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Reasonable design of thick
electrodes in lithium-ion batteries

Yoon Bo Sim', Bo Keun Park' and Ki Jae Kim*

Department of Energy Science, Sungkyunkwan University, Suwon, Republic of Korea

To achieve a high energy density for Li-ion batteries (LIBs) in a limited space, thick
electrodes play an important role by minimizing passive component at the unit cell
level and allowing higher active material loading within the same volume.
Currently, the capacity of active materials is close to the theoretical capacity;
therefore, thick electrodes provide the clearest solution for the development of
high-energy-density batteries. However, further research is needed to resolve the
electrochemical and mechanical instabilities inside the electrode owing to its
increased thickness. This review summarizes the various methods and recent
research aimed at fabricating electrodes with low-torsion and uniform pore
structure for fast ion transport, based on an in-depth consideration of the
challenges encountered in thick electrodes. In addition, future developments
and research directions necessary to apply these methods to the industry are
presented. This review will be a valuable milestone for manufacturing robust thick
electrodes with high performance and for realizing ultrahigh-capacity/density
batteries in the future.
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1 Introduction

Li-ion batteries (LIBs) are manufactured in a wide range of sizes for different uses.
Smaller batteries are used for small accessories, such as portable electronic devices and larger
one’s for electric vehicles (EVs) and Energy Storage Systems (ESSs) that are employed in
residential and industrial applications (Park et al., 2021a; Kim, 2022). To ensure stable and
efficient utilization of battery cells, it is common to use a module that combines several cells
and further bundle these modules into a pack. A cell that serves as the smallest functional
unit of a battery must possess high capacity per unit volume to deliver superior performance
within the limited space constraints of EVs (Viyrynen and Salminen, 2012; Astaneh et al.,
2022).

With the increasing utilization of medium- and large-sized batteries, extensive research
is being conducted to enhance their capacity, energy density, and stability. High energy
densities can be achieved through two approaches. The first involves the development of
novel battery materials with high specific capacities (Tarascon and Armand, 2001; Scrosati
et al,, 2011; Blomgren, 2016; Myung et al., 2016; Winter et al., 2018; Zubi et al., 2018; Zhao
etal, 2022). This is done by examining existing studies on next-generation battery materials.
To date, substantial progress has been made in improving the energy density of Li-ion
batteries, reaching a value of 300 W h kg-1 for short durations. This was accomplished by
adopting high Ni cathode materials (Ni content of >80%), Si-based anodes, and high-voltage
electrolytes to achieve high energy densities >350 W h kg but maxing at 500 W h kg™
Currently, research is focused on the development of new paradigm batteries with new
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systems and advanced materials, including Li-S, Li-O,, Li-CO,
(Rosenman et al., 2015; Kwak et al., 2020; Yu and Manthiram,
2020; Dang et al., 2022).

The second approach focuses on increasing the quantity of
active materials within the battery electrodes (Sun et al., 2017; Liu
et al., 2018; Shen et al., 2018; Kuang et al., 2019; Shi et al., 2019).
Conventional LIBs used in EVs and ESSs are challenged with
reduction of capacity per unit volume because of the increased
utilization of non-energy storage components and number of
modules and packs. Therefore, a key factor in enhancing battery
performance is to reduce the presence of components unrelated
to energy storage, such as current collectors and separators. As
shown in Figure 1, when five batteries using cathodes and anodes
with a thickness of 25 um are stacked, the electrode component
accounts for 56% of the total volume. However, in the case of a
battery with the same volume, but using a 200 pm thick electrode,
the electrode component occupies 88% of the total volume. This
demonstrates that batteries with high-load thick electrodes can
generate more energy within the same volume as conventional
batteries (Kuang et al., 2019). Although active research has been
conducted on Li metals and all-solid-state batteries (ASSBs), the
removal of current collectors and separators, which play vital
roles in batteries, remains challenging. Therefore, the capacity
per unit volume can be increased without modifying the entire
battery or increasing the number of non-energy storage
components by adopting a thick electrode design to increase
the amount of active material (Sun et al., 2017; Liu et al., 2018;
Shen et al.,, 2018; Park et al., 2022).

10.3389/fbael.2023.1272439

Various methods have been explored, such as reducing the use of
binders and conductive materials in conventional electrode
manufacturing, and creating thick electrodes through stacking.
However, there are physical limitations in stacking an electrode
slurry beyond a certain thickness using existing electrode
manufacturing techniques. The ratio of active materials, binders,
and conductive materials used in electrode manufacturing, the
amount of solvent and electrolyte, viscosity, and pressure inside
the cell must be considered during cell operation (Singh et al., 2015;
Kumberg et al, 2019; Hou et al, 2020; Reynolds et al., 2021).
However, if the binders are reduced and the ratio of active
materials is increased, the bonding force between the materials in
the electrode may decrease, resulting in collapse of the electrode
structure (Chen et al., 2013). Therefore, increasing the thickness
while maintaining the ratio of electrode materials is an effective way
to increase the number of active materials. In addition, research on
the production of dry-thick electrodes using binders such as
polytetrafluoroethylene is in progress (Li et al., 2022a; Ryu et al,
2023; Wang et al,, 2023). However, the dry manufacturing process
for electrode fabrication does not involve the use of solvents, which
can result in a lack of uniform distribution of electrode materials;
further optimization and development are still required for
if the electrode
considering the above experimental variables, ion and electron

commercialization. Even is  manufactured
conduction are the dominant variables in the battery operation.
In conventional electrodes, the rate-determining step (RDS) is
governed primarily by electron movement (Jow et al, 2018; Hu

et al., 2020). However, as the thickness increases, insufficient Li-ion
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transport owing to inferior electrolyte penetration becomes
dominant in determining the RDS. Consequently, it is crucial to
design an electrode structure that facilitates the vigorous movement
of Li-ions within thick electrodes.

Recent research on LIB electrodes has focused on suppressing
electrode degradation during cycling and improving electronic and
ionic conductivity. To achieve this, various approaches such as
coating, doping, and optimizing the interaction with binders have
been employed to mitigate structural damage. Studies have also been
conducted on the use of 1-3D conductive materials to enhance
electronic conductivity by forming conductive pathways between
the electrode materials (Ban et al., 2011; Shah et al., 2014; Kim et al.,
2017; Gao et al., 2018; Wei et al., 2018; Kim et al., 2019a; Peng et al,,
2022). Although considerable progress has been made in improving
electrode performance, it is crucial that the ionic conductivity is
enhanced. This can be achieved by designing electrode structures
that allow for uniform Li-ion diffusion by reducing the tortuosity.

Therefore, this study focuses on providing a brief review on the
structural design of thick electrodes to enhance Li-ion mobility. A
deep and comprehensive understanding of the electrochemistry
occurring in thick electrodes is essential for determining critical
factors for its design and the logic behind it. Hence, this study also
provides an overview of the electrochemical reaction imbalance
resulting from the reduced Li-ion mobility in thick electrodes and a
perspective to address this issue before introducing related research.
Each strategy was designed to facilitate Li-ion movement and induce
uniform electrochemical reactions by controlling the porosity,
tortuosity, electroconductivity, and other factors. In each section,
the feasibility with respect to the processability and influence on
electrode stability, as well as the merits and demerits of each
technique was investigated. Consequently, the disadvantages and
advantages of thick electrodes based on the aforementioned contents
were emphasized. Additionally, valuable insights into future
research directions in which thick electrodes and manufacturing
methods should be developed were also provided.

2 Challenges of thick electrodes

Electrodes, make up one of the four major components of a
battery and are a source of energy. Much research has been
conducted on this component to determine the theoretical
capacity of the active materials among the electrode materials
(Thackeray et al, 2007; Kraytsberg and Ein-eli, 2012; Andre
et al,, 2015; Kim et al., 2019b; Li et al., 2020; Wang et al., 2020;
Aryal et al., 2021; Fang et al., 2021; Kaneda et al., 2021; Tsai et al,,
2021; Lv et al, 2022). Current collectors and separators are also
major components, however, they can be classified as passive
components from an energy storage perspective because they do
not contain any lithium source that contributes to the battery’s
capacity. Thick electrodes provide high energy expressions and
economic benefits by reducing the use of passive components
and increasing the ratio of active materials.

However, as the mass loading of the active materials increased,
the electrode thickness increased. During the drying process, as the
temperature increases the light conductive materials and binders rise
to the top of the electrode, which results in the delamination of the
current collector and low adhesion between the electrode materials,
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resulting in microcracks (Zhang et al., 2021; Klemens et al., 2022).
This makes the distribution of the electrode materials sporadic as the
electrode thickness increases, which limits the laminated thickness.
In addition, increasing the thickness degrades the Li-ion and
electron mobilities. The electrolyte that delivers Li-ions does not
impregnate the entire electrode evenly as the thickness increases and
causes a local reaction to accelerate the deterioration of the electrode
(Xu et al.,, 2019; Kang et al., 2022b; Cronau et al., 2022; Kang et al,,
2023). This has been confirmed by several studies that support the
necessity of designing an electrode structure for Li-ion transport.

Kang et al. analyzed the degradation behavior of a high-loading
NCM622 cathode during cycling (Park et al., 2020). As the cycles
progressed, the accumulated ion diffusion limitations and exposure
to excessive effective current led to surface degradation of the active
materials, resulting in an uneven electrochemical reaction within the
thick electrodes as shown in Figures 2A, B. This indicates that in
thick electrodes, Li-ion diffusion dominates electronic conduction
and acts as an RDS. Additionally, Lee et al. introduced high-loading
multi-stacked electrodes to investigate the degradation behavior
along the thickness direction during cycling (Figure 2C) (Kim
et al, 2021). A thicker solid-electrolyte interphase (SEI) is formed
in regions closer to the electrolyte, leading to pore clogging. As a
result, the ion resistance increased at the electrode surface, and
degradation was accelerated owing to the ongoing reactions. These
considerations with increasing mass loading of the electrode
highlighted the importance of vigorous Li-ion transport in thick
electrodes.

Based on previous studies, during cycling in thick electrodes, it
was confirmed that a gradient of Li-ion movement occurred. The
reaction mainly occurred on the electrode surface, and the reaction
in the bulk area decreased as the depth increased. The electrolyte
surface reaction increased stress to the electrode active material and
collapsed it, subsequently forming a non-uniform SEI, that reduces
the electrochemical performance of the battery. Therefore, there is a
need to induce a uniform electrochemical reaction, regardless of the
depth of the electrode, by forming a path that allows the movement
of the electrolyte inside the thick electrodes, as shown in Figure 2D.
This implies that the electrode structure should be designed to
reduce the tortuosity of the electrode and as a result, numerous
studies on thick electrodes have been conducted for this purpose.

3 Design of thick electrodes

3.1 Pore structure design using templating
method

To induce a uniform electrochemical reaction throughout thick
electrodes, a structural design for electrolyte penetration is required.
The template architecture clearly shows a vertically aligned pore
structure and provides a solution to easily manufacture electrodes
with low tortuosity. In this section, we briefly review previous
approaches for the pore structure design of thick electrodes using
different templating methods.

3.1.1 Ice-templating

Ice-templating utilizes the growth of ice crystals by freezing
water (<0°C) to form ice columns, thereby forming the internal
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FIGURE 2
Characteristics of thick electrodes and possible drawbacks. (A) Schematic diagram of electrode degradation in thick electrodes. (B) SEM images of

top and bottom layer in thick electrodes after cycling. (A,B) Reproduced with permission from Elsevier (Park et al., 2020). (C) Schematic diagram of the
deterioration of Li-ion mobility through the electrolyte after cycling. Reproduced with permission from Elsevier (Kim et al., 2021). (D) Schematic diagram
of the ion transfer pathway in three kinds of electrodes.

architecture of the electrodes. Water, unlike other substances,
expands when it changes from a liquid to a solid state and this is
because of the peculiarity of its crystal structure. Water molecules
that reach the freezing point exhibit reduced molecular motion and
form hexagonal ring-shaped crystal structures with empty spaces
inside when hydrogen bonds are formed, resulting in an increase in
volume. The ice crystals are then removed by drying, forming a
porous structure within the electrode. These pores facilitate the
movement of electrolytes and enhances Li-ion conductivity within
the electrode. The ice-templating is utilized in the electrode
architecture and has a considerable impact on electrolyte
penetration and Li-ion diffusion. This method is primarily used
for active materials that use deionized water as the solvent, such as
LiMn,0, or LiFePO, (LFP) (Huang and Grant, 2018; Jung et al,
2018; Huang et al., 2019; Li et al., 2022a; He et al., 2022).

In a study conducted by Li et al. ice-templating was applied to
NCM?712, and an improved performance was observed compared
with the conventional electrode. To utilize the ice-templating, an
electrode using a water-soluble binder, carboxymethyl cellulose
sodium (CMC-Na), was fabricated, instead of the commonly
used PVdF binder. The tortuosity of the prepared electrode was
1.7, which was 1.5 lower than that of the conventional electrode (Li
et al,, 2022b). Therefore, to use the ice-templating, it is necessary to
switch to a water-soluble binder. Research is also underway to utilize
water-soluble binders such as carboxymethyl cellulose/styrene-
butadiene rubber, polyacrylic acid (PAA), xanthan gum (XG),
konjac gum (KG), and locust bean gum (Yang et al., 2021; Yang
etal., 2022). There are examples of the application of ice-templating
to NCM811, that utilizes a high-Ni cathode material. Yang et al.
synthesized the binder by combining XG and KG. This binder
exhibited an improved viscosity through the double helical
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structure of XG and cross-linking with KG, and it also offered
advantages in enhancing electronic conductivity through its
interaction with the conductive additive carbon nanotubes
(Figure 3A) (Yang et al,, 2021).

The prepared electrodes underwent structural formation by
removing the ice through the ice-templating process after
freezing in liquid nitrogen. The electrodes manufactured through
ice-templating showed a porosity retention of approximately 90% or
more, regardless of the depth; however, the stacked electrodes
showed a decrease in porosity retention as the depth increased.
Additionally, it is possible to set different porosities for the upper
and lower parts of the electrode depending on the crystal growth
direction. When the region with the lower porosity is positioned
towards the separator, it results in a superior capacity (Huang et al.,
2019). However, the ice template method may present potential
performance limitations of the cathode, especially when used as
active materials in ternary compounds containing Ni, Co, and Mn.
The method inevitably uses water as the solvent of slurry, causing Li
and transition metal dissolution and HF formation (Zhan et al.,
2018; Li, 20205 Lee et al., 2022). Furthermore, the formation of
residual Li byproducts and the resulting increase in the slurry
pH due to water can induce corrosion of the entire cell,
necessitating the introduction of additives and additional processes.

3.1.2 Magnetic templating

Magnetic templating is a method for forming the internal
architecture of an electrode. This is done by incorporating a
magnetic material that can form an aligned structure in magnetic
fields as an additive during the electrode slurry manufacturing
process and applying a magnetic field during the casting or
drying process. Representative magnetic materials include Fe,Os,
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Thick electrode pore structure design by different templating methods. (A) The fabrication diagram and SEM images of thick electrodes via ice-
templating. Reproduced with permission from Wiley (Yang et al., 2021). (B) Schematic diagram of the preparation process of thick electrodes via magnetic
templating. Reproduced with permission from Wiley (Li et al.,, 2018). (C) Schematic diagram and SEM images of the 3D electrodes that derived from wood.

Reproduced with permission from Wiley (Chen et al., 2017).

Fe;0,, Co30,4, and Co, which can exist in a solvent as an emulsion or
coated onto electrodes as active materials (Billaud et al., 20165 Sander
etal., 2016; Li et al., 2018; Ma et al., 2021; Ju et al., 2022; Yang et al.,
2023).

Sander et al. utilized magnetized nylon and magnetic fluid to create
pore structures through the application of magnetic fields and the
subsequent removal of magnetic materials, resulting in a porosity of
39% (Sander et al,, 2016). The LiCoO, (LCO) electrode produced using
this method exhibited an improved performance at high C-rates
compared with an electrode with 40% porosity. This highlights the
importance of providing clear pathways for Li-ion transport in high-
load electrodes. When emulsion-based magnetic materials are used, the
degree of arrangement may vary depending on slurry viscosity. Li et al.
analyzed the arrangement of magnetic materials in various binders
applicable to LCO cathodes. They mentioned the need to find suitable
binder materials for magnetic templating because the uniform
arrangement of magnetic particles becomes challenging when the
slurry viscosity increases owing to the binder characteristics
(Figure 3B) (Li et al,
templating by adsorbing superparamagnetic Fe;O, nanoparticles

2018). Billaud et al. performed magnetic

onto graphite flakes. After the application of the magnetic field, the
graphite flakes were aligned vertically within the electrode, resulting in a
four-fold reduction in tortuosity. This led to an increased Li-ion
transport pathway, resulting in a 1.6 to 3 times faster charging rate
in the high-loading electrodes (Billaud et al., 2016). The approach of
adsorbing magnetic materials onto electrode materials can be applied
not only to graphite flakes but also to other materials, thereby
expanding the scope of magnetic templating.

Frontiers in Batteries and Electrochemistry

Magnetic templating offers various applications depending on
the type and application method of the magnetized materials. This
allows for the formation of an effective Li-ion transport pathway
through the application of a magnetic field without the issues
associated with water-based methods, such as phase inversion or
ice-templating. However, there is a potential for negative effects on
the electrode owing to the need for high-temperature treatments and
the use of removers such as kerosene to remove the additives
employed in the process. Therefore, it is important to consider
magnetized materials that are unreactive or that can provide positive
effects within the operating range of the battery.

3.1.3 Biomass templating

Biomass templating was inspired by the vertical movement of
water and nutrients in the wood vessels of tree stems. Naturally
structured wood provides not only low tortuosity but also high
mechanical strength, abundant functional groups, and the potential
for enhanced electronic conductivity through calcination. Therefore,
research on wood-based thick electrodes with improved ion and
electron mobilities is ongoing.

Chen et al. fabricated a LFP cathode with a thickness of 800 um
and a mass loading of 60 mgcm™ using a wood-inspired carbon
framework as shown in Figure 3C (Chen et al., 2017). The electrode
with embedded LFP nanoparticles exhibited enhanced properties
compared to the carbon framework, including an improved surface
morphology compared to conventionally cast electrodes with a
thickness.
demonstrated improved rate capability and an extended life cycle

similar Moreover, electrochemical evaluations
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of over 100 cycles, even at high C rates. Cui et al. also utilized a
biomass template to fabricate a thick LCO cathode through a sol-gel
process and calcination (Lu et al., 2018). By repeating the process
and adjusting the amount of active materials, they achieved a high
areal capacity and demonstrated superior rate capability and ion
conductivity compared with conventional LCO cathodes.

Biomass templating offers the advantage of providing pre-
existing ion pathways for electrode fabrication. However, this
raises concerns regarding environmental degradation owing to
the use of naturally occurring wood. To address this issue,
research should focus on developing carbon frameworks with
similar structures, which would require optimization of industrial
processes and mass production.

To summarize, the use of templates allows for detailed control
over the shape, size, and orientation of the pore microstructure. The
ice-templating method enables the formation of pore structures in
electrodes that use water as a solvent, simply by varying the
temperature conditions, and allows for the control of pore
gradients based on the direction of the water crystal growth.
Magnetic and biomass templating can be used to adjust the
shape and size of pore architectures by selecting magnetized
materials and templates. The template method can dramatically
improve the Li-ion mobility of thick electrodes; however, it entails
additional costs and cathode damage issues owing to changes in the
existing process and post-processing of the template.

3.2 Pore structure design using non-
templating

The template method yields a clear pore structure; however, the
amount of active material is reduced by the proportion occupied by
the template. To solve this problem, a method of utilizing the
electrode manufacturing process through the introduction of
additives without using a template or forming a pore architecture
through post-treatment of the manufactured electrode was studied.

3.2.1 Bubble formation

The bubble formation method utilizes thermal decomposition of
a foaming agent to induce bubble formation during electrode drying.
Unlike previously described methods, the bubble formation method
can generate pores during the drying process without the need for
additional procedures. The viscosity of the slurry and the
that
generation.

decomposition temperature are the main parameters
through  bubble
Additionally, size control of the foaming agent offers the
advantage of adjusting the channel diameter. Xiong et al. utilized

influence  pore  formation

NH,HCO; as a foaming agent to induce bubble formation at 60 °C
through the following reaction (Xiong et al., 2021).

NH4HCO3 £ NH3 T+COZ T+H20(g)

The formed bubbles were subsequently removed during the

drying process, revealing cone-shaped pores, which were
maintained even after the calendaring process with roll press
equipment. Using this method, a thick NCM cathode with a
mass loading of 30 mgcm™ demonstrated a 7-fold increase in
capacity compared to that of a conventional electrode (5.0 C).

This indicated that the channels formed by the bubbles
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effectively served as electrolyte pathways (Figure 4A). Although
few studies have reported the bubble formation method, it is possible
to form pores under the temperature conditions of the drying
process without considerable changes to the existing process.
Notably, additional effects could be obtained depending on the
type of foaming agent used.

3.2.2 Laser patterning

Laser patterning is a method of forming vertical pore
architecture in a manufactured electrode by direct etching using
a laser. Unlike the methods mentioned earlier, which require the
introduction of solvents, additives, or templates, laser patterning can
be performed on manufactured electrodes without the need for
process changes. This enabled the formation of pores with consistent
spacing and thickness (Zhu et al., 2019; Chen et al., 2020; Park et al.,
2021b; Song et al.,, 2021).

Kim et al. utilized a laser-patterning method to fabricate thick
LCO cathodes with uniform micropores (thickness of 700 um) and
graphite anodes (thickness of 650 pm) (Park et al., 2021b). The
manufactured electrodes exhibited no chemical reactions, thermal
damage, or structural damage caused by the laser irradiation. At
0.1 C, the laser-patterned cells exhibited a five-fold increase in areal
discharge capacity compared to conventional electrodes. This
improvement can be attributed to the increased porosity and
reduced tortuosity of both the anode and cathode, resulting in
enhanced ion conductivity (Figure 4B). Dasgupta et al. employed
layer patterning to manufacture graphite anodes for fast charging
(Chen et al., 2020). Using this method, they achieved the formation
of vertical pore channels, resulting in capacity retentions of over 97%
and 93% after 100 cycles at high C-rates of 4.0 and 6.0 C,
respectively. Even after 600 cycles under the same conditions,
capacity retentions of 91% and 86% were observed, respectively,
indicating that the pores formed through laser patterning served as
diffusion pathways for rapid ion transport.

Laser patterning offers the advantage of creating uniform pores
in the fabricated electrodes. However, this may lead to material
damage during the laser patterning process, potentially accelerating
degradation. In addition, the cost implications of implementing this
method in manufacturing processes should be considered.

3.2.3 Phase inversion

Phase inversion is a method used to form the internal
architectures of electrodes by substituting a solvent with a non-
solvent. This method is primarily used to form porous structures in
separators, and current research is underway to apply it to the
formation of internal architectures in electrodes (Huang, 2012;
Wang et al, 2021; Huang et al, 2022). The formation of
structures via phase inversion can be explained by the ternary
phase equilibrium of the polymer/solvent/non-solvent system.
When moving inside the binodal curve in the ternary phase
equilibrium diagram, a phase separation occurs, leading to the
formation of an internal architecture. This pathway is determined
by the ratio of the rate at which the solvent is extracted from the
interior of the electrode to the rate at which the non-solvent
penetrates the electrode. When the electrode slurry is cast and
immersed in a non-solvent, only the solvent evaporates from the
surface. As soon as the slurry was placed in the non-solvent, the
solvent was extracted from the electrode surface (Figure 4C) (Resing
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et al., 2023). During this process, the slurry ratio increases at the top
of the electrode, resulting in the formation of a relatively dense skin
layer. Therefore, this skin layer must be removed, which can be
achieved by introducing a stainless-steel mesh beneath it or by use of
sandpaper to remove it.

Phase inversion research is actively progressing and is not limited to
the simple formation of the internal structure of the electrode. Studies
are being conducted on methods to further maximize the Li-ion
mobility. One approach involves the removal of the skin layer using
a stainless-steel mesh to adjust the pore sizes of the upper and lower
parts of the electrode and form an asymmetric architecture. For
example, small pores formed between the upper part of the
stainless-steel mesh and the electrode surface, whereas large pores
formed beneath it (Wu et al, 2021a). Zhang et al. confirmed the
sizes of the small and large pores within the asymmetric electrode
structure by determining the size of the small pores (20-40 um) and
large pores (60-120 um) (Zhang et al, 2022). Based on this, they
compared two cases, where 1) small and 2) large pores were positioned
closer to the separator, respectively. The results showed that when the
large pores were positioned closer to the separator, they facilitated the
effective infiltration of the electrolyte, leading to efficient Li-ion
movement. In another study, Wu et al. used a polyacrylonitrile
(PAN) polymer with swelling properties in water as a binder in the
phase inversion process (Wu et al, 2021b). They encapsulated LFP
cathode active materials with PAN, and as the phase inversion
progressed, water was absorbed, leading to the formation of gaps
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through the hydrophobic carbon nanofibers via capillary forces.
These gaps act as pores after drying, facilitating electrolyte
penetration, and serving as ion transportation pathways. However,
phase inversion method is expected that using non-solvents with low
levels of Li-ions and transition metal precipitation instead of water
would serve as a key approach for designing the internal architecture of
the post-coating electrode. The use of non-aqueous solvents in electrode
manufacturing for LIBs remains an area that requires further research
(Hussain et al, 2023). The exploration of alternative solvents beyond
water represents an undiscovered area, and there is a need for additional
studies in this area.

3.2.4 Patterned blade casting

Patterned blade casting is a method of forming a micropore
structure during the casting process by modifying the blade used in
the conventional slurry casting method. This is noteworthy because
it allows the formation of pore structures without the need for
additional additives or process modifications. Park et al. used a
patterned blade to fabricate a high-loading electrode with a 3D pore
structure (Plateau et al., 2022). The electrode with the 3D pore
structure, which was manufactured with a mass that was 5-6 times
higher than that of the conventional electrode, exhibited a 32.5%
increase in areal capacity. Compared to the conventional electrode,
the microcast electrode demonstrated greater efficiency, improved
Li-ion mobility, and potential for manufacturing high-energy-
density electrodes (Figure 4D).
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(A) Schematic diagram of the preparation process in thick electrodes via leaching of salt. (B) Scheme showing the three steps of fabrication of thick
electrodes using NaCl salt as the templating agent. Reproduced with permission from Wiley (Elango et al,, 2018).

Patterned blade casting offers the advantage of easy formation of
a pore architecture without considerably changing the process, and
efficient Li-ion penetration can be achieved by simply modifying the
blade shape. This indicates the possibility of large-scale production
of high-loading electrodes with pore structures on a scaled-up pilot
scale without major changes in the process. However, because the
pore architecture is formed during the slurry casting process, it is
necessary to consider variables such as the slurry viscosity, drying
temperature, and time to maintain the structure.

3.2.5 Salt leaching

The use of NaCl as an additive exploited its solubility in water. In
this concept, NaCl is added to the electrode slurry during the
electrode manufacturing process and then washed with water
after electrode fabrication to create a porous structure at the
locations where NaCl is positioned.

Deng et al. investigated the effects of NaCl washing on the
porous structure and performance of Li; TisO;, (LTO) anodes (Deng
et al,, 2020). They constructed three electrode layers with different
NaCl concentrations, representing 0, 50, and 100% of the total
electrode weight, to enhance the electrolyte penetration. Specifically,
they formed a gradient of internal pore concentrations within the
electrode, starting from the top, at different NaCl ratios. The
resulting pore concentration gradient facilitated smooth
electrolyte penetration through the lower part of the electrode,
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leading to an improved electrochemical performance (Figure 5A).
Seznec et al. fabricated high loading LFP and LTO electrodes using
micro-NaCl prepared through the spark plasma sintering technique
(Figure 5B) (Elango et al., 2018). The fabricated electrodes with a
thickness of 100 um exhibited uniform pores and a four-fold
increase in areal capacity compared with electrodes produced
using conventional methods. This result supports the potential of
pore architecture formation to enable the operation of high-loading
electrodes and the development of electrodes with high energy
densities.

This approach involves incorporating a water-based process for
NaCl removal, which introduces a limitation owing to the potential
capacity reduction of specific electrode active materials such as
NCM caused using water. If an additive that dissolves in a
solvent other than water is used, the side reactions caused by
water can be solved. In addition, if the additive is dissolved by
the electrolyte in the cell unit, a pore architecture can be formed in
situ without any additional processes. However, it is necessary to
select additives that do not dissolve in the solvent used in the slurry
preparation step and that do not cause side reactions in the battery
operating range.

In summary, the non-templating method offers many
advantages. Technologies such as laser patterning and patterned
blade casting do not require additional processes to remove additives
or templates, and it is possible to form detailed pore architectures
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electrodes via magnetic templating and phase inversion. (A,B) Reproduced with permission from American Chemical Society (Wu et al.,, 2022).

through laser and blade control. Bubble formation, phase inversion,
and salt leaching methods can remove the foaming agent, salt, and
non-solvent used in the phase inversion process through
conventional ~drying processes. Therefore, non-templating
methods can be considered as the most viable approach for
industrialization and mass production. However, it is necessary
to carefully consider the physical damage, cost, and energy of the
electrode that may occur during pore structure formation.

3.3 Mixed methods: Phase inversion and
magnetic templating

Previous studies on the formation of the internal structure of

electrodes have explored various methods, such as ice-templating,
phase inversion, and magnet templating, to achieve vertically
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aligned structures. Recent research demonstrated a combination
of magnet templating and phase inversion methods, leveraging the
characteristics and advantages of each method. Notably, Wu et al.
conducted a study where they coated the magnetic material, Fe;O.,
onto the LFP cathode active material and this was used as the main
ingredient for the electrode slurry (Wu et al., 2022). During casting
of the aluminum current collector onto the slurry, a magnetic field
was applied using neodymium magnets to induce a concentration
gradient of the active materials within the electrode. The
concentration gradient formed through magnetic templating
facilitated penetration of the electrolyte, particularly in the upper
region of the electrode, where it was relatively easier for the
electrolyte to infiltrate (Figures 6A, B). This addresses the
primary issue of the unreacted active materials in the lower
region of the cathode. Additionally, the phase inversion method
was employed to create internal voids within the electrode, further
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(A) Schematic diagram of preparation process in multi-layered designed thick electrodes. (B) Cross-sectional SEM images of single and multi-layer

thick electrodes. (A,B) Reproduced with permission from Elsevier (Wang et al.

enhancing electrolyte infiltration and resolving the problem of
limited Li-ion movement that occurs in conventional cathodes.

The use of these two methods to form the pore architectures in
this study is noteworthy. To reduce the non-reactive regions in the
electrode due to Li-ion degradation, a magnetized material coating
was applied to induce an increased gradient of the active material
distribution in the electrolyte interface direction. Subsequently, a
porous structure was formed through phase inversion to address the
main issue of ion transport limitations in the electrode. Electrodes
fabricated using these two methods provide value by offering a
fundamental solution for reducing the tortuosity and additional
benefits for the effective utilization of active materials. However, it is
necessary to consider the limitations of applying these methods to
high-Ni cathodes because of the aqueous processes mentioned in
each method section as well as the potential side reactions within the
battery operating range when using magnetized materials.

3.4 Additional methods

In addition to sluggish Li-ion mobility, thick electrodes have several
limitations, such as electronic conductivity, thickness in the wet process,
and dispersion of the electrode slurry (Tao et al., 2011; De guzman et al,,
2013; Boyce et al,, 2021). Although these are currently not major issues,
there is a possibility that they will become bottlenecks in the future;
therefore, these issues also need improvement. Accordingly, studies are
being conducted to overcome the limitations of the slurry casting
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method based on the viscosity of thick electrodes and to increase
the mass loading of active materials using materials that simultaneously
act as binders and conductive materials. This section introduces a
strategy to improve the thickness of electrodes in addition to the
mainstream methods of fabricating electrodes with low tortuosity by
forming a pore structure.

3.4.1 Multi-layer electrode design

Existing wet electrode manufacturing methods suffer from
uneven electrode fabrication, where relatively lighter conductive
and binder materials tend to migrate towards the top of the electrode
by capillary force during the solvent drying processes. This problem
is caused by the low adhesion force between the materials and
current collector, leading to delamination. Additionally, the cohesive
force between the electrode materials is reduced, resulting in the
formation of microcracks within the electrode. This becomes more
critical for thick electrodes, where the detrimental effects are
amplified (Zhang et al., 2021).

To address these issues, research is being conducted to develop
thick electrodes using a continuous casting method called multi-layer
casting, which involves stacking electrode layers. This method
introduces advantages in terms of electron conductivity and ion
transport by incorporating differences in the ratio and particle size
of the active materials among the electrode layers (Wood et al., 2021;
Kang et al,, 2022a; Wang et al., 2022). Wang et al. developed a 103.5 pm
thick LFP cathode using the multi-layer casting method, with different
conductive material contents for the bottom (10, 18 wt%) and the top
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(A) Schematic diagram and cross-sectional SEM images of Si/CNT segregated network composite anodes with mass fraction. (B) Cross-sectional
SEM images of Si/CNT network, Si/CNT and NMC/CNT thick electrodes. (A,B) Reproduced with permission from Nature (Park et al., 2019).

layer (10, 2 wt%) (Wang et al., 2022). A single-layer LFP cathode with a
mass loading of 7.1 mgcm™ exhibited a capacity of 80 mAhg' at
340 mA g, while the multi-layer electrode with a top layer conductive
material content of 2 wt% and a mass loading of 11.4 mg cm™ showed a
capacity of 130 mA h g (Figures 7A, B). Lee et al. used an Al mesh as a
current collector to fabricate multi-stacked NCM622 cathodes (Kim
et al, 2021). During the charge-discharge process, the electrochemical
reactions at the top of the thick electrodes are dominant because of the
gradient of Li-ion diffusion with thickness. To alleviate pore clogging
caused by the formation of a SEI from the electrolyte and reactions,
active materials with different particle sizes were employed in the top,
middle, and bottom regions. The large particles at the top formed wider
pores through particle-to-particle contact, enhancing the penetration of
Li-ions into the lower region of the electrode. The particle-size gradient
electrode exhibited improved cycle performance owing to reduced
degradation compared to the uniform-size electrode.
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The multilayer casting method offers the advantage of
manufacturing electrodes without considerable changes to the
existing process and can alleviate material inhomogeneity during
the drying process by increasing the electrode thickness. The use of a
pilot-scale slot-die coater in industries demonstrates its potential for
the rapid optimization of multilayer electrodes in an industrial
setting. However, there are also shortcomings associated with the
multilayer casting method. Firstly, the binder of the bottom layer
may be dissolved in the solvent of the top layer slurry during top
layer casting, which may reduce the stability of the electrode
structure. Drying and calendaring processes are added as the
casting process repeats, which can cause an increase in process
costs. In addition, compared to the aforementioned methods, the
multilayer casting method is difficult to achieve significant changes
in tortuosity and porosity. Therefore, To improve this problem,
there is a need for additional research to adjust the porosity,
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FIGURE 9
Overview of key factors and various pore structure design
methods to improve performance in thick electrodes.

tortuosity, and characteristics of the electrode materials in each
layer.

3.4.2 Electroconductive pathway design with
carbon nanotubes

In electrodes, the Li-ion mobility decreases with increasing
electrode thickness. While Li-ion mobility is the rate-determining
step, electronic conductivity is also an important factor, especially at
high C rates. Therefore, various research efforts are underway to
enhance electronic conductivity, with carbon nanotubes (CNTs)
being a representative material (Kiebeke and Gruner, 2007; Landi
et al., 2009; De las casas and Li, 2012). The traditional carbon black
used in electrodes forms a conductive network known as a zero-
dimensional (0D) conductive material. However, 0D conductive
materials lack sufficient interactive forces for effective contact with
other substances, necessitating the use of additional binders. These
binders can act as electrical insulators and hinder electronic
movement. The carbon nanotubes with a high length-to-diameter
ratio in a one-dimensional form exhibit excellent electrical and
mechanical properties. One notable aspect is that the strong
interaction between the CNTs enables the formation of a robust
infiltration network, allowing the production of electrodes without
the need for binders, which contribute to resistance. By eliminating
the use of binders, the weight ratio of active materials or conductive
additives can be increased, leading to higher areal capacities and
improved electronic conductivities. Research utilizing CNTs is
ongoing, focusing on the development of thick electrodes
utilizing the properties of single- (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) (Luo et al., 2012; Toprakei et al.,
2012).

Park et al. used SWCNTs as binders and conductive additives to
fabricate Si-based anodes with high areal capacities. When a certain
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amount of SWCNTSs is used, a 2D quasi-continuous CNT network is
formed between the Si particles. This network not only localizes the
Si particles, but also creates 10 nm-sized pores, enabling electrolyte
movement (Figures 8A, B) (Park et al, 2019). Additionally, it
addresses the issue of volume expansion. Kim et al. formed a 3D
CNT network by utilizing the properties of both SWCNTs and
MWCNTs. By mixing 9 wt% MWCNTSs and 0.2 wt% SWCNTs, the
electronic conductivity improved, and the adhesion between the
NCM particles increased without the use of binders.

This method of employing CNTs offers the advantages of
increasing the weight ratio of active materials, enhancing the
energy density without the need for binders, and improving
electronic conductivity. However, achieving a proper dispersion
when using CNTs remains challenging. Agglomeration can occur
within an electrode, leading to increased resistance. To address this
issue, the utilization of interfacial agents or other methods to
enhance CNTs dispersibility is possible, but further research on
improving dispersibility is required for commercialization.

4 QOutlook

In this review, the recent progress in the necessity, problems,
and solutions of thick electrodes with an in-depth analysis to gain
insight into electrode deterioration and high-energy-density
batteries are presented (Figure 9). Thick electrodes reduce the
use of dead-volume materials and increase the proportion of
active materials, thereby providing high-energy expression and
economic benefits. Therefore, the development of thick
electrodes is a realistic and reasonable approach to improve
the energy densities of batteries without the development of
the

associated with the increase in thickness owing to the increase

innovative electrode materials. However, challenges
in the mass loading of active materials must be addressed for the
continuous advancement of thick electrodes. During the wet
process, the rise of low-mass electrode materials caused by
the
properties of the electrode, leading to delamination and
the

throughout the entire electrode, owing to the increase in

capillary force during the drying process impairs

microcracks. Moreover, decrease in Li-ion transport
thickness, accelerates the electrode degradation caused by low
ionic conductivity. Among these, sluggish Li-ion transport is well
known to be the most dominant factor in the degradation of
batteries with thick electrodes; therefore, careful attention is
needed.

To address these issues, several studies have been conducted to
manufacture electrodes with improved properties and ionic
conductivities. These approaches can be divided into three main
categories: 1) pore structure design with a templating method for
enhancing Li-ion transport; 2) pore structure design with a non-
templating method for enhancing Li-ion transport; and 3) other
methods, including multi-layer electrode design for a robust
electrode and electroconductive pathway design with carbon
nanotubes.

The fundamental direction of most studies on enhancing
electrode performance has been to create pathways within the
electrode that allow for easy Li-ion movement. The pore
structures formed through the introduction of templates,
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additives, and processes facilitate smooth Li-ion transport within
the electrode during continuous charge/discharge cycles and
induce uniform electrochemical reactions. However, certain
processes, such as biomass and magnetic templating, may
require post-treatment of the templates and additives used for
pore structure formation, leading to additional costs and energy
consumption. Additionally, for processes such as ice-templating
and phase inversion, the limitations related to the use of high-Ni
active materials due to water usage should be considered.
Furthermore, the excessive loss of electrode materials during
the path formation process for enhancing ion conductivity could
diminish the purpose of the electrode for high loading and high
energy density.

Therefore, in the formation of pore structures, both tortuosity
and porosity must be considered important factors. In addition to
research on electrode structure formation, studies on fundamental
aspects such as material transport behavior and degradation
the be
research on improving the adhesion between

mechanisms  within electrode must considered.
Additional
electrode materials and current collectors, as well as the
enhancement of material dispersion during the electrode
manufacturing process, should also be continued from a future-
oriented perspective. Currently, research on dry electrodes using
binder fibrillation without the use of solvents is actively underway,
considering the environmental aspects. Although not covered in
this review, they are expected to play a substantial role in the future
development of high-energy-density electrodes. Finally, there is a
need for active communication among lab-scale, pilot-scale, and
industrial applications until mass production becomes feasible.
The development of precise and mass-production-friendly
equipment such as slot-die coaters, 3D printers, and laser
ablation devices will provide considerable advantages for
enhancing electrode performance. The ongoing interest in
electrodes is believed to serve as a link between solutions for
next-generation batteries, such as Li metal, ASSBs, Si anodes, and

the previous generation of batteries.
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