one another ineffi-
ciently. Centrifugal forces drive the balls at high rate into the wall
chamber. Since there is no collision at this rate, there is no coat-
ing. Comminution cannot occur due to inadequate ball compres-
sion against the chamber wall. However, the centrifugal rate force
only manifests at 50–80% of the critical rate, which causes the
balls to be practically carried to the top of the mill before falling
to the bottom. The core and shell materials adhering between the
balls impact the coating.

3) Processing time

The core and shell particles must have a minimum process-
ing time to adhere together by impact force. In addition, the in-
creased time can guarantee that the shell material completely cov-
ers the surface of the core material.[284]

The group of Li[285] presented interface engineering for coat-
ing nano-LATP (Li1.5Al0.5Ti1.5(PO4)3) at the surface of LCO
(LCO@LATP) by ball-milling and annealing as a solid reaction
method (Figure 17a). SEM and STEM images investigated the
morphological evolutions of the LATP@LCO-700 after anneal-
ing, as shown in Figure 17b. After mechanically coating with
LATP, SEM images demonstrate that the smooth surface of bare
LCO is uniformly coated with a rough layer of microparticles.
The surface becomes smooth and compact after the annealing
process at high temperatures. It develops into freshly produced
grains with larger particle sizes. Although the bulk structure
does not change during annealing, the observed morphologi-
cal modifications suggest that LCO and LATP chemical interac-
tions occur at the surface of LCO@LATP. The high-resolution
HAADF images revealed distinct, well-defined crystalline struc-
tures inside the material. The surface layer structure exhibits
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Table 2. Summary of mechanofusion synthesis of various core–shell morphologies to be applied as cathodes and anodes.

Sample Core
material

Shell material Condition Electrochemical performance Note Ref.

Rate
[rpm]

Time
[min]

Capacity
[mAh·g−1]

Capacity
[mAh·g−1]

@1.0C

Capacity retention
[% cycles−1]

Layered cathodes

LCO@LTO LCO LTO 5000 20 185@0.2C 160 84/100@0.5C [69]

LCO@LTO//Graphite – – 90/15@0.5C

NCA@C NCA C 5000 30 200@0.1C 178 84/250@0.5C [115b]

NCA@LFP NCA LFP 1500 10 190@0.1C – – Calcined at 400 °C
for 1 h in air

[273]

NCA@LFP//Graphite – – 95/150@0.5C

NMC622@Al2O3 NMC622 Al2O3 1400 30 200@0.1C – 97/50@0.1C [274]

NMC811@LATP-PC NMC811 LATP-PC 5000 40 210@0.2C 190 81/10@1C [275]

NMC701515@Al2O3 NMC701 515 Al2O3 2000 6 182@0.1C 155 92/100@0.5C Annealed at 600 °C
for 8 h in air

[276]

NMC701515@Al2O3 NMC701 515 Al2O3 2000 6 179@0.1C 153 97/75@0.5C [277]

NMC701515@TiO2 NMC701 515 TiO2 2000 6 177@0.1C 145 87/75@0.5C

NMC701515@ZrO2 NMC701 515 ZrO2 2000 6 185@0.1C 155 85/75@0.5C

NMC831205@B2O3 NMC831 205 B2O3 2000 15 204@0.1C 175 97/100@1C Annealed at 600 °C
for 4 h in O2

[278]

NMC811@C NMC811 C 5000 20 192@0.1C 160 78/200@1C [236]

NMC811@C//Graphite 190@0.1C 160 90/150@1C

NMC811@ZrO2 NMC811 ZrO2 5000 20 193@0.1C 133 83/200@1C Annealed at 800 °C
for 6 h in O2

[239]

NMC811@ZrO2//Graphite 185@0.1C 135 68/1000@1C

NMC811@Al2O3 NMC811 Al2O3 5000 30 184@0.1C 110 77/300@0.5C [245]

NMC811@Al2O3//Graphite – 145 91/450@1C

NMC811@Al2O3/C/LLZO NMC811 Al2O3/C/LLZO 5000 20 205@0.1C 174 73/200@0.5C [271]

NMC811@Al2O3/C/LLZO//Graphite 167@0.1C 103 80/1000@1C

NMC811@Li-IL/Al2O3//Graphite NMC811 Li-IL/Al2O3 5000 30 188@0.1C 122 80/500@1C [279]

Spinel cathodes

LMO@C LMO C 5000 30 129@0.2C 118 82/1000 @0.75C [250]

LMO@C LMO C 5000 30 130@0.1C 107 79/1000@1C [272]

LMO@C//Graphite 125@0.1C 91 67/900@1C

LNMO@Al2O3 LNMO Al2O3 3000 30 117@1C 117 91/100@1C [252]

LNMO@SiO2 LNMO SiO2 3000 30 127@1C 127 89/100@1C

LNMO@TiO2 LNMO TiO2 3000 30 120@1C 120 92/100@1C

LNMO@MgCO3 LNMO MgCO3 3000 30 121@1C 121 95/100@1C

LNMO@LFP LNMO LFP – – 123@0.08C 106 75/140@1C [280]

Silicon anodes

Si@Graphite//NMC622 Si Graphite 2500 60 950@0.1C 950 68/100@0.25C [263]

Si@C Si C 5000 5 1500@0.1C 1000 67/1000@1C [257]

Si@rGO/Graphite Si rGO/Graphite 5000 30 741@0.3A·cm−2 – 50/100 @2.8A·cm−2 [281]

Si@rGO/Graphite//NMC811 179@0.1C 70 40/500@1C

recognizable spinel structural characteristics with a thickness of
between 10 and 20 nm, as indicated by the enlarged structure
model of spinel-like phases shown in the red and green frames,
respectively.

In comparison, the bulk structure maintains a pure layered
structure with an interplane spacing of 0.47 nm corresponding to
the lattice plane (003) of LCO. It is fascinating to observe that only
at the 700 °C temperature of interest, all phases other than the
olivine Li3PO4 phase are spinel (Co3O4, CoAl2O4, and Co2TiO4),

which are structurally coherent to the layered LCO lattice. Accord-
ing to the STEM images, the growth at the LCO surface is made
possible only by creating spinel phases, which also ensures a ho-
mogeneous and conformal coating at the particle surface. From a
chemical perspective, it has been shown that the addition of Ti is
effective in stabilizing lattice oxygen at high voltages. It is known
that Li3PO4 combines good Li+ conductivity and chemical sta-
bility at high voltages, which can guarantee a stable high-voltage
interface with reasonably high Li+ diffusion kinetics. Figure 17c

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (25 of 46)

 23669608, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300345 by Scholarly Inform
ation U

niv L
ib, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 16. Schematic illustration of a) a ball-milling system and b) scalable synthesis of core–shell materials via a ball-milling process.

shows the cycling performance of bare-LCO and LATP@LCO-
700 coin-type half-cells at 0.5 C at 25 and 45 °C, respectively. The
rate capabilities of bare-LCO and LATP@LCO-700 are also com-
pared in Figure 17c. At the cycling test at 25 °C, the LATP@LCO-
700 demonstrates a more excellent discharge capacity retention
of 88.3%.

In contrast, the bare-LCO cathode reveals a discharge capacity
retention of 50% after 100 cycles. At 45 °C, the LATP@LCO-700
exhibits significantly improved cycle performance than bare-
LCO, retaining 72.9% of its discharge capacity after 100 cycles
compared to 32.5% for bare-LCO. The rate capabilities of the
bare-LCO exhibit discharge capacity of 225, 193, 157, 120, and
68 mAh∙g−1 at 0.1, 0.5, 1.0, 2.0, and 5.0 C, respectively. The
LATP@LCO-700 shows discharge capacities of 216, 197, 181,
156, and 118 mAh·g−1 at 0.1, 0.5, 1.0, 2.0, and 5.0 C, respectively.
That results in exceptional capacity retention of 54% at 5.0
C. Therefore, these results indicate that designing a surface
coating with hybrid phases for LCO could increase the cycle
stability and rate capability of cathodes. In particular, the Li+

conductive Li3PO4 and LATP phases provide an efficient ionic
transport pathway for facilitating interfacial kinetics. In contrast,
the stable spinel phases can stabilize the interface between the
cathode and electrolyte. These two phases collaborate to improve
the cycle and rate performances of LATP@LCO-700 at severe
conditions of high charging voltages and elevated tempera-
tures. Additionally, the LATP@LCO-700 exhibits the highest
high-temperature cycling performance among the given results
compared to the previously reported surface-modified LCO cath-
odes, indicating a high initial discharge capacity and outstanding
capacity retention (Figure 17d). These advantages contribute to
developing a consistent, conformal, high-voltage surface layer
with favorable Li+ conducting kinetics at the LCO surface. At
both room temperature and 45 °C, the improved LCO performs
excellently over 4.6 V high-voltage cycles. Also significantly im-

proved is the thermal stability, which has broad implications for
developing alternative high-voltage, high-energy-density cathode
materials.

In Figure 17e, Yao et al. described a coating amorphous ZrO2
from UiO-66 precursor at the surface of NCM622 cathode materi-
als (u-NCM622) by ball-milling and annealing. The development
of a coating layer is demonstrated by short chain-like substances
that adhere to the surface of the host material, as visualized by
SEM images. Additionally, it can be concluded from the enlarged
figure that the loose interspaces of UiO-66 were retained during
annealing, which ultimately facilitates fast Li+ and e− transfer.
HR-TEM images show that the u-NCM622 particle has a coating
layer of ≈5 nm thick. Meanwhile, it is evident from images of u-
NCM622 materials that they have a layered hexagonal structure
with a 0.239 nm lattice spacing that can be indexed to their (006)
crystal planes. Notably, amorphous materials lack the crystalliza-
tion process, which promotes ion migration and prevents volume
expansion (Figure 17f).

As shown in Figure 17g, the current density was set between
0.2, 1.0, 2.0, 5.0, and 10 C before being progressively reduced to
0.2 C every five cycles. At 10 C, the NCM622 cathode could only
discharge 81 mAh·g−1, but the u-NCM622 cathode could retain
112 mAh·g−1, which is 39% more than the original NCM622 cath-
ode. The cycling stability of u-NCM622 was enhanced with a ca-
pacity retention of 82%, higher than those for pristine NCM622
(52%) over 2.8–4.5 V at 2.0 C after 100 cycles. The uniform ZrO2
coating significantly stabilized the cathode/electrolyte contact,
which is primarily responsible for these notable improvements.
The uniform ZrO2 coating layer has been demonstrated to pre-
vent structural deterioration brought on by unfavorable side reac-
tions with the electrolyte. The active sites on the NCM622 surface,
which are also provided by the distinctive porous architecture of
UiO-66, help to maintain Li+ diffusion even at high levels during
cycling.[240]
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Figure 17. a) Schematic illustration of LCO@LATP core–shell preparation via ball-milling and subsequent annealing. b) SEM and STEM images of
LCO@LATP-700. Atomic-resolution HAADF images in the surface region. Local layered and spinel-like phases are enlarged from the red and green
frames, respectively, as indicated by the overlaid structural models and schematic illustration of the surface layer growth mechanism. c) Cycling perfor-
mance of cells cycled at 0.5 C at 25 and 45 °C, and rate performance of bare-LCO and LCO@LATP-700 coin-type half-cells. d) Comparison of the cycling
retention and initial discharge capacity of various LCO materials. Reproduced with permission.[285] Copyright 2020, Wiley-VCH. e) Schematic illustration
of ZrO2 coating NMC622 (u-NMC622) prepared via ball-milling and annealing process. f) SEM and HR-TEM images of u-NMC622. g) Rate capacity and
cycling performance at 2.0 C after 100 cycles of NCM622 and u-NCM622 coin-type half-cells. Reproduced with permission.[240] Copyright 2020, Elsevier.

Yin and colleagues showed the feasibility of coating WO3 at
the surface of LiMn2O4 with a core–shell structure using ball-
milling and annealing in Figure 18a. Figure 18b shows SEM and
HR-TEM images of 5 wt.% WO3-coated LiMn2O4. The surface
of the LiMn2O4 particles after WO3 coating is noticeably rougher
than the surface of bare LiMn2O4. The components at the parti-
cle surface are identified using HR-TEM of a 5 wt.% WO3-coated
LiMn2O4 particles and EDS. The average thickness of this shell is
around 5 nm, and the EDS shows that Mn, O, and W elemental
peaks are present. The coating is rather uniform. The results of
the SEM and TEM analyses show that depositing the amorphous
WO3 layer onto the surface of LiMn2O4 by ball-milling is a suc-
cessful synthesis method. The electrochemical performance be-
fore and after WO3 coating is shown in Figure 18c. To evaluate the
rate capability of bare LiMn2O4 and 2 wt% WO3-coated LiMn2O4,
charge and discharge tests have been performed at different rates.
As the charge-discharge rates rise, the capacities of both materi-
als decrease. However, the 2 wt% WO3-coated LiMn2O4 declines

more gradually at high discharge rates than bare LiMn2O4. The
sample with a 2 wt.% WO3 coating recovers to its level at 0.2 C
(125 mAh·g−1), but the sample with bare LiMn2O4 recovers to its
level at 0.5 C when the rate returns to 0.1 C (118 mAh·g−1).

At room temperature, the cycling performance of uncoated
LiMn2O4 and LiMn2O4 coated with 1, 2, 3, 4, and 5 wt% WO3 has
potential windows between 3.3 and 4.3 V at 1.0 C. Cyclability of
LiMn2O4 cathode can be significantly enhanced by WO3 coatings,
especially for a coating amount of 2 wt%. The cycling charac-
teristics deteriorate as the covering material content rises, while
they are still superior to bare LiMn2O4. The inhibiting effect of
the WO3 coating at the LiMn2O4 particles is likely responsible
for the improved cycling performance of WO3-coated LiMn2O4.
This layer prevents electrolyte degradation and the disproportion-
ation reaction of manganese into the electrolyte solution. How-
ever, WO3 will behave as an insulator, which is harmful to cy-
cling if it excessively covers LiMn2O4. EIS was conducted on both
the uncoated and coated LiMn2O4 at the 1st and 100th cycle to

Small Methods 2023, 7, 2300345 © 2023 The Authors. Small Methods published by Wiley-VCH GmbH2300345 (27 of 46)

 23669608, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

td.202300345 by Scholarly Inform
ation U

niv L
ib, W

iley O
nline L

ibrary on [28/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-methods.com


www.advancedsciencenews.com www.small-methods.com

Figure 18. a) Schematic illustration of LiMn2O4@WO3 core–shell preparation via ball-milling. b) SEM, HR-TEM images, and EDS graph of 5 wt% WO3-
coated LiMn2O4. c) Rate capability of 2 wt.% WO3-coated and bare LiMn2O4 coin-type half-cells and cycling performance of samples in a coin-type
half-cell potential range of 3.3–4.3 V at 1.0 C after 100 cycles. d) EIS measurement of a bare LiMn2O4 and 2 and 5 wt% WO3-coated LiMn2O4 at the 1st
and 100th cycle. Reproduced with permission.[286] Copyright 2016, Wiley-VCH. e) Schematic illustration of LNMO@SiO2 core–shell synthesis via the
ball-milling process. f) SEM, TEM images with EDS mapping of 1.5 wt% SiO2-coated LNMO. g) Rate capability of bare and SiO2-modified LNMO (0.5−2
wt% SiO2) and cycling performance of 1% SiO2-modified LNMO at 10, 40, and 80 C at 25 °C for 400 cycles coin-type half-cells. h) Full-cell performance
of LNMO//LTO and 1 wt% SiO2-LNMO//LTO at 1.0 C (dis)charge cycling for 280 cycles. Reproduced with permission.[253] Copyright 2019, American
Chemical Society.

understand further the underlying mechanisms of cycling dete-
rioration. The cells were charged and discharged before the EIS
analysis to ensure they were fully charged and activated.

The Nyquist plots for the bare LiMn2O4 and WO3-coated
LiMn2O4 are shown in Figure 18d after the second cycle and then
after 100 cycles at room temperature. As a result, it can be seen
that the charge-transfer resistance (Rct) of electrodes made of bare
LiMn2O4 and LiMn2O4 electrodes coated with 2 and 5 wt% WO3
is 56.4, 44.2, and 65.4 Ω, respectively. At the first cycle, the Rct
rises in the following sequence: 2 wt% WO3-coated LiMn2O4 <

bare LiMn2O4 < 5 wt% WO3-coated LiMn2O4. Due to WO3, an
insulator, the WO3-coated LiMn2O4 has a slightly higher Rct than
bare LiMn2O4. Rct values for the WO3-coated LiMn2O4 materials
grow less after the 100th cycle than for the bare LiMn2O4 elec-
trode. The specific Rct-values of the bare LiMn2O4 electrode and
the electrodes with 2 and 5 wt% WO3 coating are 178, 57.8, and

94.4 Ω, respectively. In conclusion, WO3-coated LiMn2O4 com-
bines a higher rate capability with a superior cycle life in compar-
ison to bare LiMn2O4.

[286]

Amin and co-workers[253] presented SiO2-coated LNMO us-
ing a cost-effective, scalable ball-milling, and calcination pro-
cess (Figure 18e). The morphology after coating with SiO2 was
evaluated by SEM and STEM with EDS mapping, as shown in
Figure 18f. The truncated octahedron particle shape was visible
in the SiO2-coated SEM images, and particles were 2 μm in size
on average. The 1.5 wt% SiO2-LNMO exhibited a more uniform
particle size distribution, and the particle size remained constant.
The homogenous distribution of Li, Ni, Mn, O, and Si in the parti-
cles without any impurity elements is seen in the elemental map-
ping images of SiO2-coated particles. Figure 18g shows the elec-
trochemical performance before and after the SiO2-coated LNMO
coin half-cell. The discharge capacity of uncoated LNMO at 5.0 C
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is ≈125 mAh·g−1. However, LNMO coated with 0.5 and 1 wt%
SiO2 showed greater initial capacity at all C-rates and better ca-
pacity retention compared to uncoated LNMO. The 2 wt% SiO2-
LNMO showed a lower capacity than 0.5, 1, and 1.5 wt% SiO2-
LNMO up to 10 C, which could be due to slower kinetics with
an increase in coating thickness. A discharge capacity of ≈106
mAh·g−1 at 80 C was observed in the sample coated with 1 wt%
SiO2.

The rate capability results suggest that the performance of the
cell at high C-rates may be limited by the charge transfer resis-
tance at the electrode/electrolyte interface or Li+ mobility in the
electrolyte rather than Li+ diffusion in the active materials. The
excellent electrochemical performance of SiO2-coated LNMO at
high C-rates is attributed to the protective SiO2 coating and SEI
passivation layer. However, it is possible that the interfacial re-
sistance could limit C-rates higher than 40 C. The authors dis-
cussed the LNMO electrode system thoroughly regarding various
constraints at high C-rates. The 1 wt% SiO2-LNMO was tested at
three different high C-rates with 0.5 C charging and 10, 40, and
80 C discharge for 400 cycles.

The rate of discharge significantly impacted the cycling sta-
bility. The cell that was discharged at 10 C showed a minimal
capacity loss of up to 400 cycles before becoming highly stable
at 96%. In contrast, the cell that was discharged at 40 C expe-
rienced an 87% capacity retention. Despite cycling at 80 C, the
cell still demonstrated a capacity retention of 82%. On the other
hand, the 1 wt% SiO2-LNMO showed an outstanding cycling per-
formance when discharged at 10, 40, and 80 C. Figure 18h shows
the full-cell cycle life of bare LNMO and 1% SiO2-LNMO em-
ploying Li4Ti5O12 (LTO) as an anode. For bare LNMO and 1%
SiO2-LNMO, the initial discharge capacities were around 106
and 118 mAh·g−1, respectively. After 280 cycles, the uncoated
LNMO//LTO battery showed a rapid decline in capacity, retain-
ing only 67% of its initial discharge capacity. In contrast, the 1%
SiO2-modified LNMO//LTO battery demonstrated exceptional cy-
cling stability, retaining 93% of its initial discharge capacity af-
ter 280 cycles at 1.0 C. The use of SiO2 coatings on LNMO
provides a scalable and cost-effective approach that reduces in-
terfacial charge transfer resistance, making the material more
suitable for electric vehicle batteries that require extremely fast
charging.

Shen et al. produced hierarchical carbon-coated metallurgi-
cal Si material (HCC-M-Si) via a low-cost and large-scale ball-
milling process. The fabrication of lightweight and free-standing
electrodes consisting of the HCC-M-Si particles and carbon
nanofibers via vacuum filtration, as schematically shown in
Figure 19a. Figure 19b shows the morphological and elemen-
tal distribution of HCC-M-Si. Broad particle size dispersion and
irregular particle shapes were found in SEM images. By filling
the interstitial space with smaller Si particles, the wide size dis-
tribution can improve the effective occupancy of the electrodes.
The Si nanoparticles in HCC-M-Si are uniformly covered by car-
bon shells. TEM images reveal that the void spaces left by the
rigid template are visible between the carbon shell layer and the
Si core. The HCC Si structure is also abundantly supported by
STEM images of HCC-M-Si and the associated EELS mapping
of C (green) and Si (red) components. Figure 19c shows the rate
capability and cyclability of HCC-M-Si, HCC-M-Si(2), and M-Si
in coin-type half-cells. HCC-M-Si and M–Si rate capabilities were

investigated under various current densities from 0.4 to 8 A·g−1.
The HCC-M-Si anode demonstrated substantially slower capacity
losses at increasing rates than the M–Si anode. HCC-M-Si specif-
ically provides reversible capacities of 2900, 2700, 2200, and 1500
mAh·g−1 with current densities of 0.4, 0.8, 2, and 4 A·g−1. How-
ever, M–Si only provides 2000, 1800, 1000, and 100 mAh·g−1, re-
spectively. HCC-M-Si can maintain a reversible capacity of 950
mAh·g−1 at a current density of 8 A·g−1, whereas M–Si shows lit-
tle capacity.

This suggests that the hierarchical carbon coating can effec-
tively decrease the interparticle resistance of silicon and increase
capacity at high current densities. The cycling capacity of HCC-
M-Si was compared to that of M–Si and HCC-M-Si(2), showing
that HCC-M-Si has better cycling stability than HCC-M-Si(2) over
1000 cycles. After 1000 cycles, HCC-M-Si retains a reversible ca-
pacity of 1031 mAh·g−1, whereas HCC-M-Si(2) only retains 540
mAh·g−1. In contrast, M–Si shows poor cycling performance,
with capacity dropping close to zero after only 100 cycles. The
researchers attribute the high cycling stability of HCC-M-Si to
the ample void space created between the carbon shells and Si
particles, which supports the structure of the material after the
volume changes of Si particles.

Good contact and high conductivity rely on maintaining struc-
tural integrity during the cycling process. The large surface area
of the porous Si structure enhances Li+ diffusion, and the thin
walls between the pores decrease the diffusion route for Li+ and
e−, resulting in superior electrochemical performance compared
to monolithic Si. However, in this case, the porous structure is
generated during the cycling process, which causes a significant
volume expansion of particles. This volume expansion can dam-
age the contact between Si particles and the current collector, as
depicted in Figure 19d.

After 50 cycles, the HCC-M-Si STEM image indicates that the
particles have maintained their smooth surface. The elemental
mapping of C (green) and Si using EELS (red). The in situ formed
porous Si particle occupies the original void space between the Si
particle and the carbon shell while still being well confined within
the carbon shell. By assisting the Si particles in maintaining good
electrical contact with other materials, such as conductive addi-
tives and binders, can help to create electronic channels to the
current collector and, as a result, achieve outstanding cycling per-
formance. Galvanostatic charge−discharge profiles of the HCC-
M-Si//LCO and HCC-M-Si//LNMO coin-type full-cells with op-
erating voltage windows of 3–4.2 and 3–4.8 V, respectively, are
shown in Figure 19e. The stable working voltage of the full-cells
and the fabricated coin cells were used to power commercial blue
and white light-emitting diodes (LEDs). The synthesis of HCC-
M-Si core–shell structures, with their applications in lightweight
free-standing electrodes and high-voltage full-cells, has the po-
tential to facilitate further optimization of low-cost Si anodes with
high energy density, leading to potential battery applications in
the future.[287]

The Lu group[288] produced novel poly(vinyl alcohol) (PVA)
coated silicon nanoparticles via reactive ball-milling (RBM).
Figure 19f illustrates the RBM process, which utilizes bulk sil-
icon to produce PVA-coated silicon nanoparticles with covalent
bonds formed between PVA and the silicon surface. SEM and
HR-TEM techniques were utilized to investigate the morphol-
ogy of the samples after ball-milling, as depicted in Figure 19g.
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Figure 19. a) Schematic illustration of lightweight and free-standing HCC-M-Si/CNF electrode prepared via ball-milling and vacuum filtration. b) SEM,
TEM, STEM images, and EELS mapping of HCC-M-Si. c) Rate capability comparison of HCC-M-Si and M-Si, and long-term cycling performance of HCC-
M-Si, HCC-M-Si(2), and M-Si, the current density was 2 A·g−1 for 1000 cycles. d) Schematic illustration showing the morphological evolution of M-Si
and HCC-M-Si after cycling. TEM image of M-Si and HCC-M-Si particle after 50 cycles and EELS mapping of elements C and Si in the HCC-M-Si particle.
e) Galvanostatic charge−discharge profiles of HCC-M-Si//LiCoO2 and HCC-M-Si//LiNi0.5Mn1.5O4 full-cells. The inset shows that the full-cell can power
blue and white LEDs. Reproduced with permission.[287] Copyright 2018, American Chemical Society. f) Schematic diagram of reactive ball-milling (RBM)
is provided, depicting the process starting with the mixing of bulk silicon and poly(vinyl alcohol) (PVA), leading to the formation of PVA-coated silicon
nanoparticles with covalent bonds between the PVA and silicon at the surface. g) TEM images of HEBM Si and RBM Si-5% PVA. HR-TEM image of RBM
Si-5% PVA. h) Rate performance of HEBM Si and RBM Si-5% PVA and long-term cycling performances of ball-milled silicon materials at 0.2 A·g−1. i)
Schematic diagram of (de)lithiation of the ball-milled silicon materials. Morphology of cycled Si electrodes. SEM images of HEBM Si electrodes and
RBM Si-5% PVA after 1, 5, and 10 cycles, respectively. Reproduced with permission.[288] Copyright 2020, American Chemical Society.
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High-energy ball-milling (HEBM) often results in severe and
inevitable secondary aggregation of nanoparticles due to the
high-energy surface of the particles being exposed. The absence
of extra PVA causes the primary HEBM Si particles to agglomer-
ate into secondary particles that are up to 10 μm, thus reducing
the benefits of nanomaterials and producing significant struc-
tural changes during (de)lithiation. Covalent connections that de-
velop between PVA and Si particles chemically quench the active
surface, thereby reducing the formation of aggregates. In com-
parison to HEBM Si, RBM Si-5% PVA primary particles are typi-
cally smaller than 200 nm. SEM images illustrate that most RBM
Si-5% PVA secondary particles range from 0.5 to 1 μm. The HR-
TEM images of RBM around 200 nm in size and evenly scattered
are the Si-5% PVA particles. The HR-TEM image reveals the sil-
icon (111) lattice with an interplanar spacing of 0.32 nm. The
amorphous layer is shown to surround the Si nanocrystals, which
might be attributed to the polymer, covering the surface of amor-
phous Si. The in situ generated polymer framework efficiently
separates the Si nanoparticles, effectively preventing agglomera-
tion during HEBM. This unusual structure not only accommo-
dates volume changes of the Si particles but also protects them
from any potential damage.

Figure 19i compares the rate capability and cyclability before
and after PVA coating in a coin-type half-cell configuration. The
capacity of RBM Si-5% PVA gradually decreases to 801 mAh·g−1

and recovers to 2234 mAh·g−1 as the current returns to 0.15
A·g−1 in the rate performance tested at different C-rate from
0.15 to 3.0 A·g−1. The silicon materials that were ball-milled at
a loading of 1 mg·cm−2 and a current density of 0.2 A·g−1 were
tested for cycle stability. Si-PVA nanocomposites produced using
RBM synthesis present enhanced stability and higher capacity
retention compared to the dramatic capacity fading of HEBM
Si. Notably, the best improvement is provided by the RBM
Si-5% PVA. The electrode is activated within 10 cycles, then
gradually stabilizes and maintains this stability for subsequent
cycles, retaining a 1526 mAh·g−1 reversible specific capacity after
100 cycles. For the RBM Si-10% PVA electrode, a significant
capacity loss of 1395 mAh·g−1 occurs in the 5 cycles, and after
100 cycles, the reversible capacity is 798 mAh·g−1. The rapid
capacity fading in the first few cycles is thought to be caused by
the extreme polymer solvation and swelling carried out by the in-
creased PVA content, which leads to more substantial structural
changes.

To further highlight the critical significance of RBM, HEBM
Si is stirred and combined with 5% of PVA because of the
electrolyte interactions with the reactive groups on PVA. The
electrode rapidly degrades without a strong chemical reaction
to maintain its integrity. The robust PVA coating production
method, which supports the silicon electrode cycling stability, is
shown in Figure 19h. To prevent phase separation during the
volume changes of silicon particles, PVA polymer with a linear
chain structure can stretch and contract at the Si surface, cre-
ating a permanent chemical interaction with the particle sur-
face. This interaction strengthens the PVA coating, enabling it
to act as a buffer layer and protect the particles from pulver-
ization and withstand volume expansion, enhancing the stabil-
ity of the electrode during cycling. In contrast, physical contact
between the PVA and particle surface would not be sufficient.
SEM images of cycled electrodes show the increased mechan-

ical stability of Si-PVA nanocomposites. After a single cycle of
(de)lithiation, the HEBM Si electrode surface becomes rough,
and large cracks with an average width of 10.5 μm form. Af-
ter 10 cycles, there is evident disintegration with over 20 μm
wide cracks as the electrode layer continues to deteriorate during
cycling.

However, the surface of the electrode for RBM Si-5% PVA
only shows a few small cracks that are typically 2.0 μm in
width. The electrode is almost undamaged from the 5 to 10 cy-
cles. Researchers prevented pulverization with a 5% PVA coat-
ing, which increased the silicon anode cycling stability. The
following factors contribute to the superior electrochemical
performance:

1) Nanosized Si particles prepared by ball-milling significantly
shorten the diffusion pathways of Li+, resulting in enhanced
kinetics.

2) Polymer coatings effectively reduce the size of primary
nanoparticles.

3) Resilient PVA coatings with a robust covalent bond is adaptive
to the volume changes of silicon particles. That successfully
reduces the severe pulverization of Si-based anodes.

The synthesis approach features a solvent-free ball-milling
process with no need for a post-processing step and low raw mate-
rial cost, making it suitable for pilot plant manufacturing. Hence,
the RBM technique presented in this study offers a practical solu-
tion for producing Si-based anode materials for next-generation
LIBs.

In LIBs, the anode and cathode core materials are coated with
protective shell materials through a ball-milling and calcination
process. That improves their electrochemical performance in
terms of rate capability, cycling stability, and scalability for large-
scale production. The most recent studies on core–shell struc-
tures for both cathodes and anodes produced by ball-milling in
LIBs are summarized in Table 3.

6.1.3. Spray-Drying Process

The spray-drying process, which presents the advantages of large-
scale preparation, system simplicity, cost efficiency, and environ-
mental friendliness, is often used to synthesize core–shell mate-
rials in LIBs. By rapidly evaporating the solvent with hot gas, the
spray-drying process is an easy and popular technology for turn-
ing liquid solutions into solid particles. This simple one-step con-
struction method has been successfully used to create core–shell
structures, as shown in Figure 20.[297] The process involves the
following steps[298]

1) Preparation of the solution: The solution for spray-drying pro-
cess is typically prepared by mixing the core and shell mate-
rials in a solvent (water, ethanol, or propanol). The ratio of
core to shell material can be adjusted to achieve the desired
composition of the final product.

2) Atomization: After well mixing, the solution is pumped into
an atomizer. The solution is then atomized into fine droplets
using a spray nozzle, typically a high-pressure nozzle or a ro-
tary atomizer. The droplets are typically in the range of 50–500
microns in diameter.
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Table 3. Synthesis of core–shell structures of cathodes and anodes via prepared by ball-milling.

Sample Core material Shell material Condition Electrochemical performance Ref.

Time of
mixing [min]

Calcined in air
at [°C@h]

Capacity
[mAh·g−1]

Capacity
[mAh·g−1]

@1.0C

Capacity retention
[% cycles−1]

Layered cathodes

LCO@Li1.5Al0.5Ti1.5(PO4)3 LCO LATP 300 700@4 216@0.1C 181 73/100@0.5C [285]

NCA@C NCA C 30 – 187@0.1C 175 97/80@0.2C [232]

NMC622@ZrO2 NMC622 ZrO2 120 600@3 197@0.2C 175 83/100@0.5C [240]

NMC523@C NMC523 C 0.167 Dry-press 5 min 114@0.15C 64 33/200@1.0C [237]

NMC811@Ca3(PO4)2 NMC811 Ca3(PO4)2 180 400@3 194@0.1C 180 73/150@0.3C [289]

NMC811@Ca3(PO4)2//Graphite – – 87/150@0.3C

Spiner cathodes

LMO@WO3 LMO WO3 720 800@10 135@0.1C 120 95/100@1C [286]

LMO@LiMnPO4 LMO LiMnPO4 25 Hydrothermal
120@12

130@0.1C – 75/30@0.1C [290]

LNMO@SiO2 LNMO SiO2 1440 900@12 130@0.5C 133 97/400@10C [253]

LNMO@SiO2//LTO – 118 94/280@1C

LNMO@LiPO3 LNMO LiPO3 1440 760@200 130@0.1C 125 80/670@0.5C [291]

LNMO@LiMg0.5Mn1.5O4 LNMO LiMg0.5Mn1.5O4 60 800@6 132@0.2C 128 91/500@2C [189]

Silicon anodes

Si@Hierarchical Carbon Si Hierarchical carbon 300 60@12 2900@0.4A·g−1 – 47/1000@2A·g−1 [287]

Si@Hierarchical Carbon//LCO 2760@0.4A·g−1 – 34/100@0.4A·g−1

Si@Hierarchical Carbon//LNMO 2615@0.4A·g−1 – 20/100@0.4A·g−1

Si@SiOx/C Si SiOx/C 640 – 650@0.1A·g−1 – 82/500@0.1A·g−1 [292]

Si@FeSiy/SiOx Si FeSiy/SiOx 3600 120@10 1250@0.1A·g−1 – 66/150@0.1A·g−1 [293]

Si@SiOx/C/SiC/Li2SiO3 Si SiOx/C/SiC/Li2SiO3 720 – 1924@0.1A·g−1 – 75/100@0.1A·g−1 [294]

Si@Cu3Si Si Cu3Si 120 600@10 2260@0.2A·g−1 – 60/400@2A·g−1 [295]

Si@C Si C 120 850@2 in N2 680@0.2C 600 94/50@0.2C [258]

Si@Graphite/void/C Si Graphite/void/C 360 550@5 in Ar 1800@0.1A·g−1 – 50/140@0.1A·g−1 [264]

Si@PVA Si PVA 600 – 3255@0.2A·g−1 – 53/150@3A·g−1 [288]

Si@PPy Si PPy 2400 50@8 1800@0.25mA·cm−2 – 41/10@0.25mA·cm−2 [296]

Figure 20. Schematic illustration of scalable synthesis of core–shell mate-
rials via spray-drying process.

3) Drying: The atomized droplets are then dried in a spray dryer,
which typically consists of a heated chamber with a gas flow.
Since there is enough moisture in each droplet to replace the
liquid at the surface, the evaporation rate in the first stage is
generally constant. As soon as there is not enough moisture
remaining to sustain saturating conditions, the next stage be-
gins when a dehydrated shell develops at the surface. As a
result, moisture diffusion through the shell controls the evap-
oration rate. The droplets are then expelled into a drying gas
chamber, where moisture vaporization occurs, producing dry
particles. The droplets are carried through the chamber by the
gas flow and are dried by hot air, forming a solid core–shell
material.

4) Collection and packaging: The dried core–shell material
is collected in electrostatic precipitators, bag filters, and
cyclones.

5) Heat treatment: Spray-drying can also be used to thoroughly
combine reactants that will later undergo a heat treatment
to generate the final product. It helps to make the surface of
the core–shell structure smooth and compact after the spray-
drying process.
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Operational parameters impact the coating of core–shell struc-
tures through the spray-drying process.

1) Composition of the solution

The ratio of the core-to-shell material in the solution and the
type of solvent and its concentration can affect the final coating
properties. For example, a higher concentration of shell material
in the solution can lead to thicker coatings. Using a more volatile
solvent can result in a faster drying time.

2) Atomization parameters

The size and shape of the spray nozzle, as well as the pressure
and flow rate of the solution, can affect the size and distribution of
the atomized droplets, which in turn can influence the thickness
and uniformity of the coatings.

3) Drying parameters

Inside the drying chamber, the following three drying param-
eters impact the core–shell structure: 1) The input air tempera-
ture influences the coating material’s evaporation rate and may
affect the material’s properties. Higher inlet air temperatures can
quicken evaporation and provide homogeneous, thicker coating
layers. However, they may also result in faster degradation of the
coating materials. 2) The feed rate is the amount of coating ma-
terial provided to the spray dryer per unit of time. Faster feed
rates can produce thicker coating layers, although this may also
increase the thickness of the coated materials. 3) The humidity
of the inlet air can affect the coating material’s evaporation rate
and the coated material’s final moisture content. Higher humid-
ity can result in slower evaporation and lower final moisture con-
tent. However, it may also increase the thickness of the coated
layer.[299]

Du et al. demonstrate the enhanced performance of NCA ma-
terials via a LiAlO2 coating (SDCNCA) deposited by the spray-
drying process, as shown in Figure 21a.[300] The SEM image
shows a slight change in the borders between the grains on the
surface of SDCNCA particles, appearing blurred as the parti-
cles were coated with LiAlO2. A coating layer with a thickness
of around 10–40 nm covers the NCA material reasonably effec-
tively. It is evident from the HR-TEM image of SDCNCA2 that
the planar distance of the outer part of space differs from that
of the interior part (0.2401 and 0.2449 nm, respectively). They
both exhibit highly well-developed crystal lattice fringes that are
neatly oriented along the (101) axes of the respective materials,
NCA and LiAlO2 (Figure 21b). Spray-dried materials, in partic-
ular core–shell products, are consistent, having high homogene-
ity, dispersion, mobility, and solubility. The rate capabilities for all
samples at various C-rates between 0.1 and 5.0 C. The capabilities
of the samples decrease at increasing rates.

The SDCNCA samples had similar discharge capabilities as
bare NCA at low rates (<1.0 C). The SNCNCA2 delivered the max-
imum discharge capacity of 162 mAh·g−1 at 5.0 C, although those
SDCNCA also showed superior capacity retention at 2.0 and 5.0
C. This is mainly attributed to the more stable structure of the
coating layer throughout cycling at a room temperature of 1.0 C.
The cycle life of all samples had also been investigated. The initial
discharge capacity at 1.0 C delivered by the pristine NCA was 171

mAh·g−1, compared with 167, 166, and 154 mAh·g−1 for SDC-
NCA1, SDCNCA2, and SDCNCA5, respectively. While the pris-
tine NCA suffered a 31 mAh·g−1 capacity loss after 150 cycles,
corresponding to a capacity retention of 81%. The capacity reten-
tion of the SDCNCA samples was noticeably improved, as SDC-
NCA1, SDCNCA2, and SDCNCA5 delivered retentions of 87%,
90%, and 93% after 150 cycles, respectively (Figure 21c).

The LiAlO2 insulating layer on the NCA surface acts as a pow-
erful inhibitor of HF-induced corrosion, preserving the structural
integrity of the NCA material and noticeably enhancing its elec-
trochemical performance. Furthermore, this layer slows down
the deterioration of electrodes over time and protects the posi-
tive material from undesirable interfacial effects. The exceptional
results can be attributed to the successful spray-drying process,
which leads to a significant increase in structural stability. This
process holds the potential to be applied to a variety of cathode
materials, producing LIBs with enhanced safety and longer bat-
tery life.

Mao et al. showed a schematic synthesis diagram for
V2O5/LiV3O8 coated with NCA via spray-drying and sintering
process (Figure 21d).[301] The edges and corners of the cathode
microparticles are gradually blurred in the SDCNCA2 SEM im-
age when the number of coatings increases. The boundaries be-
tween the particles become blurred after a homogeneous coating
has been applied to their surface, causing the particles to stick
together and lose their sharp edges and corners. The interplanar
spacings of the (101) and (001) crystal planes of V2O5 are 0.495
and 1.09 nm, respectively, while the (001) crystal plane of LiV3O8
has a spacing of 0.439 nm. This is due to the reactivity of V2O5 and
the presence of residues (LiOH) on the NCA surface, as shown
in Figure 21e. LiV3O8 is formed concurrently with the deposition
of V2O5. The electrochemically inactive surface residues are re-
duced due to this process, which also enhances the positive elec-
trode cycle life. The discharge capacity retentions of the original
and coated samples are shown in Figure 21f at various rates in
the range of 2.8–4.3 V.

The V2O5-coated sample does not function at a high rate in
an ideal way. In contrast, the surface modified V2O5-sample sig-
nificantly reduced the discharge capacities at high rates, demon-
strating that improving the rate performance with a single V2O5
coating is challenging. These coatings can be made extremely
thick, providing a robust physical barrier between the positive
electrode material and the electrolyte and enhancing the cycle
life. However, the performance of the material will be subpar
in terms of charging and discharging rates due to the thickness
of the coating, which hinders Li+ diffusion during the interca-
lation and deintercalation process. The cycling performance of
the three materials, at a current rate of 1.0 C, was evaluated be-
tween 2.8 and 4.3 V. The initial discharge-specific capacities of
1V2O5@NCA and 2V2O5@NCA coated with V2O5 are 188 and
196 mAh·g−1, respectively. Unwashed coated NCA has a spe-
cific capacity of only 183 mAh·g−1. At the same time, the sample
coated with V2O5 has significantly better capacity retention. The
specific discharge capacities of 1V2O5@NCA and 2V2O5@NCA
are 147 and 163 mAh·g−1 after 100 cycles, respectively. Only
131 mAh·g−1 of uncoated NCA is present. 71%, 78%, and 83%
are the corresponding capacity retentions after 100 cycles for
NCA, 1V2O5@NCA, and 2V2O5@NCA, respectively. By prevent-
ing the active material from coming into direct contact with the
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Figure 21. a) Schematic illustration of NCA@LiAlO2 (SDCNCA2) core–shell preparation via spray-drying process. b) SEM and HR-TEM images of SDC-
NCA2. c) Rate and cycling performance at room temperature of NCA and SDCNCA electrodes. Reproduced with permission.[300] Copyright 2016, Amer-
ican Chemical Society. d) Synthesis illustrative diagram of V2O5/LiV3O8 coated NCA (NCA@V2O5/LiV3O8) particles during spray-drying and sintering
process. e) SEM and TEM images of NCA@V2O5/LiV3O8. f) Rate and cycling performance before and after coating. Reproduced with permission.[301]

Copyright 2022, Elsevier.

electrolyte, the coated V2O5 can prevent side reactions and signif-
icantly enhance the cycle life. This improvement, in our opinion,
offers great promise for the actual industrialization of nickel-rich
cathode materials to be applied in LIBs.

Gao et al. have introduced a new method for modifying the
surface of lithium manganese phosphate (Li–Mn–PO4) using a

process that involves spray-drying and calcination, as reported
in their study.[302] The SEM and TEM images of Li–Mn–PO4-
coated samples after calcination at 500 °C. The structure and
grain size of the modified Li–Mn–PO4 remains unchanged, with
a size range of 100–200 nm. The surface of the grains coated with
Li–Mn–PO4 is comparatively rough, in contrast to those coated
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Figure 22. a) Schematic illustration of Si@SiOC core–shell preparation through vapor deposition and spray-drying process. b) SEM and HR-TEM images
of Si@SiOC. c) The cycling performance of three samples was measured at a rate of 1.0 C, and the rate capability of Si@SiOC was evaluated at various
C-rates ranging from 0.1 to 5.0 C. d) Graphical illustration of Si NP anodes with different coating materials during (de)lithiation. Carbon coating versus
SiOC coating. (Lower inset) the internal structure of the SiOC coating material. e) TEM characterization of individual Si nanoparticles (Si NPs) for two
different electrodes: bare Si NPs and Si@SiOC before and after cycling at 100 mA∙g−1. Reproduced with permission.[303] Copyright 2014, American
Chemical Society.

with LNMO, which are smooth. Additionally, the bulk crystallo-
graphic structure, shape, and grain size of the LNMO are not sig-
nificantly changed after surface coating and subsequent calcina-
tion. The cycle life and rate capability were examined before and
after coating with Li–Mn–PO4.

While an activation process is needed for initial discharge ca-
pacity, Li–Mn–PO4 coated samples after calcination at 500 °C
have outstanding cycle performance at a low current density of
0.1 C (30 mA·g−1) and good discharge capacity stability. After 80
cycles, the discharge capacity of the coated sample remained at
261 mAh·g−1. The strong connection between the coating and
cathode surface can prevent additional HF corrosion, providing
good cycling stability. High calcination temperature stabilizes the
interface structure, resulting in excellent discharge capacity re-
tention for Li–Mn–PO4 coated samples. The high-rate discharge
capacity of the samples at various current densities has been eval-
uated, and the Li–Mn–PO4 coated samples after calcination at
400 and 500 °C exhibit higher discharge capacity than the as-
prepared LNMO by the spray-drying method. However, the low
charge transfer kinetics resulting from the strong interface inter-
action based on naturally poor ionic and electronic conductivity
of phosphates might hinder the cycling stability of Li–Mn–PO4
coated samples. Therefore, the surface coating with Li–Mn–PO4
via spray-drying and calcination process at high temperatures is
an effective way to enhance the electrochemical performance of
LNMO cathode for LIBs.

Figure 22a schematically shows that the preparation of
Si@SiOC core–shell structure through chemical vapor deposi-
tion, spray-drying, and carbonization process is suitable for large-
scale production, as described by Choi and co-workers.[303] The
morphology of the Si@SiOC core shell was evaluated by SEM
and HR-TEM, as shown in Figure 22b. SEM established that the

secondary particles had space inside their internal structures and
were made up of connected Si@SiOC nanoparticles. By using
TEM, it was also confirmed that the SiOC layers exhibited con-
formal coatings and a framework for linking particles together.
Figure 22c shows the cycle life of the three samples measured at
1.0 C and the rate capability of Si@SiOC electrodes measured at
various C-rates, ranging from 0.1 to 5.0 C. Bare Si NPs started
with a high capacity of 2779 mAh·g−1. After 200 cycles, how-
ever, the capacity dropped dramatically to 901 mAh·g−1, resulting
in a low capacity retention of 33%. The initial capacity of 1266
mAh·g−1 for Si@C was maintained for the first 25 cycles before
it abruptly decreased. Only 44% of the capacity was retained after
200 cycles.

Numerous charge-discharge cycles cause cracking and disin-
tegration of the carbon coatings, leading to rapid capacity loss.
The capacity retention of carbon layers then resembles that of
bare Si NPs. In contrast, Si@SiOC retains 92% of its capacity
over 200 cycles, validating the use of SiOC coatings as a design
strategy. In comparison to the previous surface coating made
of silica and conducting polymers, the present SiOC coating is
fundamentally different because it expands more to match the
volume changes of the inside Si NPs without disintegrating. The
above coating is, however, not so successful in accommodating
the volumetric changes of Si. The SiOx nanodomains contained
by the carbon network in the SiOC surface coating and the in-
ternal free space in the micron-sized composite particles are the
reasons of the excellent rate capability of Si@SiOC electrodes in
the current range of 0.1–5.0 C. Figure 22d shows cycle life plots
of Si NP anodes with various coating materials, including carbon
and SiOC. The initial capacity fading problem of Si anodes
during long-term cycling remains unresolved since the Si@C
covering only the carbon is not elastic or expandable enough
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and is instead vulnerable to fracturing during the lithiation
process.

On the other hand, the SiOC coating expands to some extent
due to its dynamic nature in response to Li+. As a result, it more
robustly accommodates the volume growth of the inner Si NPs
than other coating materials that experience less volume expan-
sion. To confirm that SiOC-coatings can reduce particle crack-
ing and pulverization during cycling, TEM measurements have
been performed at different cycle numbers (Figure 22e). These
images show that the severe fracturing of Si NPs might originate
from Si spatially inhomogeneous volume expansion and indicate
that simple nanostructuring may not address the fracture prob-
lem thoroughly after 50 cycles. At all cycling stages, including the
initial 50 cycles, it was discovered that the Si@SiOC coating was
very robust, maintaining grapelike core–shell structures. Once
again, the robust structure of Si@SiOC is related to the capac-
ity of SiOC to follow the volume change of inner Si NPs without
disintegrating.

Shen et al. presented a scalable synthesis of silicon-graphite
microspheres (Si–G) through mechanical grinding and spray-
drying, as shown in Figure 23a: 1) commercial micron-sized
silicon or graphite is reduced to nanometer-sized particles and
sheets during the bead grinding process.[265] The Si–C covalent
bonds strengthen the binding between silicon nanoparticles and
few-layered graphite nanosheets. 2) Through the spray-drying
process, the micro-sized spheres are formed by the self-assembly
of the Si nanoparticles and graphite nanosheets. The produc-
tion method, which uses readily available raw ingredients and a
straightforward mechanical design, shows tremendous promise
for the scaled-up synthesis of high-performance anodes for LIBs
at low cost. The as-synthesized Si microspheres have an average
diameter of around 6 μm and a homogeneous spheroidal form.
The Si–G microsphere surfaces are coated with hundreds of
loosely packed, homogeneous lamellar fragments, which should
induce the self-assembly of S–G nanosheets. Single crystals of the
(111) plane of silicon is found in HR-TEM images, showing dis-
tinct lattice fringes with a 0.313 nm spacing. Even in a broader do-
main, the graphite nanosheets have few layers and cover the sil-
icon nanoparticles intimately. Si-G nanosheets are linked closely
to produce a sphere of Si–G that is this size. The homogeneous
distribution of silicon and carbon elements is also seen in EDS
maps (Figure 23b).

The rate capability has been investigated at a current density
0.1–A·g−1, and the cycle life has been determined at 0.5 A·g−1

for commercial Si, Si–G nanosheets, and Si–G microspheres
as shown in Figure 23c. At a high current density of 4.0 A·g−1,
Si–G nanosheets and Si–G microspheres have higher capacities
(419 and 400 mAh·g−1) than commercial Si (8 mAh·g−1). The
rapid diffusion of Li+ and transmission of e− in the composite
structures are attributed to the higher rate capability when the
current density reverts to 0.1 A·g−1, the capacity of the Si–G
microsphere electrode recovers to 2541 mAh·g−1, which is
higher than that of the Si–G nanosheet (2214 mAh·g−1). After
500 cycles, the Si–G microspheres display the highest capacity
retention of over 99% and the largest discharge capacity (1895
mAh·g−1), which may be attributed to the layered graphite
nanosheets that can accommodate the significant volumetric
changes of silicon. The few-layered graphite nano-sheets act as
a buffer layer in these microspheres and reduce the volumetric

impact and provide a conductive framework to improve electrical
conductivity. Additionally, the isotropic swelling reduces the
breakdown of silicon particles even more. Figure 23d shows the
Si–G microsphere//NMC523 pouch-type full-cell battery and
the electrochemical performance of the pouch full-cell battery.
The rate capability of pouch full-cell battery was investigated at
various current densities and delivers reversible capacities of
835, 814, 787, 749, and 530 mAh at 0.5, 1.0, 2.0, 3.0, and 5.0 C,
respectively. A cost-effective and simple approach for commer-
cializing a high-capacity, long-lasting silicon–graphite anode for
LIBs has been demonstrated by the full-cell battery of Si–G mi-
crosphere//NMC532. The battery exhibits a capacity retention of
79.3% after 800 cycles, indicating its potential for long-term use.

Guo et al. presented the scalable synthesis of novel structure
spherical Si/C granules with 3D conducting networks via a scal-
able spray-drying process, as shown in Figure 23e.[259] The mor-
phology of spherical Si/C granules via the spray-drying process
was evaluated by SEM and TEM (Figure 23f). Due to the polymer
addiction and high solid content during the spray-drying process,
the SEM image of Si/C materials shows a compact surface and in-
terior structure with a high tap density of up to 0.91 g·cm−3. While
this is happening, part of the space created by solvent evaporation
is still set aside so that it may support the volume expansion of
Si and preserve the original structure of Si/C materials during
repeated cycles. In order to prevent direct exposure of nano-Si to
the electrolyte and promote the formation of stable SEI layers, the
creation of a carbon-coated layer at the Si surface through pyroly-
sis of polymers (PVP and phenolic resin) as seen in the HR-TEM
image is beneficial. The formation of homogenous suspension
and the suppression of the sedimentation and agglomeration of
nano-Si particles are both advantages of polymers.

In addition, PVP might serve as a thickening agent to increase
the slurry viscosity, which helps to create spherical granules dur-
ing the spray-drying process. At high current densities, the rate
capability of Si/C anodes is greatly enhanced. When the current
density is raised from 0.2 to 10 C, it maintains 85% of the initial
charge capacity compared to Si/C anodes without 3D conducting
networks. The exceptional rate capability is a result of the bene-
fits provided by the excellent mechanical flexibility of graphene
and super P conductive carbon black in the 3D conducting net-
works. This flexibility provides excellent electrical conductivity,
ensuring rapid electron transport in nano-Si particles and activa-
tion of all nano-Si particles in Si/C anodes at high mass loadings.
At a mass loading of 4.0 mg·cm−2, the Si/C anodes exhibit excel-
lent coulombic efficiency and cycling stability. 86% of the initial
charge capacity is still present after 500 cycles, which is consis-
tent with the excellent average CE of 99.9% from the first 10 to the
last 500 cycles, which indicates the reversibility of electrode re-
action. The simple method to overcome the inherent drawbacks
of Si-based anodes has been successfully combined, creating 3D
conducting networks and constructing porous structures. Com-
pacted Si/C microspheres have developed 3D conducting net-
works based on the porous Si/C structure. The ideal Si/C an-
ode design has a moderately porous structure, a high tap den-
sity, and a highly compelling 3D conducting framework, all of
which boost electrochemical performance. The Si/C//NMC532
pouch full-cell battery presents a superior cycling performance
of 87% after 100 cycles. Additionally, the pouch cell combining
Si/C anode and NMC cathode could power the LED array of over
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Figure 23. a) Schematic illustration of nanostructured Si-G microspheres prepared by a two-step mechanical grinding and spray-drying process. b)
SEM, HR-TEM images, and EDS mapping of Si-G microsphere. c) Rate capability of commercial Si, Si–G nanosheet, and Si–G microsphere anodes at
the current density varied from 0.1 to 4.0 A·g−1. Cycling performance of commercial Si, Si–G nanosheet, and Si–G microsphere anodes at the current
density 0.5 A·g−1 during 500 cycles. d) Schematic illustration of a Si–G microsphere//NMC523 pouch-type full battery. Rate capacity and cycle life
of a pouch full-cell. Reproduced with permission.[265] Copyright 2022, Wiley-VCH. e) Schematic fabrication process for spherical Si/C granules with
3D conducting networks via spray-drying process. f) SEM and HR-TEM images of spherical Si/C granules. g) Rate capability of a Si/C anode (black)
without a 3D conducting network and with a 3D conducting framework (red). Cycle life and Coulombic Efficiency of Si/C anodes at 1.0 C during 500
cycles. h) Cycling performance of Si/C//NMC523 pouch full-cell at 0.2 C. LED array powered by the Si/C//NMC523 pouch full-cell. Reproduced with
permission.[259] Copyright 2018, Elsevier.

220 lights for an extended time. The effective integration of Si/C
anodes in next-generation LIBs is supported by studies on the ex-
cellent design and simple production method for spherical Si/C
granules.

Overall, the surface of the core materials in anode and cathode
core–shell structures have been coated with various protective

shell layers using a spray-drying process. That has greatly
improved their electrochemical performance, including rate
capability and cycle life stability, as well as upscaling in the
pilot plant scale. The latest studies on core–shell structures
prepared through the spray-drying process are summarized in
Table 4.
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7. Conclusions and Outlook

This review discusses the challenges of cathode and anode mate-
rials to be applied in LIBs. These challenges can be divided into
two categories: those related to layered and spinel-type of cathode
materials and those related to silicon anode materials. For layered
cathode materials, the challenges include adverse reactions in-
duced by high-voltage charging, such as cation disorder, phase
transition, gas release reaction, parasitic reaction, intergranu-
lar, and intragranular cracking, dissolution of transition metal
ions, and thermal instability. The challenges of spinel cathode
materials include the Jahn-Teller effect and the dissolution of
manganese. Challenges for silicon anode materials include low
electrical conductivities, high volumetric changes, materials pul-
verization, and the formation of unstable SEI.

The use of core–shell structures in cathode and anode materi-
als for LIBs has gained attention as a way to improve the mate-
rials’ performance and stability. These core–shell structures cre-
ate a protective layer around the core material, preventing direct
contact between the active core material and the electrolyte. That
can enhance the electrochemical performance and improve the
battery stability. This review discusses the role of different shell
materials in addressing the challenges of both cathode and anode
materials in LIBs.

For cathode materials, such as layered and spinel, shell ma-
terials that have been discussed include: 1) Inactive metal oxide
materials. These insulating coatings help to reduce chemical re-
actions, metal dissolution, and parasitic reactions by preventing
corrosion from hydrogen fluoride scavengers. 2) Metal fluoride
materials. Such materials inhibit the rapid growth of SEI lay-
ers. They have strong ionic bonding and high ionic conductiv-
ity, which can improve the Li+ diffusion coefficient. 3) Lithium-
containing compounds. Due to their high ionic conductivity and
ability to improve Li+ transport, they enhance the rate capabil-
ity of LIBs. 4) Carbon-based materials. They have high electronic
conductivity and can enhance total electron transfer kinetics. 5)
Conductive polymer materials. They have high electronic con-
ductivity and structural stability and can enhance the high-rate
performance and charge transfer process.

Shell materials for silicon anodes that have been reviewed in-
clude:

1) Carbon: it has good mechanical properties (softness to ab-
sorb volume changes) and electrical conductivity. That can en-
hance the cycling ability and kinetics of LIBs.

2) Inactive materials: they have unique properties that make it
feasible to improve adhesion to conductive binders and avoid
the formation of unstable SEI layers when silicon comes into
direct contact with the electrolyte. Additionally, silicon particle
volume expansion decreased during cycling to preserve the
electrode structural integrity.

3) Metals: these materials have high mechanical strength, excel-
lent ductility, and high electrical conductivity.

4) Conductive polymers: they also have high electrical conduc-
tivity, chemical stability, and structural stability.

Overall, core–shell structures use shell materials to enhance
the cycle life of LIBs by preventing parasitic reactions from the
electrolyte and volume expansion in the cathode and anode mate-

rials, respectively. In addition, core–shell structures can improve
the overall conductivity and rate capability of LIBs by coating the
core material with high electronic conductivity shell layers.

The synthesis techniques used to produce core–shell mate-
rials are essential for the pilot plant-scale production of LIBs.
Liquid and gas phase reactions have traditionally been the most
common techniques for applying coatings on cathode and anode
materials. However, they have several challenges, including
environmental concerns, low yields, high precursor costs, expan-
sive reactions, and difficulty scaling up. As a result, solid phase
reactions have gained attention in recent years as promising
alternatives for scaling up the production of core–shell struc-
tures in LIBs. These reactions offer several benefits, including
continuous operation with a high production rate, compatibility
with inexpensive precursors, energy and cost savings, and an
environmentally friendly approach that can be carried out at
atmospheric pressure and ambient temperatures.

This review focuses on three techniques of scalable synthe-
sis using solid-phase reactions: 1) The mechanofusion process
uses mechanical coating, which relies on compression, collision,
friction, and shearing forces to adhere the shell material parti-
cles to the surface of the core material particles. This coating is
achieved through the convergence of the space between the fixed
press head and the rotating chamber wall (high-rate operation at
1000–5000 rpm) without needing solvents and binders. However,
operating parameters such as processor rotation rate, process-
ing time, and the degree of coverage on the surface of the core
material particles can affect the coating of core–shell structures.
2) The ball-milling process can synthesize a core–shell structure
through the collision between the core and shell materials caused
by balls. That leads to the adhering of the shell material to the
core material, generated by the impact energy during the rota-
tion movement. In addition, applying high temperatures during
the calcination process in an air atmosphere after ball-milling
can help smooth and compact the surface of the core–shell struc-
ture. However, the efficiency of the ball-milling process is deter-
mined by operating parameters. The ball-milling process’s pro-
cessor rotation rate and processing time can affect the coating as
a core–shell structure. 3) The spray-drying process rapidly evapo-
rates the solvent with hot gas, turning the mixing of the core and
shell precursors in solvent solutions into dried core–shell parti-
cles. This process consists of five steps: solution preparation, at-
omization, drying, collection, and heat treatment. The synthesis
of the core–shell structure by spray-drying process is large-scale
preparation, has a simple system, is cost-efficient, and is envi-
ronmentally friendly. However, the composition of the solution,
atomization, and drying parameters are significant operating pa-
rameters that can affect the coating of core–shell structures for
the spray-drying process.

The use of core–shell materials in LIBs has the potential to
improve their performance and stability, making them more
viable for large-scale applications. In addition, these materials
could accelerate the transition to a low-carbon transportation
system by improving the performance and lifespan of LIBs. That
is critical for providing clean and efficient energy storage in elec-
tric vehicles and other clean transportation technologies. Further
developments in this area will likely focus on optimizing the
synthesis and performance of core–shell materials to fully realize
their potential in LIBs. That will likely involve a combination of
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theoretical modeling and experimental studies to optimize
the design and synthesis of these materials and the scalability
of synthesis techniques for producing them. Ultimately, the
success of core–shell strategies in addressing the challenges of
cathode and anode materials in LIBs will depend on the ability
to produce these materials at a large scale in a cost-effective and
environmentally friendly manner.
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