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Abstract: In past years, lithium-ion batteries (LIBs) can be found in every aspect of life, and batteries,
as energy storage systems (ESSs), need to offer electric vehicles (EVs) more competition to be ac-
cepted in markets for automobiles. Thick electrode design could reduce the use of non-active mate-
rials in batteries that its energy density would be improved and its cost would be cut. However,
thick electrodes are limited by their weak mechanical stability and poor electrochemical perfor-
mance, these limitations could be classified as the critical cracking thickness (CCT) and the limited
penetration depth (LPD). The understanding of the CCT and the LPD have been proposed and the
recent works on breaking the CCT and improving the LPD are listed in this article. By comprising
these attempts, some thick electrodes could not offer higher mass loading or higher accessible areal
capacity that would defeat the purpose.

Keywords: thick electrodes; critical cracking thickness; limited penetration depth; mass loading;
area capacity

1. Introduction

Over the past few decades, lithium-ion batteries (LIBs) have attracted more attention
as energy storage systems (ESSs) due to the strive for a greener future. A LIB is an electro-
chemical ESS that supply energy by electrochemical reactions occurred in porous elec-
trodes. The introduction of LIBs into vehicles has required more demands for advanced
batteries, a typical areal capacity for hybrid electrical vehicles (HEVs) is about 2 mAh-cm-
2 while for typical electrical vehicles (EVs) is 4 mAh-cm? for state-of-the-art LIBs[1]. En-
ergy to weight ratio is a critical issue for ESSs, and a battery level specific energy of ~225
Wh-kg' is widely accepted that combines the weight and driving mileage for EVs[2]. To
offer advantages for EVs in market compete, the US Department of Energy (US DOE) and
the Advanced Battery Consortium (USABC) held that the EVs should provide a range of
at least 500 km while batteries as ESSs need to possess high energy density of approxi-
mately 235 Wh-kg! and 500 Wh-L at battery pack level[3, 4].

For a greener future, China Society of Automotive Engineers (CSAE) with the guid-
ance from Ministry of Industry and Information Technology of China (China IIT) pub-
lishes Technology Roadmap of Clean and New Energy Vehicles 2.0 that set a higher de-
mand of 500 Wh-kg! on advanced batteries for EVs in 2035[5]. The US DOE organized a
Battery 500 Consortium that aims to achieve battery energy above 500 Wh-kg, and some
feasible strategies (see Fig. 1a) are given for lithium metal batteries. In general, advanced
strategies proposed to obtain high energy storage systems include: (1) to study the new
electrochemical energy storage mechanism[6]; (2) to broaden the cell potential window([7];
(3) to develop electrode materials with high specific capacity[8]; and (4) to design elec-
trodes with high mass loading[9]. There are much studies that focus on developing next-
generation high-energy batteries, such as Li-oxygen and Li-sulfur batteries. A high energy
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density lithium-oxygen battery based on a reversible four-electron conversion to lithium
oxide was reported[6]. However, most studies so far have focused on energy density on
materials level while the specific energy density of the represent battery packs is nearly
four times smaller than the energy density on material level (Fig.1b)[10]. Much non-active
but indispensable components are introduced into batteries due to the need for its opera-
tion and management. Therefore, the improvement on material or electrode level could
not completely transfer to battery level. To cut the gap on specific energy density between
material level and battery level brings a brighter prospect to improve battery energy den-
sity and the fourth path is based on this idea. Furthermore, the first three ways make ef-
forts on material or electrode level and need to put much energy on new mechanisms
while the fourth path not. And the fourth path could further to improve energy density
on battery pack level based on the first three ways.

(i) [ Baseline cell. mg ; .
(i) | ——— Electrolyte to 2.4 g-(Ah)". |
i . &J i
(i) - Porosity to 25%. £ swf ! |
(iv) —— Increased cathode thickness. g ) ; |
: 5 a0p ! L
v) Cathode capacity to 220 mAh-g. 2 : - 3
: : g 30f !
(vi) [ Reduced inactive materials. g E ;
i : g 2001 : '
(vii) [ N/P ratio to 1. g ' ;
; : . < owop ! 1
(wiii) _ Cathode capacity to 252 mAh-g'. : !
0 100 200 300 400 500 600 O i PR Glina By
Theoretical —— Practical
(a) (b)

Figure 1. (a) Calculated cell-level specific energy based on different strategies[11]. (b) The specific
energy density based on a standard 52Ah pouch cell and state-of-the-art packs[10].

The fourth path that to design electrodes with high mass loading is thick electrodes.
The principle of thick electrode design is that higher mass loading could decrease the
share of non-active materials like current collectors and separators. However, it does not
mean that the thicker the electrodes thickness the higher battery energy density. Fig. 2a
gives the advantage of thick electrodes, and the trend of curves supports that point. For
further vividly explain this principle, taking the commercial laminated batteries for exam-
ple (see Fig. 2b), a repeating unit that contains electrode materials and current collectors
and separators could be extracted. When using thick electrodes replaces the conventional
electrodes in the repeating unit, the ratio of non-active materials in batteries is signifi-
cantly decreased. The strategy of thick electrodes is to minimize the use of non-active ma-
terials to improve the battery energy density. And from Fig. 2b the use of non-active ma-
terials in batteries constructed by thick electrodes is already too low which means that
there is not more space for improving battery energy density from increasing electrode
thickness. It is agreed with the second half curves in Fig. 2a. Therefore, there exists an
optimal interval of thickness or mass loading for electrodes, as shown in Fig. 2c. However,
the concrete values are related various factors and not given.

In presently commercial LIBs, the thickness of electroactive components including
the cathode and the anode are both limited between 50 and 100 um[12, 13]. The design of
thick electrodes is not a novel strategy and its application restricted by two serious obsta-
cles that weak mechanical stability in production and poor electrochemical performance
in working. It has been acknowledged in academe that there are two critical thickness for
battery electrodes with high mass loading, one is the critical cracking thickness (CCT)
about mechanical stability[14-17], the other is the limited penetration depth (LPD) for elec-
trolyte transport in the electrode[2, 18-20].

In past years, much of studies were devoted to newly electrode design with high
mass loading to boost the development of LIBs. For breaking the limitation of CCT, the
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plentiful works draw the support of three-dimensional frameworks to offer mechanical
stability[9, 21-25]. Electrodes with a thickness up to 850 um and an aerial mass of 55
mg-cm? have been constructed with the aid of wood template[26]. For improving the lim-
itation of LPD, to construct the ordered pores to decrease tortuosity is the most choices[27-
29]. Thickness-independent electrodes constructed by vertical alignment of two-dimen-
sional flakes could enable directional ions transport[30].

It is noteworthy that the limitations of ion diffusion in the liquid electrolyte deterio-
rate the rate capabilities of thick electrode design[2, 31]. Therefore, introducing thick elec-
trode design into all-solid-state lithium batteries (ASSLBs) could be helpful due to the
uniform transference number of inorganic solid electrolytes[32]. Moreover, the current
ASSLBs are produced by expensive and multi-step processes based on thin-layer-deposi-
tion techniques and much efforts have been invested in increasing electrode thickness[33].
The combination of the two concepts could offer higher energy density and power density
for lithium batteries. Hong et al. developed a new solvent-free dry technique to produce
thick electrodes for ASSLBs which uses a Li*-conducting ionomer as a binder to form fi-
brous linear binding[34].
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Figure 2. (a) The capacity of an electrode is positively proportional to the mass loading of active
materials on the electrode[35]. (b) A detailed explanation about thick electrode design. (c) The op-
portunities for thick electrode design[36].

Layer-by-layer Assembling Configuration

Here, recent progress in thick porous electrodes will be described and discussed for
each point of view, including the understanding of the two critical thicknesses, the break-
through in the two critical thicknesses, as well as the relevant comparison between these
studies.
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2. The challenge of thick electrodes

To obtain high energy density of 500 Wh-kg for advanced batteries is the shared
goal for China and US governments where are the largest automotives markets in the
world. The Battery 500 Consortium proposed pathways to 500 Wh-kg! practical cells and
an essential requirement is increasing the cathode thickness[11]. LIBs constructed by thick
electrodes with high mass loading can benefit both vehicular range and unit cost in the
application for EVs[37, 38]. The superiority of thick electrode design has been discovered
formerly and the electrode thickness has been increased to over 100 pm in commercial
batteries. Therefore, there must be some problems hindering the realization of thicker
electrodes.
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Figure 3. (a) Illustration of the drying process[39]. (b) Cracks in NMC electrodes (NMC811: PVDE:
CB=90:5:5, wt.%) and p-Si electrodes (u-Si: PAA: CB=80:10:10, wt. %)[40]. (c) First cycle thickness-
normalized specific capacity as a function of electrode thickness[41]. (d) DLi* as a function of elec-
trode thickness[41]. (€) An inhomogeneity in different thicknesses across an NMC811 electrode dur-
ing the charging and discharging process[42].
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2.1. The critical cracking thickness (CCT)

During the drying of wet films, cracks were observed in diverse systems such as des-
iccated soil, concrete casting, ceramics slips, and model colloidal dispersions[43, 44]. Fig.
3a give the diagram about the drying process[39]. It has been widely accepted that the
capillary stresses during drying process are the cause of cracking formation[14, 45-47].
When the slurry containing suspended particles is dried, capillary stresses are generated
between particles in the air-solvent interface. If the particles are soft, they can remove
stresses. But in reverse case, the stresses are released by cracks formation when the parti-
cles are hard[14].

It has been observed that the CCT would increase with the increase of particle size
and be not affected by the drying speed[14, 17, 39]. It is noteworthy that lower drying
speed has positive effects on the fracture toughness but not the film thickness[46]. It has
also proven that drying rate actually has not an impact on the CCT but crack size[48]. And
decreasing film thickness and increasing particle shear modulus would increase the criti-
cal capillary pressure for cracking formation. Singh et al. analyzed the influencing factors
of the capillary stresses and established a formula about the CCT:

GM®ycpR3
hmax = 0-41(Tp)1/2/ (1)

where hy,,, is the CCT, G is the shear modulus of the particles, M is the coordination
number, @,., is the particle volume fraction at random close packing, R is the particle
radius, and y is the air-solvent interfacial tension[14].

The traditional and mature technology in electrode manufacture is to mix active ma-
terials with conductive additives and binders in organic solvents, and then to coat this
slurry on current collectors like Al or Cu film. And a requisite step in this manufacture is
to evaporate the solvents. The cracks also have been observed on battery electrodes, cracks
were generated in NMC electrodes (NMC811: PVDF: CB=90:5:5, wt.%) at a thickness
above 175 um and any crack-free u-Si electrodes (u-Si: PAA: CB=80:10:10, wt. %) could
not be fabricated at a thickness above 100 pm, as depicted in Fig. 3b[40].

2.2. The limited penetration depth (LPD)

High mass loading electrodes would increase the thickness of electrode films, which
increases the diffusion distance of charges in electrodes. The longer diffusion distance of
charges reduces the mass transport efficiency during the electrochemical process[19]. And
due to the sluggish ions transport kinetics, not all active materials in thick electrodes could
be used in high C-rates. It has been proven that the limited diffusion of Li* inside the po-
rous electrode leads to the under-utilization of the active material[12, 41, 49, 50].

When the LPD is greater than the designed electrode thickness, mass transport in
electrolyte would not be the limited factors of the full utilization of active materials in
electrodes[2]. To balance the migration of anions that do not participate in the electro-
chemical process a lithium salt concentration gradient would form that is what the LPD
means[18]. The LPD is in inverse proportion to C-rates and tortuosity[20]. And a simple
analytical equation for the LPD for electrolyte transport in the electrode is given:

& DocoF

=7 a-t)r )

Lq

where L, is the LPD, ¢ is the porosity of the electrode, T is the tortuosity factor of
the pore matrix, D, is the diffusion coefficient of the lithium salt species in the electrolyte,
co is the initial concentration of electrolyte, t, is the transference number of Li*, I is the
applied current density and F is the Faraday constant[2].

From experiments on NMC622 electrodes with different thicknesses, their specific
capacities at C/50 rate were obtained and these values were normalized by their coating
thickness[41]. An obvious turn at ~200 pm was shown in the plot of the normalized ca-
pacity as the function of thickness, as shown in Fig. 3c. Moreover, the lithium diffusion
coefficient (Dvi*) that calculated from GITT is a related parameter of Li+ diffusion behavior.
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The same turn at ~200 pm were observed in the plot of Dri* as the function of thickness
(see Fig. 3d). And the operando studies about the depth-dependent inhomogeneity are
support this suspect, as shown in Fig. 3e[42]. The same result has been proposed that the
maximum film thickness limited by ions diffusion is approximately 200 pm[30].

The ESSs for EVs are required in excellent performance in terms of energy and power.
To fabricate battery electrodes with high mass loading needs to break the limit of the CCT,
and the LPD is the obstacle that stand in the way of battery electrodes with high accessible
areal capacity. According to the understanding of the CCT and the LPD, various ways
have been developed to solve the problems.

3. Strategies for increasing electrode thickness

Making thick electrodes a reality needs to break the limitations of CCT and LPD. And
how to fabricate crack-free electrodes is the first concern, which means the solution could
be two-steps or one-step. The two-steps solution is to solve those two problems separately,
for example, a thick and free-standing electrode was constructed with two-dimensional
nanomaterials that breaks the CCT and then a laser drilling technique was adopted to
fabricate a micro-hole array in this electrode to increase the LPD[51]. The one-step solution
is to solve those two problems simultaneously, for example, an ultra-thick electrode fab-
ricated by wood-template which template as frameworks could improve mechanical sta-
bility and the gaps formatted during drying process between active materials and carbon
frameworks could improve diffusion kinetics[52].

3.1. Increasing the CCT

From the formation mechanism, the cause of cracking is generated stresses during
drying process[14, 17, 39], and even is the traditional technology (the wet-slurry casting
technology) from a higher vision. Therefore, there are three strategies to construct thicker
electrode. One is making efforts to decrease the generated stresses during drying process,
another is using three-dimensional (3D) frameworks to offer mechanical stability while
the other is taking new manufacture technologies beyond the traditional technology.

3.1.1. Decreasing generated stresses

According to hp,g, ~ (1/y)"2from Eq. 1, the CCT could be improved by decreasing
the surface tension. Thus, making efforts to decrease the surface tension is a straightfor-
ward method to alleviate or eliminate cracks. According to this point, Du et al. have suc-
cessfully constructed a NMC532 electrode with areal loading above 25 mg-cm? (~ 4
mAh-cm?) by introducing isopropyl alcohol (IPA) into aqueous solvent systems to de-
crease the surface tension, as shown in Fig. 4a[39].

As shown in Fig. 4b, the remaining particles are forced to fill a certain ratio of the
formed void when the solvent is evaporating during drying process. And cracking would
occur when above a certain value. Therefore, the other way to reduce mechanical stresses
is to reduce the amount of solvent which needs to be inevitably evaporated during drying
process[47]. By increasing the solid content of the electrode slurry with using new binder
system to 65 wt.%, crack-free NMC111 electrodes have been constructed with an active
mass loading of up to 60 mg-cm2 and an average dry film thickness of (322+9) um[47].

Moreover, the observed results of NMC electrodes with different particle sizes are
contrary to the estimate of hy,,,~R3?[53]. There is no contradiction, since the stresses are
removed by particles itself when particles are soft or by cracks when particles are hard.
And there are more than one kind particles in the electrode slurry. The NMC particles are
hard, so the stresses are released by softer binders and conductive additives and even
cracks. And a simple ball and spring model was given in Fig. 4c, to reduce the size of
active particles would decrease stresses in binders and conductive additives. Therefore,
the formation of cracks was reformed when NMCS811 particles of smaller size were used.
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Figure 4. (a) Calculated surface tension of IPA-water mixture versus composition[39]. (b) Schematic
of the wet film and dry film[48]. (c) SEM and optical microscope images of aqueous-processed cath-
ode coatings (500 um coating wet gap) on copper foil. And a simple ball and spring model is
given[53].

3.1.2. Utilizing 3D frameworks

The mechanical stability of thick electrodes could draw support from 3D frame-
works. Several thick and ultra-thick electrodes have been successfully fabricated with the
aid of carbon frameworks[9, 21-23, 25], metal foams[13, 54-56], and 3D conductive tex-
tile[57]. Besides, some 3D frameworks could offer convenient ion and electron channels
to improve the limited diffusion kinetics due to the increased thickness.

Carbon nanotubes (CNT) and carbon nanofibers (CNF) are easy to form crosslinked
networks and provide features as both binders and conductive additives. Park et al. con-
structed a high-performance electrode with the thickness of up to 800 um through segre-
gated CNT networks, as shown in Fig. 5a[40]. Due to the improved mechanical robustness
through these networks the extremely thick electrodes could be constructed. With the help
of graphite fibers (GF) bonded with pyrolytic carbon (PC) and graphite nanoplatelets
(GNP), an ultra-thick electrode with the thickness of 17 mm performed the reversible ca-
pacity of 11.63 mAh-cm? (as shown in Fig. 5b)[22]. And some carbon networks could un-
dertake the functions of binders and conductive additives. It may be profitable for de-
creasing the ratio of non-active materials in battery electrodes.

Thicker electrodes could be constructed with the aid of 3D current collectors that all
particles are not more than 50 pm from the nearest current collector. Metal foams have
attracted more attention since they are the most suitable to introduce into the slurry cast-
ing process to fabricate electrodes. A graphite electrode was constructed with the thick-
nesses of 0.6 and 1.2 mm by using Cu foams as the current collector[13]. And Yang et al.
fabricated a 450 pum thick graphene electrode with mass loading of 10~15 mg-cm by us-
ing Al foams[55]. The 3D current collector also could improve kinetics of electrodes. From
the comparison of foam-collector-type and foil-collector-type electrodes with similar mass
loading of active materials, the charge transfer resistance was 7 times less for the foam
than for the foil, at values of 15 and 110 Q (as shown in Fig. 5¢)[54], respectively. Further-
more, by comparing the cyclic voltametric curves for the cells using different sizes of metal
foams, as shown in Fig. 5d, a remarkable result was that the peak became lower and wider
for the cell using 1200 pm size of metal foams[56]. It indicated that using 3D current col-
lector to fabricate electrodes could settle mechanical but not completely electrochemical
problems in thicker electrodes.
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Other 3D frameworks are also used to fabricated thick electrodes. The 3D conductive
textiles have been introduced batteries electrodes due to its stable potential range in or-
ganic electrolyte and electrodes have been fabricated with a thickness of ~600 um through
3D conductive textiles, which are 8-12 times higher of those on metal collector[57].
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Figure 5. (a) Tensile toughness of NMC811/CNT electrodes plotted versus CNT content[40]. (b) The
reversible capacity of the 3D thick all-carbon frameworks[22]. (c) Comparison of the impedance
curves for electrodes constructed by the metal foam and the foil[54]. (d) Comparison of the cyclic
voltametric curves for the electrodes using different cell size of metal foams[56].

3.1.3. Taking new technology

Since the cracks occur during drying process, taking some manufacture technologies
without evaporation process are possible ways to construct crack-free thick electrodes.
Some technologies have been successfully introduced into battery electrodes like spray-
ing[58-60], sintering[61], 3D printing[62-65], powder extrusion moulding (PEM)[66-68]
and dry powder coating[69, 70]. Solvent-free process is an ideal alternative solution to
replace the wet slurry casting process. The related stresses generated during drying pro-
cess would no longer consider. Moreover, manufacture costs would be cut as the elimina-
tion of using and removing solvents.


https://doi.org/10.20944/preprints202212.0437.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2022 d0i:10.20944/preprints202212.0437.v1

(1) Mixing (2) Dry-Spraying (4 Hot-Pressing
Deuble Blade Mill Direction —
; s Hem
AM & CB - |
& biader - - -
Blade " N; g - DS-LTO electrode
(bypass)
&
m\ Powder
. i twre
N pan
(a)

Continue process to laminate

e nmd.n.goiodmde — electrode flm onto current collector

‘Active materials

‘Binders blending
‘Additves — ; r—

Current
collector
(b)
2. Extrusion | 3. Debinding
Feedstock
Binder LFP/C |
(PP, PW, 5A) powder J‘
e MNozzl
)J 1—\~' CIDS:-:::ﬁDﬂ
DLLA /~ Feedstock ( g . 6mm \ Solvent , Thermal
£ |:| debinding debinding
G
A )
“.‘"”””5 e!ac1{ode Fiber-aligned membrane
ink slurry casting
-~
L4
\ Roll up Cut
Composite membrane Rolled-up cylindrical electrode Fiber-aligned thick (FAT) electrode

(d)

Figure 6. (a) A schematic of the dry spraying process[59]. (b) A schematic of the dry coating process.
(c) Schematic illustrations of powder extrusion moulding[67]. (d) Schematic fabrication of fiber-
aligned thick electrode[9].

A solvent-free technology is spray deposition that has been used in coating industries
for over 30 years to create functional paints. Recently this technology has been introduced
into producing battery electrodes. The main processes of this technology are mixing, dry-
spraying and hot-pressing. Fig. 6a gives the optimized technology for using in battery
electrodes and the fabricated LTO electrode has interconnected particles that facilitated
electron and ion transport via shorten pathways within the electrodes[59]. And the film
thickness could be controlled just by adjusting the spraying time[58].
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Another solvent-free technology is dry coating technology that does not introduce
any solvents into the craft, as shown in Fig. 6b. This technology maintains liquid-free state
in the full process from the raw materials to finished products. Free-standing electrodes
with thicknesses between 50 microns to about 1 millimeter could be easily fabricated by
this craft. It has been proven that the bonding strength between dry-deposited particles
and current collectors could be greater than slurry-cast electrodes[70].

PEM is also a cost-effective manufacturing method to produce battery electrode.
Main steps of PEM are mixing, extrusion, debinding and sintering, as shown in Fig. 6c.
Thick electrodes constructed by PEM technology shows better mechanical properties than
alternative technologies[66]. The LisTisO12 (LTO) anodes and the LiFePOs (LFP) cathodes
have been produced with the thickness as high as 500 pm through this method[66, 67].
And a LIB was assembled with this LTO anode and this LFP cathode and possessed mass
loading of ~100 mg-cm? that is better than the current one[68]. Just as important, this tech-
nology is also an environmentally friendly technology for electrodes manufacturing.

Due to the low-cost and simple manufacturability Extrusion-based 3D printing is a
potential craft for electrode fabrication. The thickness of thick electrodes could be well
controlled thanks to the layer-by-layer additive technique[71]. Sun et al. constructed an
ultra-thick LTO electrode by using 3D printing with the thickness of 1500 pm[62]. And
3D-printed electrodes with highly interconnected networks could offer ion- and electron-
transport paths, which indicated a better electrochemical performance[63].

And a new design called fiber-aligned thick electrode has been used to construct
thick electrodes. The composite membrane contained aligned carbon fibers could provide
low tortuosity, high conductivity, and mechanically strong features for high mass loading
electrodes and this novel design is shown in Fig. 6d[9, 72].

There are many attempts to improve mechanical stability for producing thick crack-
free electrodes. In this part, we mainly focus on the growth of thickness. Some technolo-
gies also bring other gains, 3D current collectors could serve as both support and collector
that improve constructions stability and electrons conductivity. The thick electrodes fab-
ricated by 3D printing technology have advanced ions transport pathways due to the
highly ordered structure. And solvent-free technologies no longer need the using and re-
moving of solvents, as well the corresponding costs.

3.2. Increasing the LPD

Improving mechanical stability to fabricate crack-free electrodes is just the first step
to get the target on energy density of 500 Wh-kg?'. When the porosity of thick electrodes
is below 30%, it is found that ionic conduction within such a thick and dense electrode
becomes a main reason that causes poor rate performances|[2, 42, 73]. For thick electrodes,
the ionic resistance in pores (Rion) is higher than the charge-transfer resistance for Li inter-
calation (Rct), as shown in Fig. 7a, so there are limited ions diffusion behaviors across thick
electrodes[74].

According to Eq. 2 of the LPD, the LPD is proportional to the porosity of the electrode
and inversely proportional to the tortuosity of the electrode. The diffusion coefficient of
Li+ is the directly related to the diffusion behaviors of Li+ in porous electrodes. And a
simplified expression could be inferred from Eq. 2:

€
Desr = ;Du )

where D, is the effective ionic conductivity, € is the porosity of the electrode, 7 is the
tortuosity of the electrode and D;; is the intrinsic ions conductivity[75-77].
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Figure 7. (a) The changes of Rion and Rt and their magnitude show opposite trends with respect to
electrode thickness[74]. (b) Higher tortuosity is present in a thicker electrode[78]. (c) Illustration
about the value of the low-tortuosity design for thick electrodes[36].

Therefore, there are two strategies to improve ions diffusion behaviors. One is to op-
timize porosity of the electrode to get better rate performance, the other is to construct
vertically pathways to current collectors for fabricating low-tortuosity electrodes. How-
ever, a high porosity would reduce the ratio of active materials in electrodes and it goes
against the design of thick electrodes. And Fig. 7b clearly shows that the tortuosity of the
electrode increases with the growth of electrode thickness[78]. Therefore, the low-tortu-
osity design with building ions transport pathways paralleled to the direction of ions
transmission has become a key principle for thick electrodes[27-29]. And the superiority
of low-tortuosity design in thick electrodes could be obtained from Fig. 7c[36].

It is noteworthy that the low-tortuosity design would increase the porosity of the
electrode in essence but this increase would bring more effective promotion on ions dif-
fusion behavior. Moreover, there is an optimal design of the oriented porosity € and ma-
trix porosity em, which could balance the ion transport kinetics along the channels and in
the matrix. And it has been given an optimal value (e0=0.11 at eotem =0.42) at which the
oriented-pore achieved the best rate capability without a sacrifice of the energy den-
sity[28].

3.2.1. Optimizing electrode porosity

When thick electrodes are discussed, not much attention has been paid to how dense
the electrode is, since most of the testing end at coin cell level. However, the practical use
of thick electrodes not only needs to consider their mass loading, porosity is equally im-
portant[79]. Fig. 8a revealed the role of the porosity that plays in the evolution of rate-
limiting step in thick electrodes[49]. The porosity is critical for performing electrochemical
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properties of electrodes. And some studies have proven that the electrochemical perfor-
mance of thick electrodes could be improved through the porosity gradient[80, 81].

To put kinetics into perspective, the porosity across the electrode showing a gradient
increase is beneficial from the region near to the current collector to the region close to the
separator. The reason is that electrodes with large porosity near separators could facilitate
fast ion transport while electrodes with small porosity close current collectors could en-
sure optimum electronic contact[80, 82-84]. Based on electrochemical porous-electrode
model, two teams obtained the same results via distinct simulation methods that a gradi-
ent porosity where the porosity close to separators in electrodes is higher to accommodate
more electrolyte could minimized the resistance across the electrode[80, 82]. Another re-
port also supports this suspect, but it puts forward that it is not much use to construct
graded electrode beyond 2 layers for reducing the resistance across the electrodes. Beyond
simulations, the electrodes with staged porosity in order to improve ions migration has
been constructed by applying the capillary suspension concept[84]. This strategy has un-
der patent-pending protection application[85].

However, an opposite viewpoint has been given. The highest stresses located in the
electrodes near the current collectors and increasing the porosity of this region the maxi-
mum stress could be reduced. Furthermore, the lower porosity of electrodes near separa-
tors would contribute to maintain a higher potential during discharge[81]. Moreover, the
comparison of electrochemical performance between directional ice templating with low
porosity nearest the separator (DIT LP-S) and directional ice templating with low porosity
nearest the current collector (DIT LP-CC) shows that the former performed better rate
capability (Fig. 8b-c)[86]. Similarly, this strategy also has patent protection[87].
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Figure 8. (a) The charge transport in electrodes with different porosity[49]. (b) Schematics of the
four electrode types fabricated for performance comparison: (i) directional ice templating with low
porosity nearest the separator (DIT LP-S); (ii) directional ice templating with low porosity nearest
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the current collector (DIT LP-CC); (iii) isotropic ice templating (IIT); and (iv) slurry casting (SC)[86].
(c) Reversible capacities of the four types of these electrodes at different current densities[86].

3.2.2. Decreasing electrode tortuosity

Fig. 8c also gives other sights that both DIT LP-S and DIT LP-CC electrodes per-
formed better rate capability than isotropic ice templating (IIT) electrodes and the IIT elec-
trodes also had poor rate performance than the traditional slurry casting (SC) electrode.
Combining with Fig. 8b, these sights indicate that the increased thickness of electrodes
would deteriorate the rate performance and decreasing electrode tortuosity could im-
prove electrochemical performance in thick electrodes. Furthermore, more general and
sustainable approaches are highly desired to fabricate uniformly aligned microchannels
in the electrode.
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Figure 9. (a) Graphical illustrations of the ion and electron transportation behavior occurring in the
wood-templated electrodes[52]. The comparison of LCO-1, LCO-2, and control LCO in terms of (b)
tortuosity and porosity, (c) Li-ion and electron conductivities[88]. (d) Schematic illustration of ion
transport in vertically aligned TisC2Tx MXene films[30]. (e) Cross-sectional SEM image of a low tor-
tuosity LCO electrode constructed by magnetic method[89]. Areal capacity versus C-rate for LCO
electrodes with pore channels: (f) 310-um-thick electrodes with 39-42% porosity and (g) 220-um-
thick electrodes with 30-32% porosity[90]. (h) SEM images for laser-structured electrodes (thick-
ness~210 um)[91]. (i) Specific discharge capacity of cells containing 250 pum thick electrodes with
different pitch distances[92].
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To build up hierarchical microstructures for improving the performance of elec-
trodes, nature has provided us many templates and inspirations[93]. Along the growth
direction wood has open channels for transferring water, ions and other ingredients,
which offers a guide for fabricating electrodes with ordered structures. Thick electrodes
constructed via wood template inherit directional porous structure where provides path-
ways for ease ions and electrons transport across the entire electrode[23, 26, 94-96]. As
shown in Fig. 9a, the interconnected carbon framework could provide a conductive net-
work for electrons transport while the gap between active materials and frameworks
could offer low-tortuosity pathways for ions transport[52]. To further illustrate the value
of wood-template, Lu and coworkers constructed the traditional LiCoO2 cathode (control
LCO) and the wood-template LiCoO2 cathodes (LCO-1 and LCO-2, the LCO-2 for higher
mass loading underwent the double processes of LCO-1) and measured their related prop-
erties[88]. The results are given in Fig. 9b-c, and the tortuosity of wood-template cathodes
is approximately close to 1 due to ordered microchannels and smaller than the control
LCO. The ion conductivity and electron conductivity of wood-template cathodes are
larger than the control LCO. Through comparing the porosity and ion conductivity be-
tween LCO-1 and LCO-2, a larger porosity is not always positive to improve ions diffusion
or the LPD.

Ice-template technique is also used to build orientational pores for ions migration[64,
86, 97]. The ordered pores could be well controlled by adjusting the freezing and sintering
parameters. Electrodes fabricated by this technique could combine the energy and the
power[97]. Moreover, Miller et al. successfully constructed thick electrodes with the thick-
ness-independent electrochemical performance by aligning vertical two-dimensional
flakes[72]. And Fig. 9d gives a scheme of thick electrodes constructed by this guidance,
and approximately 200 pm is the maximum thickness of each film due to the ion
transport limitations[30]. It is another proof of the LPD.

Commercial availability is also a critical factor for building directional aligned pores
in electrodes. And a simple, up-scalable and inexpensive technique to construct pathways
paralleled to the direction of the Li+ migration has been proposed by applying a magnetic
field during the electrode fabrication (Fig. 9¢)[89, 90, 98-101]. A magnetic control method
based on sacrificial features was reported, magnetized nylon rods or magnetic emulsions
were used as template to fabricate directional aligned pore arrays in the thick elec-
trode[90]. And it is noteworthy that the aligned pore structure performs higher areal ca-
pacity under the same conditions (at constant thickness and total porosity) and smaller
pore spacings are superior, as shown in Fig. 9f-g.

Moreover, Fig. 9f-g give a critical viewpoint that the pore parameters (like diameter,
spacing) play a pivotal key on rate performance of electrodes. Therefore, a more precise
technique for constructing vertical aligned pores is requested and essential. The laser-
based manufacturing process attracts more attention in the low-tortuosity design for thick
electrodes. This concept involves high-precision ablation of a small fraction of the active
material from the initial coating and generating additional diffusion pathways (Fig.
9h)[10, 102]. The laser processing on electrodes is inevitably accompanied by slight capac-
ity loss but significant improvements in rate performance[91, 103, 104]. By using 200 ns-
laser radiation and a pitch distance of 200 pm, the loss in active material can reach values
of about 30 wt.%, while a pitch distance of 600 pm would reduce the material loss below
10 wt.%[105]. And the rate performance in different pitch distances were given in Fig.
9i[92].

Furthermore, the ultrashort pulse duration in the femtosecond (fs) or picosecond (ps)
range is less than the heat diffusion time, the ablation volume is emitted before any heat
diffusion or thermal damage occurs and side effects are significantly reduced[106]. And
due to the cold nature of fs-laser ablation, a high-aspect ratio of approximately 15 could
be reached, which related to the capacity loss. So, the fine and accurate aligned pores array
could be constructed. And the ideal pore parameters for maximizing the rate capability
could be identified by evaluating the ions distribution in electrodes[107]. Furthermore,
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the surface on laser-generated structures lead to an accelerated and homogenous wetting
of the electrodes with liquid electrolyte[104, 105].

3.3. Summary

Table 2. Summary of recently reported thick electrodes.

. : i Mass loadin Areal capaci Volumetric capaci
Active materials Thlcli(I?leSS/ mg-cm?2 o mAh-cm-2 @1)9 ImAst?IC/m-2 mAh-cmz e Reference
LTO ~1500 30 4.74@1.06 31.6 [62]
LFP/C 240 12 1.86@1.02 77.5 [54]
NMC111 305 82 9.2@1.27 301.6 [108]
LMO 200 13 1.9@0.91 95 [109]
LTO 475 138 15.2@1.02 319 [66]
LCO 600 1154 15.7@0.5 261.7 [32]
LFP 1000 36 5.5@1.22 55 [110]
LTO 1000 34 5.1@1.19 51
Graphite 240 16.5 3.79@1.23 158.1 [84]
LCO 700 172 20.1@1.21 287.1 [103]
LFP 320 40 6.2@0.5 193.8 [111]
LCO 440 100.5 13.6@1.41 309.1 [89]
TiO2 390 10 2.3@1.68 59 [112]
Graphite 1200 50 17.25@0.93 143.8 [13]
LFP 1400 90 10.5@3.06 75 [113]
NMC811 740 155 29@1.47 391.9 [40]
2 um Si 210 15 45@1.79 2142
LFP 800 60 5.7@1 71.3 [52]
NCA 600 73.8 13@1.48 216.7 [97]
NMC622 161 46 8.1@0.83 503.1 [114]
LTO 600 168 26.5@1.68 441.7 [57]
S 300 6 6.9@1 230 [99]
LFP 1000 128 19.6@1 196 [9]
NMC622 220 61.38 10.93@1.1 496.8 [115]
NMC622 154 37.6 6.58@0.38 4273 2]
Graphite 182 23.4 7.84@0.82 430.8
NMC532 240 30 5.84@1.15 228.3 [28]
NMC622 250 51.7 8.79@0.93 351.6 [92]
NMC111 1710 320 45.4@4.96 265.5 [116]
NMC111 320 72 9.86@1.12 308.3 [31]
Graphite 320 43 11.23@1.62 352.1
NMC111 322 60 5.1@1.8 158.4 [47]
LFP 1350 108 15.9@3.6 117.8 [117]
LTO 550 110 11.11@1.6 202 6
LFP 500 90 11.07@1.23 221.4 [68]
LFP 430 46.5 7.2@1 167.4 [56]
LCO 1500 206 24.5@1.44 163.8 [88]

This chapter gives the recent efforts on improving the CCT and the LPD to construct
thicker electrodes. It must emphasize again that the first law of thick electrodes is to obtain
high performance electrodes with high mass loading and high accessible areal capacity,
not for larger thickness. Some thick electrodes constructed by the above methods show
lower volumetric specific capacity that have no competition with the traditional
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electrodes. And some design of thick electrodes cannot be transferred directly to state-of-
the-art large scale cell manufacturing processes in industry. Table 1 gives the summary of
the thick electrodes. And the volumetric specific capacity of thick electrodes is not below
400 mAh-cm which is the current level of traditional electrodes.

4. Conclusion and outlook

Recently moving towards carbon neutrality has become a global consensus and the
green transportation attracts more attention. The EVs with the driving range of above 500
km could get more competitive to survive in the market for automobiles. And a practica-
ble way to reach this value is to adopt thick electrodes with high mass loading and high
area capacity. The obstacles stand in the way of using thick electrodes are weak mechani-
cal stability and poor electrochemical performance, or are limited by the CCT and the
LPD. Here, the understanding of these mechanisms and the recent efforts on breaking the
limitations are given.

The design of thick electrodes is aimed at obtaining higher energy density of LIBs at
battery pack level, and the thickness is just an appearance. The larger thickness does not
necessarily imply more benefits. With the trade-off between energy and cost, the larger
thickness has negligible impacts on improving energy density of LIBs at battery pack level
and has negative effects on the cost of LIBs. In addition, some thick electrodes with low
volumetric capacity go against the original intention of this design. A specific capacity of
not below 400 mAh-cm-3 is needed for long-range EVs.

The design of thick electrodes is aimed at applications for practical use like EVs, and
the preparation process must be suitable for a large-scale use. Some methods for fabricat-
ing thick electrodes are only for a laboratory scale. Some technologies with drying process
may cause the microstructural heterogeneity in the electrodes due to the drying-induced
migration of the binder to the electrode surface. And combining with the requirement of
low-cost solution, some solvent-free manufacturing technologies are appropriate like dry-
coated technique which is suitable for the mass manufacture and cuts cost of using and
removing the toxic solvents. And an environment friendly industry is more easily be ac-
cepted by local government and residents.

The electrochemical performance is the most basic requirements for thick electrodes.
Decreasing the tortuosity of thick electrodes by fabricating ordered microchannels paral-
leling the diffusion of Li+ has been considered as the most effective ways to help thick
electrodes in performing better properties. Due to the low-tortuosity design resulted to
active mass loss, it is essential to precisely construct vertical channels. From the studies
on constructing aligned pathways, the laser-ablation process could be better controlled to
precisely adjust parameters of the vertical channels.
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