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Toward High-Areal-Capacity Electrodes for Lithium

and Sodium lon Batteries

Yijun Chen, Bo Zhao, Yuan Yang, and Anyuan Cao*

In recent decades, extensive nanomaterials and related techniques have
been proposed to achieve high capacities surpassing conventional battery
electrodes. Nevertheless, most of them show low mass loadings and areal
capacities, which deteriorates the cell-level energy densities and increases
cost after the consideration of inactive components in batteries. Achieving
high-areal-capacity is essential for those advanced materials to move out
of laboratories and into practical applications, yet remains challenging
due to the decreased mechanical properties and sluggish electrochemical
kinetics at elevated mass loadings. In this paper, the previously reported
strategies for promoting areal lithium storage performance, including
material-level designs, electrode-level architecture optimization, and novel
manufacturing techniques are reviewed. Sodium-ion battery electrodes
are discussed subsequently, emphatically on its difference with those for
lithium storage. Pouch-cell-level energy densities based on high-areal-
capacity electrodes with different thicknesses are also estimated. For each
category of these strategies, working principles, advantages, and possible
problems are analyzed, with typical examples presented in detail and

a summary table comparing the structures and achieved performance.
Finally, the features of the high-areal-capacity electrodes demonstrated in

systems, due to the rich abundance of
sodium (nearly 1000 times that of lithium)
and lower cost ($0.50 kg™ Na,CO; vs
$6.50 kg! Li,CO;).l Traditional battery
electrodes like LiCoO, and graphite in
LIBs are based on ion-intercalation mecha-
nism with limited electrode capacities and
almost touching the ceilings after the past
decades of development. And researchers
are exploring electrodes with different
ion storage mechanisms for higher theo-
retical specific capacities, such as metal
oxides/sulfides/fluorides with conversion
reaction mechanisms, and silicon/tin/
phosphorus with alloying mechanisms.t!
However, these materials generally exhibit
low intrinsic electron conductivity, insuf-
ficient ion diffusion channels, and large
volume variation during reaction, leading
to deteriorated electrochemical kinetics
and cycle stability in practical use.! The
problems are even more severe for SIBs
due to the larger ionic radius and slower

this review are concluded, and overlooked issues and potential research

directions in this field are summarized.

1. Introduction

Attributed to the high energy density, environmental benign
nature and low self-discharge, lithium-ion batteries (LIBs)
have become the most popular and prevailing power sources
for consumer electronics and electric vehicles nowadays.l As
an alternative to LIBs, sodium-ion batteries (SIBs) have also
attracted increasing attention in large-scale static energy storage
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transport of Na'. Reducing the size of
active materials to nanometer scale and
compositing them with conductive addi-
tives is a promising strategy to mitigate
these issues and has induced a worldwide
research boom in recent years.”l The innovations have substan-
tially stimulated the energy storage potential of the proposed
new materials. Nevertheless, to transfer outstanding lab results
to industry applications, achieving high electrode mass load-
ings (denoted as M,, which contains both active and inactive
materials) is of great significance in practical batteries but have
been neglected for long time in previous studies.

The significance of high M, is mainly featured by two
aspects—energy density and cost. Typically, a standard lith-
ium-ion battery (LIB) contains both active and inactive compo-
nents (Figure 1a). The former are electrode coatings involved
in electrochemical reactions during charge/discharge and
directly determine how much energy can be stored in bat-
teries. The latter generally consist of metal current collectors,
separators, electrolyte and outer housings. These components
are important for the normal and stable operation of batteries,
but come with a cost of additional dead weight (>60% con-
tent in some cases,® Figure 1b) without direct lithium storage
capacity contribution. Taking this into account, the claimed
material-level performance enhancement may be heavily dis-
counted when scaled up to a cell level, especially for those
obtained at very low mass loadings.”! Suppose there are two

(10f39) © 2022 Wiley-VCH GmbH
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Figure 1. Raising electrode mass loadings for energy density enhancement and cost down. a) Typical configuration of a LIB. b) The mass split of a
commercial LiFePO, cell with the format 18650. Reproduced with permission.[l Copyright 2014, Royal Society of Chemistry. c) The material- and cell-
level capacity of two hypothetical electrode systems. d) The influence of areal mass loadings of active materials on their mass fractions and cell-level
capacities in a hypothetical cell, assuming the mass loading of total inactive components is 20 mg cm™2 and the active material capacity is 200 mAh g'.
e) Schematic showing using higher mass loading electrodes can reduce the amounts of cells for achieving the same energy. f) Modeled cost breakdown
of LIB based on NMC111 cathodes with 50 and 100 pum electrode thicknesses. To prove the view of lowering cell cost by higher electrodes mass loading,
assume that the proportion of each component's cost in cell remained unchanged from 2015 to 2022, and we provided the updated cost value around
$130 per kWh based on the currently LIB cost in practice. f) Reproduced with permission.’l Copyright 2015, John Wiley and Sons.

electrode systems of E1 and E2 (Figure 1c). The active mate-
rials in E2 exhibit a higher capacity of 300 mAh g than that
(200 mAh g7) of El, suggesting an effective material optimi-
zation. After cell assembly based on E1 and E2, inactive com-
ponents are included. Assuming its mass fraction is 60%

Adv. Energy Mater. 2022, 2201834

(Figure 1b), as a result, the material-level capacity enhancement
of 100 mAh g fails to hold up and reduces to 40 mAh g at the
cell level, suggesting that the practical capacity enhancement
based on material innovation is restricted by content of active
materials in batteries. Using high-M, electrodes helps diminish
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Figure 2. Schematic of the challenges in achieving high-mass-loading electrodes. Cracking and delamination problems during a) the electrodes drying
and b) winding processes. More sluggish c) electrochemical kinetics and d) accumulated stress and strain during lithiation/delithiation processes in

thick electrodes.

the adverse effects. As the different components in batteries
are usually assembled face to face and have roughly the same
areas, raising mass loading of active materials can improve
their mass fraction in batteries and thus enhance the cell-level
capacity. The hypothetical model (Figure 1d) shows that after M,
increases from 5 to 20 mg cm™2, the content of active materials
rises from 0.2 to 0.5, and it contributes to a capacity enhance-
ment from 40 to 100 mAh gL It confirms that improving M,
can effectively raise the cells’ energy densities.

Improving electrodes M, also helps lower the cost, by
decreasing the number of cells to attain the same energy
(Figure le). The total cell cost can be reduced in three parts:
materials cost, process cost, and overheads and other fees.
First, fewer cells reduce the consumption of current collectors,
separators, and outer packing housings, and thereby lowers the
materials cost. Second, increasing M, reduces the number of
steps in cell manufacturing, including casting slurries, calen-
daring coatings, winding electrodes, filling electrolyte, etc., and
thereby decreases the process cost.®l Last, owing to the less
handled materials purchases and process improvement, also
the overheads can be reduced.”) In addition, fewer cells ease
the burden of battery management systems with less complex
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individual cell monitoring and thus reduces the relevant over-
heads. Patry et al. performed the cost modeling of LIB based
on Li(Nig 33C00 33Mny 33)O, (NMC111) cathodes with two coating
thicknesses (Figure 1f).) With the electrode coating thick-
ness increased from 50 to 100 um, the total cell cost reduces
notably from =150 to =120 $ kWh. Except for the same cost
of NMC111 cathode materials, the reductions in cost of other
material, process, overheads and other fees are all as high as
=25%, confirming that it is effective to lower cell cost by higher
electrodes mass loading.

Despite the above advantages, achieving high mass load-
ings is not a simple task due to the accompanying challenges
in electrode manufacturing and electrochemical reactions. In
terms of the electrode manufacturing, the slower slurry drying
process for thick electrodes can cause two problems (Figure 2a).
First, the capillary stress induced by the slow and uneven sol-
vent evaporation leads to more severe electrode cracking.!’]
Second, it exacerbates the electrode delamination problems due
to the heterogeneous migration of slurries ingredients—Low-
density polymer binders and carbon additives float upwards
to the electrode surface, while heavier active materials sink to
the bottom (Figure 2a). The resultant uneven distribution of

© 2022 Wiley-VCH GmbH
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electrode components deteriorates both the mechanical and
electrochemical properties of electrodes.!'!l Besides, due to the
weak adhesion between active materials and metal current col-
lector,[?] the dried thick electrode coatings could fragment and
exfoliate from current collectors during winding in high-speed
roll-to-roll processes (Figure 2b).

After cell assembly from thick electrodes, problems arise
in electrochemical reaction processes during battery opera-
tion. First, the electronic and ionic resistance of electrodes
would increase due to higher point-point impedance among
the active materials particles and longer ion diffusion path
in electrodes (Figure 2c), which results in an enlarged cell
polarization and thereby a lower capacity delivered in the fixed
voltage window. Second, more nonuniform current distribu-
tion ascribed to the heterogeneous electron and ion transport
causes a larger state-of-charge variation in electrodes, and
thereby a decreased cycling stability.’¥! It has been reported
that the mass loadings could proportionally enlarge the mag-
nitude of such charge transport heterogeneities.' A typical
example is the degradation of thick graphite anodes in LIB.
The lithium-ion conductivity reduction forms a large lithium
concentration gradient in the thickness direction, resulting in
an intensified intercalation stress on the graphite close to elec-
trolyte and possible particles fractures.™ Moreover, the addi-
tional overpotential in thicker electrodes could lead to metallic
lithium plating on graphite particles in vicinity to the separator
in the charging process,!® resulting in lithium and capacity
losses and increased safety risks.[”] Third, higher mass loading
causes more severe mechanical strain and stress accumula-
tion in electrodes (Figure 2d), leading to more cracks and exfo-
liations in the coating layers during cyclic charge/discharge,
especially for the materials with serious volume change and
lower mechanical strength.'®l The more severe pulverization
of active materials results in a faster electrochemical perfor-
mance degradation.!"”]

Given the advantages of improving areal mass loadings
(Figure 1) and its adverse effects on electrochemical kinetics
(Figure 2), researchers have been increasingly using areal
capacity (C,) as a more practical criterion to evaluate the elec-
trode performance at high mass loadings, as it takes both
mass loading and gravimetric capacity (C,) into consideration
(Cy= M, x Cg). In the past several decades, tremendous work has
been devoted to developing novel materials for high C,, while
the investigation on electrodes with high M, and C, is relatively
overlooked. Currently, most of the reported LIB and SIB elec-
trodes in literature have M, typically lower than 1 mg cm2,20
which definitely results in a limited C,. Even for silicon anodes
with extraordinarily high theoretical capacity for lithium
storage, most of them show areal capacities <I mAh cm™.21
And for most of SIB electrodes, the achieved areal capacity
is also lower.??l Such areal ion storage performance is sig-
nificantly lower than that of electrodes in commercial cells
(2.5-3.5 mAh cm™), suggesting plenty of room for improve-
ment. Despite the importance in understanding what people
have tried to improve it, the relevant reviews are quite few,
except a recent one by Kuang et al.?¥l mainly summarizing
the general structural designs and fabrication for thick elec-
trodes. The objective of this paper is to provide a more detailed
overview of the progresses toward high-areal-capacity LIB/SIB
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electrodes and helps depict a clear picture of the development
pathways in this field.

So, starting from the initial question—what can we do to
enhance the areal ion storage performance of an electrode?
Theoretically, C, can be calculated using the following equation:

C.=C,M, =C, ’DTSh =C, ph, where p, S, and h correspond to

the density, base area, and thickness of the electrode, respec-
tively. As shown, we can work from two aspects to improve M,:
fabricating high-tap-density active materials (increasing p) and
using thicker electrodes (increasing h). Besides, to maintain a
high C,, we also need to minimize the negative impacts of high
M, on the physical and electrochemical properties. To this end,
various materials/electrodes structures have been investigated
(Figure 3). At the material level, novel binders are developed to
enhance the structural stability of conventional electrodes. And
at the electrode level, researchers have proposed other architec-
tures such as 2-D layered or vertically aligned configurations,
and 3-D electrodes by percolating network or in-situ hybridi-
zation. Novel manufacturing techniques are also proposed to
engineer thick electrodes to enhance their mechanical proper-
ties and charge transport kinetics. In this paper, we review all
these progresses by selecting representative examples of each
category, and analyzing their working principles, advantages,
and possible problems. Tables summarizing main properties
of proposed electrodes are given for each group of studies.
LIB-related work is reviewed first due to its broad coverage of
research types provided by the abundant references. SIB-related
ones are discussed later, with a comparison with those of LIBs.
Finally, after going over the aforementioned researches, we
conclude with the difference in C,-oriented work from those
focusing on simply C, improvement. We then list several
remaining issues associated with high areal capacities, and a
future outlook on potential research directions is presented in
the end.

2. High-Tap-Density Active Materials

Increasing the tap density (p) of active materials is a direct
strategy to enhance the areal mass loading (and thus improved
areal capacity) of electrodes with a constant electrode thick-
ness. It is generally attained by making microclusters assem-
bled by tightly-packed nanoscale subunits, which can achieve
higher tap density compared to loosely dispersed nanomate-
rials, while utilizing the superiority of nanostructures at the
same time.?! Actually, similar strategies have already been
applied in commercial high-energy-density cathode materials
such as lithium nickel manganese cobalt oxide (NMC)?l and
lithium nickel cobalt aluminum oxide (NCA)®% secondary
microparticles which are composed of densely-packed primary
nanocrystallites.

Figure 4 shows some typical examples of this design
concept.”’] Areal lithium storage capacity of the TiO,/C
electrode was significantly improved based on a multi-
level structural optimization in crystalline, nanoscale and
microscale domains (Figure 4a). First, the (001)-rich facets
of TiO, confined in graphitic carbon coatings (Figure 4b)
prompted the Li* intercalation/de-intercalation kinetics

© 2022 Wiley-VCH GmbH
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Figure 3. An overview of the solutions to high-areal-capacity lithium and sodium storage. The material-level designs include high-tap-density active
materials and novel binders, and are mainly based on conventional slurry-casted electrodes. The electrode architecture innovations include layered
configurations, vertically aligned structures, percolating 3-D network, and in situ grown active materials on 3-D substrates. Novel manufacturing tech-
niques are shown using 3-D printing and laser structuring as two typical examples. The yellow, gray, and brown parts in the schematic represent active
materials, conductive agents matrix or substrate, and binders, respectively.

and electron transport. Second, the hollow TiO, struc-
ture (Figure 4c) can buffer the volume variation during
repeated charge/discharge, and the interior cavity serves
as electrolyte reservoir shortening lithium diffusion path-
ways. Third, the TiO, nanospheres with diameters of
40-60 nm were densely packed to form a pomegranate-like
microcluster with a diameter of about 0.9 um (Figure 4d),
resulting in a much higher tap density (1.67 g cm™)
than that of bare nanopowders particles (0.11 g cm™).
In summary, the as-prepared microcluster TiO,/C anode was
capable of high tap density from: i) the {001}-rich high energy
facets were piled up in the TiO, hollow nanospheres forming
a yolk—shell structure; ii) the microclusters were densely con-
structed of graphitic carbon-conformal TiO, hollow nano-
spheres; iii) a pomegranate-like microsphere was obtained
via close packing of the TiO,/C microclusters. The above
three functionality synergistically endowed TiO,/C anode
with high tap density. Given the enhanced charge trans-
port kinetics, well-kept mechanical integrity, and increased
tap density, the final microcluster anode exhibited an excel-
lent areal lithium storage capability. A stable and high areal
capacity of 49 mAh cm~? was obtained at a mass loading up
to 23.7 mg cm™? after 5000 cycles.
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Yolk-shell structures and mechanical pressure treatment also
can be used to achieve high-tap-density property. Zhang et al.l®l
efficiently utilized inner voids containing some active mate-
rials such as multiple Si yolks, Fe,0; nanoparticles, and carbon
nanotubes (CNTs) for Li* storage (Figure 4e,g). Moreover,
bridged spaces were constructed between the inner Si yolks and
outer shell through a conductive CNTs “high-way,” allowing
flexible expansion and contraction of the conducting networks.
Owing to the advanced yolk—shell Si/C structure, a high area
capacity of 3.6 mAh cm™ was achieved at 2.83 mg cm™ mass
loading and retained 95% after 450 cycles. By giving a mechan-
ical pressure to produce clusters, Lin et al.?’! opened up a
promising opportunity for tuning the packing density. Inspired
by those predecessors, Sun et al.’% fabricated a red P/C nano-
composite anode materials, in which amorphous red P nano-
domains were embedded in the nanopores of micrometer-scale
porous conductive carbon with interior nanoscale void spaces
(Figure 4h). Due to the high capacity of the P/C material and its
space-efficient packing, the average thickness of P/C electrodes
was 21.5 um, in which mass loading was up to 4.3 mg cm™,
much thinner than the 76.3 and 124.5 um for Li,Ti;O;, and
graphite electrodes, respectively, under the same industrial-
level areal capacity of =3.5 mAh cm™2 at 0.5 mA cm™2.

© 2022 Wiley-VCH GmbH
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Figure 4. High-tap-density active materials with optimized hierarchical structures for areal capacity enhancement. a) Schematic of the structural engi-
neering in crystalline, nanoscale, and microscale levels. The bottom right corner shows the tap density comparison between the proposed microcluster
powders and commercial Degussa P25 TiO,. b) High-resolution transmission electron microscope (HR-TEM) image, showing the crystalline phase of
TiO, shell and outer graphitic carbon coating. ¢) TEM image of the TiO, hollow nanospheres. d) Scanning electron microscope (SEM) image of the
TiO, microclusters composed of tightly packed nanosubunits. Reproduced with permission.l?”} Copyright 2018, Royal Society of Chemistry. e,f) SEM
images of the yolk—shell Si/C particles. g) HR-TEM image of the C/SiO; double shell, in which the inner SiO, shell is coated with outer amorphous
carbon shell. Reproduced with permission.?8] Copyright 2019, John Wiley and Sons. h) Cross-section SEM images of the P/C, graphite, and Li,TisOy,
electrodes with the same areal capacity and different thicknesses. Reproduced with permission.% Copyright 2019, Elsevier.

High-tap-density active electrode also tends to provide excel-
lent high power density performance.? Traditionally, the most
intuitive and common ways to achieve high power and/or rate
performance are to create nanosized or porous (usually hierar-
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chical) structure, which minimizes the Li* ion solid-state diffu-
sion distances and increases the surface area of the electrode
materials in contact with the electrolyte.3 However, this
strategy is contrary to the high-tap-density and high-areal-mass

© 2022 Wiley-VCH GmbH
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Figure 5. High-tap-density bulk electrodes achieving high-power density and excellent rate performance. SEM images of dense block with 3-10 um primary
and 10-30 um agglomerate a) Nb;gWsOss and b) NbygW;Og;. €) Rate performance summary from 0.5 C up to 100 C. d) Energy density and power density for
anode active materials versus. Reproduced with permission.?3l Copyright 2018, Springer Nature. Schematic illustrations of ) LFP-based carbon textile composite
hybridized with MWNTs and f) zigzag folding approach for thick electrode. Comparison of rate capabilities of g) carbon textile composites electrode and slurry
casting electrodes and h) twofolds, onefold and unfold carbon textile composite electrodes. Reproduced with permission.*> Copyright 2021, John Wiley and Sons.

loading electrode. In practice, a series of niobium tungsten
oxides particles (Figure 5a Nb;gW5Os5 and b NbjgW14003) with
micrometer size were fabricated as high-tap-density electrodes,

Adv. Energy Mater. 2022, 2201834

which showed excellent rate performance due to the appropriate
host lattice allowing fast Li* ion solid-state diffusion.l*3l It was
noted that their electrochemical performance was illustrated by
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Table 1. The literature survey on the high-tap-density active materials for electrodes with high lithium storage performance.

Electrode structure Tap-density [gcm™]  I[mAgT,mAcm™? Cycles M, [mgcm™? C2[mAhcm™?  Refs.
Graphitic carbon-coated hollow TiO, nanospheres-assembled 5.4 1675 1000 237 4.9 [27]
microcluster
Yolk-shell Si/C nanobeads -b) 0.6 100 2.83 2.5 [28]
Red P/C nanocomposite 1 0.86 500 4.3 3 [30]
Si nanoparticle/carbon shell pomegranate microbeads mixed 0.4 0.7 100 3.12 (Si+Q) 3.1 [37]
with CNT
Nanostructured silicon secondary cluster 138 0.5 100 2.02 23 [29]
Fe,(MoOy); hollow hierarchical microsphere - 500 30 5 4 [24]
Micrometer-sized porous Fe;N/C bulk 1.03 50 85 6.2 2.96 [38]
100 200 7 2.59
CuO mesocrystal /[CNT - 0.39 400 1.947 1 [39]
LisTisOy, microspheres//LiNigsMn; 5O, 1.32 441 1000 3.5 0.37 [40]
Microsized porous Ge - 1 100 4.45 3.47 [41]
3, listed in the table represents the areal capacities after cyclic tests (the same below); ®“~" means the data is not provided in the paper (the same below); M, is

denoted as the value of mass loading from cited literatures.

studying large dense particles of the block with 3-10 um pri-
mary ones and 10-30 um agglomerates, which were prepared
via gram-scale solid-state synthesis. Given the high crystal-
linity structure and high-tap density of electrode, bulk niobium
tungsten oxides led to exceptional rate performance from 0.5 C
(171 mA g™ up to 100 C (Figure 5c), even high-rate cycling for
250 cycles at 10 C, followed by 750 cycles at 20 C. Compared
with state-of-the-art high-rate anode materials, those niobium
tungsten oxides bulk consisting of hierarchical particle agglom-
erates showed higher energy and power densities (Figure 5d).

Different from the intrinsic feature of bulk materials with
fast charge transport pathway, it is also an effective strategy
to artificially design composite structure with fast ion chan-
nels.?¥ By reasonable design of ligand replacement reac-
tion-mediated assembly, Kwon et al.** obtained LiFePO,
(LFP)-based carbon-textile composite cathode enabling both
high areal capacities and superior rate capability. Figure 5e
showed the schematic illustration of composite cathode tex-
tile, in which LFP nanoparticles were densely assembled
on the surface of amine-functionalized multiwalled carbon
nanotubes layer-by-layer without agglomerations or segrega-
tions, enhancing electron transfer at all interfaces. Compared
with slurry casting-based LFP electrode (Figure 5g), the tex-
tile-based composite electrode exhibited higher capacities at
various current densities, indicating that rational structure
design could obtain superior rate capability. Furthermore, due
to their flexibility, textile electrodes can be folded into zigzag
patterns (Figure 5f) to increase high areal mass loading which
is proportional to the number of folds. Based on the excel-
lent structural stability, folded textile electrodes delivered high
areal capacities of 5.7 mAh cm™ at 2 C (mass loading up to
45.9 mg cm™?) in Figure 5h.

Other similar microensembles have been reported to achieve
a high tap density (Table 1). Generally, compared to single
sized particles, mixed sized particles perform high-tap density
because of their closely topologic packing structure. Further-
more, some dense structures including intrinsic morphology
such as pomegranate-like or artificially composite structure
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such as core-shell and yolk-shell could also achieve high-tap
density. Common electrode structures and strategies to improve
the high-tap-density active materials are summarized as follows:

i) Pomegranate-like structure: Nanoscale active materials have
outstanding advantages in high specific capacity perfor-
mance; however, they should preferably be self-assembled
into larger-sized pomegranate-like clusters to reduce gaps
between nanoparticles, achieving maximum electrode den-
sity such as pomegranate-like microspheres obtained via
closely packing TiO,/C microclusters;i*®! Si nanoparticle/car-
bon shell that are arranged into pomegranate microbeads.*’!
Under such self-assembly strategy, these primary nanoparti-
cles (<100 nm) grow up to secondary microclusters (>1 um),
improving the arrangement of electrode structure, and thus
reducing porosity and increasing energy density.

i) Mixed-sized topology particles: Some classical structures
(e.g., yolk—shell and/or core—shell, etc.) are essentially com-
posed of particles with different sizes which are compounded
into a more density topology structure. A hollow shell plays
an important role in inhibiting the volume expansion of the
electrode and reducing electrochemical side reactions. There-
fore, some highly active materials could be properly filled in a
hollow shell to make full use of the interior space. For exam-
ple, a carbon-coated rigid SiO, outer shell confined with mul-
tiple Si nanoparticles (yolks) and CNTs with embedded Fe,03
nanoparticles (yolks) could achieve high tap density and high
areal capacity of 3.6 mAh cm2.1281

iii) Micrometer-sized block materials: Micrometer-size blocks
are usually larger than 2 um. And there are two main forms,
one consists of individual particles with inherent size, the
other is made of artificially fabricated larger blocks by me-
chanical rolling and/or ball milling nanoparticles. For ex-
ample, niobium tungsten oxides blocks (up to 30 um) show
high tap density due to the intrinsic high crystallinity.3% By
mechanical rolling, nanostructured Si@SiO, powders are
fabricated to secondary clusters with average size of about
4.4 um.?)
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Table 2. The literature survey on binder engineering for electrodes with high lithium storage performance.

Type Binder Electrode structure ITmAg™, mAcm™? Cycles M, [mg cm™?] C, [mAh cm™ Refs.
Interaction with Functionalized poly(ethylene  Si powder + Super P + binder 3000 600 0.3 0.3 [45]
active materials oxide)-based polyurethanes
Guar gum biopolymer ZnCo,0, microparticle + Super P 200 30 6.73 4.4 [44]
+ binder
PAA + isocyanate-terminated  Si powder + Super P + binder 600 150 1 3 [46]
polyurethane oligomers
Sodium carboxymethylcel-  LiNig 33Mng 33C0q 33, + Super C65 1.8 200 60 5 [43d]
lulose + polyacrylic acid + + binder
polyethylene oxide
Poly(acrylic acid) Microsized Si-C particles wrapped 50 100 3.2 3.2 [43a]
by graphene sheets + binder
Mechanical Self-healing polymer Self-healing polymer/carbon black 0.3 140 1.6 2.9 [47]
properties composite melted and coated on
slurry cast Si electrodes
Si powder and self-healing 4200 250 1.2 1.44 [48]
poly(ether-thioureas) with balanced
rigidity and softness
Trifunctional binder Si + partially lithiated hard poly- 1500 300 0.94 1.5 [49]
acrylic acid and soft Nafion
Self-healing ionomer  Low addition amount of self-healing =1500 100 6 2.15 [50]
ionomer Si/graphite + Super P +
carboxy methylcellulose + binder
Hard poly(furfuryl alcohol) Si powder + Super P + binder 100 50 4.9 5.7 [57]
skeleton interweaved with
soft polyvinyl alcohol filler
Peach gum + epichlorohydrin  Si powder + carboxyl groups + 500 110 1.99 3 [52]
network binder short-chain chemical crosslinker
Electronically PEDOT:PSS Si nanoparticle + binder - 100 1.5 23 [53]
conductive
CNTs interwoven in cellulose LiCoO, + binder 0.5 20 86 121 [55]
nanosheets
Binary network of conductive Si powder + conducting 1000 300 0.75 1.65 [55]
elastic polymer polymer + stretchable polymer
poly(ether-thioureas)
lonically conductive lon-type sulfonated LiFePO, + Super P + binder =60 200 9 13 [56]
polyimide
Lithium salt of carboxymethyl  Graphite powder + styrene buta- =170 50 10.5 3.16 [15]
cellulose diene rubber + binder
Poly(PEGMA-co-MMA-co-  Li,TisOy, + Super P + binder ~65 47 28 42 57]
IBVE) copolymer binder +
LiTFSI
Poly(PEGMA-co-MMA-co-  LiCoO, + carbon black + binder ~65 50 30 4.53 [58]

IBVE) copolymer binder +
LiTFSI

As shown in Table 1, most materials possess hierarchical
structures such as Fe,(MoO,); hollow hierarchical micro-
spheres,? micrometer-sized porous Fe,N/C bulk,3® as well as
artificial structure design, which can not only buffer the volume
changes in densely packed structures but also facilitate electro-
lyte infiltration to the inside of active material clusters. Those
works suggest that combining high-tap density with rationally
designed material structures represent an effective strategy to
achieve high mass loadings and areal capacities.
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3. Binder Approach

Binder is an essential part in electrodes owing to its role in
adhering active materials and binding them with conducting
agents and current collectors, which are particularly impor-
tant in electrode coatings with high mass loadings; devel-
oping novel binders is a promising option for enhancing the
mechanical stability and electrochemical performance of thick
electrodes (Table 2). To this end, the most common strategy is
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Figure 6. Interweaving 3-D binder network for high-areal-capacity electrodes. a) Schematic of the reversible cycling of silicon anodes in lithiated and
delithiated states enabled by the interweaving hard and soft binder network. b) Stress—strain curves obtained from tensile tests, indicating the high
stiffness of PFA and elasticity of PVA in the binder systems. c) Long-term cycling of the Si anode at 300 mA g™' using the proposed hard/soft polymer
binders. d) Cycling of Fe,O; anodes at 100 mA g™' based on similar binder systems, suggesting the universality of the strategy. Reproduced with per-
mission.P!l Copyright 2019, John Wiley and Sons. e) Schematic design of 3-D spatial distribution of Si-SHP/CB electrodes. f) SEM images of SHP/CB
binder infiltrating into the entire thickness of the Si layer. Reproduced with permission.l’l Copyright 2015, John Wiley and Sons.

to strengthen the interaction between binders and active mate-
rials. For example, functional binders like carboxymethyl cel-
lulose, poly(acrylic acid), and sodium alginate are frequently
used in silicon-based electrodes, rather than traditional PVDF
binders. The covalent and/or hydrogen bonding between the
carboxyl groups in these binders and the hydroxyl groups on
the silicon surface generally contributes to enhanced structural
integrity and thus higher cycling stability.*! Combined with
optimization on active materials structures, several reports
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based on these binders have achieved high mass loadings and
areal lithium storage performance.l¥! Similar approach has also
been applied in ZnCo,0, electrodes with guar gum biopolymer
as binder.[*

Designing binders with high intrinsic mechanical stabilities
is another way to achieve robust electrodes. Liu et al. designed
a 3-D interpenetrating binding network comprising both hard
and soft polymers to enhance the silicon electrode stability
(Figure 6a).°" The hard part is a poly(furfuryl alcohol) (PFA)
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skeleton with high stiffness for bearing the swelling and main-
taining the integrity of electrodes, and the soft part is polyvinyl
alcohol (PVA) fillers for buffering the large volume change of
silicon particles during lithiation/de-lithiation (Figure 6b). The
synergistic effect of two binder ingredients resulted in long-
term steady cycling of silicon anodes with a high mass loading
up to 1.82 mg cm? (Figure 6c). The proposed bi-network struc-
tured binders were also applied on other active materials like
Fe,03 to stabilize their electrochemical cycling (Figure 6d).
Recently, Chen et al. developed self-healing polymer binders
with high stretchability (up to =300% strain without breaking)
and viscous flow capability for silicon electrodes.”’! As shown
in Figure 6e,f, combining with carbon black, the self-healing
polymer composites (denoted as SHP/CB) were coated on the
Si electrode forming a top layer. Followed by repeatedly blading
under heating condition, the SHP/CB composite binders were
infiltrated into the entire thickness of the Si layer, forming a 3D
distribution maximizing the interaction between binders and
active materials inside the electrode. This new electrode design
promoted more effective self-healing, even after rupture, it
could recover internal conduction pathways and self-healing the
physical contact between silicon particles and binders, resulting
in high electrode integrity and cycling stability.

Besides the mechanical stability enhancement, endowing
electrodes with higher charge transport kinetics can also be
achieved by binders with high electron or lithium conduc-
tivities. For example, Higgins used the conducting polymer
PEDOT:PSS as binder and achieved a high electrical conduc-
tivity of 4.2 S cm ™! in silicon electrodes.”?!

In summary, lithium conductivities can be enhanced by
the incorporation of lithium salts in the binder systems such
as lithium Dbis(trifluoromethanesulfonyl)imide/polyethylene
glycol-based polymerst’># and lithium salt of carboxymethyl
cellulose.™ However, it should be pointed out that the polymer
binders used in electrodes are not always conductors, and a
considerable part of those polymers has low conductivity, which
inevitably impedes the charge transfer in the electrodes owing
to their insulating properties. Also, poorly conductive polymer
binders continue to be used in batteries because of their
attractive intrinsic mechanical properties, such as self-healing,
excellent stiffness etc. An emerging strategy, therefore, is that
combining highly conductive binders with excellent mechanical
stability polymers as composite binders to explore applications
in LIB.

In addition to electrical and mechanical properties of polymer
binders, the binding property of the polymer binders should be
preferentially prioritized. Generally, the binding capability of
polymer binders is governed by molecular interactions between
polymers. Due to the bond strength, the binding capability
could be divided into three categories: weak supramolecular
interaction, strong supramolecular interaction, and covalent
cross-linked.[%") Active materials with different storage Li mech-
anisms (insertion-type, conversion-type and alloying-type) need
to match rational polymer binders with different binding capa-
bility. For example, polymers with strong supramolecular inter-
actions (e.g., self-healing polymer) usually are used as a binder
for Si anode, which spontaneously recover the damage to the Si
anode due to the large volume change during cycling. Addition-
ally, during the slurry coating, the solid binders usually need to
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be dissolved in a liquid (e.g., deionized water or other organic
solvents) to mix well with active materials. It is also very impor-
tant to choose the appropriate liquid solvent according to the
solubleness of the solid polymer binders.

The aforementioned two methods including high-tap-density
active materials and novel binders are generally based on con-
ventional slurry casted electrodes, and thus are compatible with
current batteries production lines, which is one of its advan-
tages. However, in such configuration with active coatings
deposited on 2-D planar current collectors, the electrode thick-
ness increase inevitably results in more sluggish charge trans-
port and thereby limits its further performance improvement.
To enable well-maintained electrochemical kinetics in thick
electrodes, it is important to construct well-defined lithium and
electron transport pathways to achieve an electrode-level struc-
tural optimization, as discussed in the following sections.

4. Low-Tortuosity Thick Electrode

For conventional electrode configurations, the close packing
of nanoparticles generally leads to a tortuous pore structure,
which inevitably increases the distance of Li* ion diffusing
across the entire electrode, impeding the charge kinetics in
thick electrode. Therefore, the fast-charging capability at the
electrode level is still significantly plagued due to the random
stacking of nanoparticles. According to the effective ionic con-

.. . £ . .
ductivity Dg expression (D.g = —D, where ¢ is the porosity,
T

7 is the tortuosity, and D is the intrinsic ion conductivity),l°!
novel thick electrodes with low tortuosity and high porosity are
beneficial to improve ion transport rate capability. Following
this fundamental view point, we discuss two types struc-
ture designs in thick electrode, including layered electrode
configuration and vertically aligned structure. As shown in
Figure 7, conventional electrode configurations with high tor-
tuosity design generally impede the infiltration of electrolyte
and considerably increase the ion transfer distance, decreasing
the charge kinetics; To improve electrolyte permeability and
the ion transfer rate, utilization of novel electrode architec-
tures with low tortuosity structure have become a key principle
for thick electrode design. Following this fundamental view
point, we discuss two types of structure designs in thick elec-
trode, including layered electrode configuration and vertically
aligned structure.

4.1. Layered Electrode Configuration

Layered electrode configuration transforms single thick coating
into multiple thin coatings with each one attached with cur-
rent collectors, and thereby accelerates electron flow within
thick electrodes. The relevant researches are summarized in
Table 3. Folded electrode is a typical type of such configura-
tion. Cheng et al. first demonstrated using folding paper-based
electrodes to increase the areal energy density.®” As a proof-
of-concept, conventional LiCoO, and Li,TisO,, slurries were
deposited on carbon nanotube (CNT)-coated papers to prepare
cathodes and anodes, respectively. After folded to a compacted
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Figure 7. Comparison of ion transfer pathways in diverse electrodes. a) lllustration of ion transport distance arising from the increased thickness
of conventional electrode with high tortuosity. b) Illustration of rapid ion transport in novel thick electrode with low tortuosity. Reproduced with

permission.l®'l Copyright 2019, John Wiley and Sons.

stack with mass loadings increased to ~8.8 mg cm™?, the
assembled full cell achieved an improved areal capacity of
=1.3 mAh cm™? after 20 cycles. To further enhance the areal
lithium storage capability, researchers have developed folded
electrodes based on optimized nanostructures in-situ grown
on current collectors.®3] Wang et al. developed SnO, nanopar-
ticle-decorated reduced graphene oxide (rGO) composite films
and folded them to improve the electrode areal mass loadings
(Figure 8).1%%! Compared to the densely stacked thick film struc-
ture (film electrode), the fold electrodes exhibited faster electro-
chemical kinetics and structural stability (Figure 8a,b). First, a
fold electrode with the same thickness comprised many con-
tinuous thin film layer (Figure 8d) and the edges between the
adjacent two layers (Figure 8e) provided extra electron transport
pathways within whole electrodes. Together with the in-plane
transport, the total electron conductivity of electrodes was sig-
nificantly improved, as reflected in the resistance measurement
results (Figure 8c). The fold electrodes showed smaller resist-
ance increase with elevated areal mass loadings than that of the
film electrodes, and the resistance of the later was =4.1 times
higher than that of the fold electrodes at the same mass loading
of 5 mg cm™. Second, the voids between the two layers not only
facilitated the infiltration of electrolyte and prompted ion dif-
fusion, but also served as buffering space to accommodate the
volume expansion of active materials during charge/discharge
and thereby improve cycling stability.®}] As a result, the fold
electrodes with a mass loading up to 5 mg cm™2 achieved a high
areal capacity of 3.67 mAh cm™ at the 100 cycle.

Folded electrode technique is a promising strategy to manu-
facture high-areal-capacity thick electrode. Currently, an elec-
trode assembly having a cathode/separator/anode structure
to form a secondary battery may be broadly classified into a
jelly-roll (winding type) assembly and a stack (laminate type)
assembly, in terms of structure thereof. In our opinion, we
might draw an analogy between folded technique and winding
technique such as winding electrode in the cylindrical cell
according to the manufacturing process. Both have a jelly-roll
form. Therefore, the folded electrode technology has the poten-
tial for rapid mass industrial production using equipment that
processes winding electrodes. Following this strategy, the folded
electrode technology will demonstrate significant cost advan-
tages. Moreover, different the detachment of the electrode and
low space utility of active material (due to the lower volumetric
ratio of active materials) occurred on the winding electrode,
the folded electrode would exhibit higher space utility, in other
word, higher volumetric energy density. In the folded electrode
systems, the active materials can reach a higher volumetric ratio
because there are no excess current collectors. Additionally, the
folded electrodes need to be fabricated with low-tortuosity archi-
tecture which can address some electrochemical issues existed
in thick electrode.

To further improve the ion transport kinetics, layer-by-layer
configuration using porous current collectors are developed,®
which can well retain electrolyte in the network structured
electrodes. For example, Zheng et al. sandwiched LiCoO,
between two carbon cloth to fabricate a nonplanar LIB cathode,

Table 3. The literature survey on the layered electrode configurations for high lithium storage performance.

Electrode structure I[mA g™, mAcm Cycles M, [mg cm™] C,[mAhcm™?  Refs.
CuO nanorods on folded Cu foil - 100 12.6 (CuO) 5.32 [63a]
LisTisO5, and SnO, multilayered hetero-architectures 400 300 3.2 - [65]
Folded SnO,/graphene films 17 500 5 2.53 [63b]
LiCoO; or Li,TisO; slurries cast on folded CNT/PVDF-coated papers 25 20 =8.8 (LiCoO, or LisTisOp) 1.32 [62]
Stacked Ge nanowire/Cu nanowire/cross-linked poly(acrylic acid)-carboxy- 0.05 50 8.5 (Ge) 6 [64b]
methylcellulose sodium salt laminate 0.05 33 14.8 (Ge) 7

Carbon cloth/LiCoO, + ketjen black carbon/carbon cloth 3 35 71 (LiCoO,) 9 [64a]

2 Capacities for the full cells (the same below).
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Figure 8. Layered configuration enables faster charge transport in thick electrodes. Schematic of the electrochemical behaviors in a) film electrodes
and b) fold electrodes. c) Ratio (R/Ry) of electrode resistance (R) to the Film 1 resistance (Ry) for the film and fold structures with different mass load-
ings. Resistance is measured between the top and bottom of the electrodes as shown in the inset. For the naming rule of samples, for example, Film

3 means the film electrode with an areal mass loading of 3 mg cm™ and Film 5 means the fold electrode with an areal mass loading of 5 mg cm™.

2

d) SEM image of the cross section of the fold electrode composed of continuous fold layers. e) SEM image of the fold between the two adjacent layers.
Reproduced with permission.[®"l Copyright 2018, American Chemical Society.

exhibiting a high mass loading of 71 mg cm™ and areal capacity
up to =9 mAh cm2.[64]

As shown, layered configuration provides an effective way
to enhance the electron conductivity of thick electrodes, and
thereby enables higher mass loadings and areal capacities.
Besides, many of them have no strict requirements on active
materials, and thus can be applicable for a large range of mate-
rials. One thing to note is that the interaction of active mate-
rials and conductive current collectors in such configuration is
essentially a 2-D mode parallel to the electrode plane, and the
charge transport kinetics enhancement may be limited in the
vertical dimension. Transforming the parallel mode into a verti-
cally aligned electrode configuration can help resolve this issue
and further improve the performance.

4.2. Vertically Aligned Structure

The effective ion diffusivity (D.q) in porous electrodes can be
. €

calculated by the equation: D = Dy—, where € and 7 corre-
T

spond to the porosity and tortuosity of electrodes, respectively,
and D, represents the intrinsic lithium diffusion coefficient
in electrolyte.l® As shown, D.g is inversely proportional to 7.
Thus, constructing structures with vertically aligned channels
to reduce the tortuosity of an electrode can effectively prompt
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ion transport within the porous electrodes, and thereby enhance
the electrochemical performance. The relevant researches are
summarized in Table 4.

Applying a magnetic field to magnetic active materials is
an innovative way for tuning their orientation in electrodes
and fabricating such aligned structures. By coating Fe;O,
nanoparticles on graphite flakes and rotating magnetic field
oriented perpendicularly to the current collector surface
during slurry casting process, Billaud et al. fabricated an out-
of-plane aligned graphite electrode architecture for faster ion
diffusion within electrodes (Figure 9a).l”] Compared with the
electrodes with random graphite orientation, the aligned elec-
trodes showed a decreased tortuosity by a factor of four, which
translated to an capacity improvement of =40%, at a loading
of 9.1 mg graphite cm™2.

Using a template with pre-existing vertical channels is also
an effective approach to constructing aligned structures. Wood
materials have intrinsically aligned pores along its growth
direction, together with its high availability, low cost and
renewability, making it a promising template for making such
structures. For example, by sol-gel and calcination process, Lu
et al. duplicated the microchannels of woods into thick LiCoO,
cathode, which exhibited a tortuosity 1.5 times lower and
lithium ion conductivity 2 times higher than that of the LiCoO,-
randomly distributed electrodes (Figure 9b).) As a result, a
significantly improved areal capacity of 24.5 mAh cm™ was
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Table 4. The literature survey on aligned electrode structures for high lithium storage performance.
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Type Electrode structure IImAg", mAcm? Cycles M,[mgem?  C,[mAhcm™?  Refs.
Magnetic Magnetically aligned Fe;O,-modified graphite flakes =150 50 9.1 0.93 [67]
Wood-templating  LiFePOy slurry in carbonized natural wood with vertically aligned channels 2 140 60 (LiFePO,) 3.8 [68]
Freestanding bulk LiCoO, cathode with vertically aligned channels using =5 - 206 24.5 [69]
wood as template =40 30 206 12.9
Ice-templating MoS; nanoflakes on vertically aligned carbon aerogel 5000 1000 16 (MoS,) 9.81 [70]
Copolymer aligned structure of NMCgy; secondary particle =35 50 50 8.84 [71]
LiFey;Mng3PO4 nanoplates on 3-D graphene frameworks with aligned 2.46 500 21.2 1.77 [72]

vertical channels

attained at an ultra-high areal mass loading of 206 mg cm™.
In the future studies, a simpler and controllable process is
required to obtain the wood templates, as the pre-treatment of
natural wood to obtaining a clean aligned porous network is
usually a complex work for now."

Freeze-casting is another method to template the pore struc-
tures in materials. By nucleating and growing ice crystals along
the temperature gradient from one side of precursor, followed by
a freeze-drying process, anisotropic pore channels in a replica of
the sublimated ice crystals are formed in the products (Figure 9c).

In ice-templating process, the final structures can be flexibly con-
trolled by various parameters like concentration, cooling speed,
etc.””! to tune the ion transport behaviors in electrodes. Fol-
lowing this approach, vertically aligned graphene frameworks
and carbon aerogels have been fabricated to load LiFey;Mn, 3P0,
nanoplates’ and MoS, nanoflakes,”” respectively, to achieve
high-areal-mass loading LIB electrodes. Note that, ascribed to
the introduction of water, freeze-casting may not be suitable for
the water-sensitive materials, such as part of LIB cathodes like
LiCoO, and NMC.

a Flakes alignment during electrode casting

Wood template

Sol -gel
Vacuum assisted
infusion

(2]

Wood with gel infused

. Calcination .

LCO electrode

j——————— Solidification —— =i

radient

Thermal

reezing substrate
(a) Suspension

(b) Propagation (c) Accumulation (d) Incorporation (e) Sublimation

{1 Densiﬁcatioﬁ

Figure 9. Aligned structure with low tortuosity for thick electrode designs. a) Schematic of the fabrication of magnetically aligned graphite electrodes.
Reproduced with permission.l”) Copyright 2016, Springer Nature. b) Schematic of the fabrication of the LiCoO, electrodes with vertically aligned chan-
nels using wood templates. Reproduced with permission.®l Copyright 2017, John Wiley and Sons. c) Schematic of freeze-casting approach for forming
aligned pore structures. Reproduced with permission.”3l Copyright 2018, Elsevier.
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Table 5. The literature survey on constructing percolating conductive network to composite with active materials for high lithium storage performance.

Type Electrode structure I[mAg™, mAcm™ Cycles M,[mgcm™? C,[mAhcm™? Refs.
Segregated network composite of CNT with Si and LiNig sMng;Coq 0, particles 0.54 2 14.3 45 [76]
0.8 10 156 29
Micrometer-size bulk-porous Si/carbonized polyacrylonitrile composites 200 50 1.6 3 [79]
Si nanoparticle/carbon shell pomegranate microbeads mixed with CNT 0.7 100 3.12 (Si+Q) 3.1 [37]
Mesoporous Li3V,(PO,); interweaved with CNT nest 1000 200 8.4 (Li3V,(POy)s) 0.76 [80]
Intertwined ultrathin H,V;05 nanoribbons and self-coiled 4000 1000 3.1 0.51 [81]
nanoscrolls/CNT film 0.91 - 13 2.7
LiCoO,/CNT paper coated with Al,03 155 - 40 (LiCoO,) 5.6 [82]
LiFePO, particles distributed within 3-D polyacrylonitrile nanofiber framework 0.2 50 78.9 1.5 [83]
interlaced with CNT
Physical mixing Carbon fiber percolation network with LiCoO, or graphite microparticles sup- - - - 19.8 [Ma]
with carbon fiber ported on a pierced and serrated current collector 24.1
Physical mixing MoS, microparticles/rGO film 100 200 8.2 2.8 [84]
with graphene
H,V30g nanobelts/reduced graphene oxide percolation network 100 50 83 1.45 [85]
TiO; nanoparticles/CNT/graphene sheet film 0.05 100 3.79 (TiOy) 0.81 [86]
ZnO nanomembrane within carbon foam 250 100 7.78 (ZnO) 3.42 [87]
2000 100 7.78 (ZnO) 2.02
Slurry infiltration in LiFePO, slurry in NiCrAl foams Charge =65, 20 47.5 (LiFePOy) 5.2 [88]
porous substrate discharge =130 20 77 (LiFePO,) 4.4
LiFePO, slurry in NiCrAl foams with different cell sizes 1 50 56.3 (LiFePO,) 9 [89]
LiCoO, or graphite slurry in Al or Cu foam 0.38 - 138 (LiCoO,) 16.7% [90]
55 (graphite)
LisTisOy; or LiFePO, slurry in the CNT-polyester textile =18 350 145 (LigTisOp) =21.7 [97]
- — 168 (LiFePOy) -
LisTisOy; or LiCoO, + rGO + PTFE binder slurry, roll-pressed with carbon fabric =70 100 =7.5 (LigTisO5y) 1.09 [92]
=35 100 =7.5 (LiCoO,) 1.02
FeOF /TiO; hetero-nanostructures within CNT sponges 100 100 8.7 1.48 [93]
Reticulate dual-nanowire aerogel composed of FeS, nanowires and carbon 500 100 14.4 10 [94]
nanotubes
Electrophoretic deposition of LiFePO, onto 3-D carbon fiber cloth =17 100 20 (LiFePO,) 2 [95]
Electrospun Electrospun Si nanoparticle/carbon black/poly(acrylic acid) fiber mate =300 50 3.49 3.1 [96]
Electrospun TiO,/carbon nanoparticles/poly(acrylic acid) fiber mat =33.5 - 54.1 3.9 [97]
=335 - 54.1 2.5

For the templating method, an important but often ignored
part is the structural stability of the formed aligned network
under high vertical pressure. It can be a potential problem in
both wood-templated structures due to the generally limited
mechanical strength of carbon materials, and ice-templated
structures with weak interaction among active materials, and
thus requires further studies. On the other side, replacing the
2-D structure (either vertical or parallel) with a 3-D network
configuration is a promising strategy to enhance the electrode
kinetics and electrochemical performance.

5. Introducing 3-D Porous Conductive Network

Incorporation of active materials with a 3-D porous conduc-
tive network enlarges the contact area of current collector/
active materials/electrolyte interfaces, enabling faster electron
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transport and shortening ions diffusion pathways.*4 As
a result, the decreased cell polarization contributes to an
improved capacity and cycling stability. The built-in host frame-
work also promotes the mechanical properties of electrodes and
contributes to more stable battery performance.

Following this approach, introducing a secondary percolating
network is a simple way to construct the 3-D porous conduc-
tive matrix (Table 5). It is a physical process in most of cases
and applicable for a variety of materials. Due to the relatively
low cost and reasonable electron conductivity, carbon black par-
ticles are used to form the conductive percolating network in
traditional slurry-casted electrode coatings. However, the con-
tact among different carbon black particles or between active
materials and carbon black is generally in point-to-point form
which is area-limited and unstable. It leads to low and inho-
mogeneous electron conductivity and thus limits the elec-
trochemical performance, especially for thick electrodes.®!
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Constructing carbon/active materials hybrid nanostructures
can transform the high-impedance contact between active
materials and carbon black to the carbon-carbon contact with
relatively lower impedance, and thereby improve the electron
transport within the electrodes.?*354b<7] Kuang et al. devel-
oped another strategy to enhance the performance.’® They
innovatively constructed a conductive network of carbon black
particles by electrostatic assembly of neutral carbon black par-
ticles on negatively charged cellulose nanofibers. The decou-
pled electron and ion transport pathways enabled a high areal
capacity of 8.8 mAh cm™2 at mass loading up to 60 mg cm™2.

For the inferior electron conductivity in electrodes with
carbon black particles as conductive agents, the root cause is
their 0-D structure-induced short-range, discontinuous and
unstable electron transport in electrodes. Constructing an inter-
twined network based on 1-D or 2-D carbon additives subunits,
which has a lower electrical percolation threshold due to longer
electron transport along certain dimensions, can significantly
improve the performance.

To this end, it is a common approach of physically mixing
active materials with 1-D or 2-D carbon additives followed
by slurry casting or vacuum filtration. Park et al. proposed
high-areal-capacity thick battery electrodes enabled by CNT
segregated network/active material microparticles composites
(Figure 10a).7 As a typical example of such hybrid structure
(Figure 10b,c), after simply physical mixing, micro silicon par-
ticles (u-Si) were wrapped by membranes composed of entan-
gled CNT bundles/ropes and formed the u-Si/CNT electrodes.
Compared with traditional slurry based on polymeric binders
and carbon black additives, which could easily form cracks
after drying for thick electrodes, the segregated CNT network
resulted in a larger cracking thickness (CCT) and more robust
electrode due to its significantly enhanced mechanical tough-
ness (Figure 10d). Together with the highly conductive 3-D
CNT matrix, the silicon and NMC-based composite electrodes
achieved mass loadings up to 14.3 and 156 mg cm™2, leading
to ultra-high areal capacities of =45 and 29 mAh cm™2, respec-
tively (Figure 10e). Other similar structures using 1-D carbon
fibers or 2-D graphene to construct percolating framework have
also been reported, such as LiCoO,/carbon fiber supported on
pierced and serrated current collectors!"?l and MoS, microparti-
cles/rGO composite films.’4

Physically mixing active materials and conductive additives
is an easy method to construct 3-D hybrid network. How-
ever, its mechanical stability may remain a problem due to
the weak physical interaction among the subunits of the net-
work, which could be broken or collapse under external forces
during the manufacturing process (Figure 2b). Making hybrids
based on pre-existing 3-D porous substrates is a promising
way to enhance the mechanical properties of the electrodes.
The simplest way is direct slurry interpenetration in carbon
matrix 92 or metal foams.[¥8-2%l But it still requires binders
to make slurries, which may increase the portion of inac-
tive components and also block electron conduction in elec-
trodes. Directly growing or depositing active materials within
the networkl® 3% is an alternative approach. For example,
by growing FeS, nanowires within carbon nanotube sponges
via a solvothermal method, our group fabricated a reticulate
FeS,/CNT dual-nanowire aerogel as a free-standing LIB anode,
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which yielded a high areal capacity of 10.0 mAh cm™ at a mass
loading of 14.4 mg cm™2 after 100 cycles.*

Electrospinning is another method for constructing 3-D
porous network structure with high mass loadings. Different
from casted monolithic 2-D coatings in conventional electrodes,
the slurry (e.g., Si nanoparticle/carbon black/PAAP® and TiO,/
carbon nanoparticles/PAAI”’)) is electrospun to a fiber mat com-
posed of continuous nanofibers and controlling the substrate
movement enables geometry tuning of the formed network.
By confining materials in a single long fiber, the intact contact
between active materials and conductive matrix prompts the
electron conductivity in both radial and axial directions of the
fiber. Besides, the intra- and interfiber void space in the mat
facilitates the infiltration of electrolyte and shorten the ion dif
fusion pathways. As a result, the charge transport throughout
the whole electrodes is significantly improved. Besides, the
electrospinning technique is a relatively universal fabrication
method applicable for diverse types of active materials, due to its
low requirement on the precursor—even conventional electrode
slurry is qualified. However, the low throughput is hindering the
commercialization of electrospinning mat electrodes for now.

In the percolating network electrodes, the active materials
and conductive skeletons generally interact in a physical point-
to-point/line/plane way, leading to a relatively higher electrical
impedance. In addition, the surfaces of the conductive matrix
do not get full contact with the materials, resulting in a lower
utilization of such matrix. In situ growing nanostructures on
3-D substrate have been extensively studied to mitigate these
issues and further improve the electrochemical kinetics in the
thick electrodes (Table 6). In addition to the general advantages,
the in-situ composition of active materials and substrates in this
case endows electrodes more functionalities (Figure 11). First,
the conductive 3-D substrate plays a role of current collector,
conductive agents and binder at the same time, decreasing the
amount of inactive components in electrodes as much as pos-
sible. Second, the in situ growth results in more closed and
stable contact between active materials and conductive sub-
strate, enabling faster and more durable electron transport.
Third, the growth usually occurs on a single subunit like a
nanotube or nanosheet, which can notably increase the utiliza-
tion of the inside network of substrate and raise the loadings of
active materials; meanwhile, the resultant hybrids can inherit
the original porous structure of the substrates which efficiently
facilitates the ion transport within electrodes.

Porous metal such as nickel foams,*1% copper foams,
and dealloyed nanoporous metalsl'™ have been investigated
as substrates to load active materials. For example, Li et al.
deposited NiO nanoflowers on NiO interlayer-coated nickel
foam to form a 3-D NiO@NiO/nickel network, and achieved
a high areal capacity of 1.45 mAh cm™ at 1.2 mA cm™? after
100 cycles.'3] The high intrinsic electron conductivity of metal
facilitated the electron transport within thick electrodes and
their high mechanical strength enabled a well-maintained
framework during cycling. Nevertheless, there are also issues
associated with the use of metal substrates. First, its relatively
high density leads to an increased inactive weight in elec-
trodes and could reduce the total energy density at cell level.
Besides, the metal burrs may pierce the separator especially
under high pressure during cell assembly, which may cause

[102)
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Figure 10. Segregated carbon nanotube network enables high-areal-capacity electrodes. a) Schematic of the electrode composition of segregated CNT
network and active material microparticles (W-AMs). b,c) SEM images of the silicon microparticles (U-Si)/CNT composite anode. d) Photographs of
the thick silicon and NMC electrodes based on traditional active material-polymeric binder-carbon black additives composition (left) and the proposed
hybrid network structured electrodes (right). PAA and CB represent polyacrylic acid and carbon black, respectively. T represents the thickness of the
electrode coating. e) Areal capacities of the proposed electrodes based on composites of 2 um Si microparticles with 7.5 wt% CNT addition (2 um
Si/7.5wt% CNT) and LiNiggMng1Coq10, (NMC811) microparticles with 0.5 wt% CNT addition (NMC/0.5wt% CNT), at different areal mass loadings.

Reproduced with permission.’8l Copyright 2019, Springer Nature.

safety risks. Metal materials like Al and Cu also suffer from cor-
rosion caused by organic electrolytes containing LiPF¢ during
cycling.,®? affecting the durability of the metal substrates. One
way to resolve these issues is to replace metal substrates by
lighter, softer, and chemically inert carbon materials.

Porous carbon network composed of 1-D subunit like carbon
nanotube and carbon fiber is a promising candidate. Such
1-D subunits act as relatively long-range electron conductors
and porosity enhancers due to their linear shapes distributed
in the electrodes,'”! which enables high electron conduc-
tivity and generates enough pores for electrolyte infiltration

Adv. Energy Mater. 2022, 2201834
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even at highly compacted state. Attributed to the large surface
area, high intrinsic conductivity, good flexibility and low den-
sity, carbon nanotube (CNT) has been used as substrate to
load active materials, such as V,05 and Sil'%! nanoshells.
Compared with CNT, carbon fibers have relatively lower cost
and large-scale production capability, and thus have also been
investigated extensively for coating various materials, including
metal oxides,%11213] gylfides,! vanadates,! etc. to achieve
high mass loadings.

In addition to the carbon network assembled by 1-D subu-
nits like CNTs or carbon fibers, graphene-based 2-D structures
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Table 6. The literature survey on the in situ grown nanostructures on 3-D porous and conductive substrates for high lithium storage performance.

Substrate type Electrode structure IImAgT, mAcm? Cycles M, [mg cm™2] C,[mAhcm™?]  Refs.
Metal-based Cus3P-Ni,P-NiO heterogenous coated on Ni foam 1 100 - 3 [99]
3D bicontinuous nanostructured polyimide-based nanoparticles/Ni 15 000 250 - - [100]
3-D nanoporous network composed of NiCuMn@oxide core@shell 1 100 6.9 (NiCuMn oxide) 6.1 fo1]
structures with oxygen vacancies and Cu doping supported by an
intercalary Cu film
FeO, porous nanoblocks array on Cu foam 0.25 50 2.5 (FeO,) 3.33 [102]
Outer few-layer NiO nanoflowers@medial NiO layer@Ni foam 1.2 100 - 1.45 [103]
Thick mesoporous Co;0, nanosheet on Ni foam 0.74 30 4.15 (Co304) 4.39 [104]
CNT based Carbon-encapsulated Fe;O, nanospheres anchored on CNT network 4 500 0.8 0.32 [99]
CNT sponge grafted with Co304 nanoparticles 200 30 14.3 12 [105]
Silicon-CNT coaxial sponge =840 50 8 8.8 [106]
CNT/V,05 core/shell sponge 1.1 100 =3.8 (V,05) 2.66 [107]
LiMn,0,@C grown on CNT =100 1000 2 0.1 [108]
Carbon fiber-based LiMn,O,@C grown on carbon nanofiber =100 1000 2 0.18 [108]
Carbon fiber cloth coated with exfoliated porous N-doped carbon 3 250 10.58 2.91 [109]
fiber, NiO nanosheets, and carbon quantum dots
Mn,V,0; nanobelts@carbon cloth 200 50 3.5 4.04 0]
Co3V,04 nanobranch@carbon cloth 5.87
Cu;V,0g nanoparticle@carbon cloth 3.57
Ni3V,0g nanoparticle@carbon 4.76
MoS; nanoflakes grown on the twine carbon fibers of the carbonized 2.5 35 4.4 (MoS,) 5.2 [
cotton cloth
VO, nanobelt arrays on carbon fiber cloth 100 100 5.2 (VO,) 0.72 maz]
V,05 nanosheet arrays on polydopamine-decorated carbon cloth 300 100 2.1 (V,05) 0.25 m3]
Graphene based Si particle wrapped in multiple graphene shells 1000 200 4 =0.5 4]
MoS,/carbon hybrids on graphene foam 100 100 12 7.21 msj
100 100 3 1.79
Fe,O; nanowires on graphene ribbons 500 100 4 4.24 [me]
2000 1000 4 2.72
5000 3000 4 1.68
3-D holey graphene frameworks 8 2000 4 5 mz
SnO, microparticles/3-D holey graphene frameworks 2.4 400 12 9.5 me
SnO, nanoparticles/3-D holey graphene frameworks 500 1000 4 2.9 M9
2000 2000 4 23
Holey Fe,0; nanosheets grown on the holey rGO nanosheets 200 120 31 4.65 120]
5000 1600 31 3.1
Nb,Os@3-D holey-graphene framework composites 0.5 - 22 3.9 n21]
2000 10 000 6 1
Other carbon-based Red P wrapped in an engineered carbon host 16 700 1000 =1 =0.5 [122]
Ge nanoparticles encapsulated in a 3-D double N-doped ultrathin =16 100 10 77 23]
graphite/void/ultrathin graphite tube network
Ordered mesoporous TiO,/carbon hybrids 25 55 26.4 4 [124]

are also promising substrates to load active materials. Such
2-D substrate generally shows a high in-plane electron conduc-
tivity and can facilitate electron transport in this dimension.
Furthermore, compared to the 1-D structure with cylindrical
surface, the relatively flat 2-D plane allows higher loading of
active materials and is adaptive to different types of nanostruc-
tures. However, large 2-D sheets tend to form compact stack
structures and affect the ion diffusion within the electrodes,
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especially at large mass loadings under high pressure. Ke et al.
found that a higher content of graphene additives prolongs the
ion diffusion pathways in thick LiFePO, electrodes and results
in poorer electrochemical performance than those with 0-D
Super P additives.[2%]

To circumvent the problem, researchers have developed
graphene ribbons® with decreased 2-D dimension sizes,
holey graphene with engineered in-plane pores,'®121 and
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Figure T11. Schematic of the concept of in-situ growing active materials on 3-D porous conductive substrate for enhancing areal lithium storage per-
formance. a) Illustration of the in-situ growing process to fabricate a 3-D network structured hybrid electrode. b) Rapid electron transport through the
conductive skeleton and shortened ion diffusion pathways in the porous electrodes.

macroporous graphene network!"! as substrate to avoid forming
densely stacked sheets. For example, Sun et al. developed 3-D
holey-graphene/Nb,Os composite architectures to enhance the
charge transport rate at high mass loadings (Figure 12a).2!l By
etching graphene sheets (Figure 12b) to introduce micro- and
mesopores (Figure 12¢), together with the deposition of Nb,Os

(Figure 12d) and a self-assembly process to form macro-pores,
a free-standing hybrid foam (Nb,Os/HGF) consisting of hierar-
chical porous structures (Figure 12e) was developed. Compared
with the bare Nb,Os-graphene composites (Nb,Os/G) without
the hierarchical pores, the Nb,Os/HGF structure exhibited sig-
nificantly improved ion diffusion throughout the whole electrode

aD Nbgf.'),!HGF Nb,0s/G riomposite
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Figure 12. Holey graphene network enables high-areal-capacity lithium storage. a) Schematic of ion diffusion in 3-D Nb,Os/HGF and Nb,0Os/G
composite electrodes. SEM images of b) the pristine graphene (GF) sheets, c) holey graphene (HGF) sheets, d) Nb,Os nanoparticles decorated
graphene, and e) 3-D porous Nb,Os/HGF framework with the inset photo of the free-standing monolithic hybrid foam. Voltage profiles of f) the
3-D Nb,Os/HGF and g) Nb,Os/G electrodes with areal mass loadings of 1, 6, and 11 mg cm™2, at a rate of 10 C. h) The relationship between areal
capacities and mass loadings at different rates. HGF-2.0 represents the holey graphene framework prepared by H,0, etching for 2.0 h. Reproduced
with permission.l!l Copyright 2017, American Association for the Advancement of Science.
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Figure 13. Compressible CNT@ Co;0, sponges for high-areal-capacity lithium storage. a) Schematic illustration of the fabrication process of the CNT@
Co;0, sponge electrodes and compaction for cell assembly. SEM images of the CNT@Co;0, sponges at different compressive strains of b) £ =0,
) 10%, d) 60%, and e) 90%. f) Stress—strain curves of the hybrid sponges (at compressive strain €= 50% and 91.5%). g) Areal capacities of the hybrid
sponge electrodes with different areal mass loadings at 200 mA g~'. Reproduced with permission.'*] Copyright 2018, John Wiley and Sons.

architecture (Figure 12a). As a result, the gravimetric capacity
of Nb,Os/HGF still maintained at 139 mAh g! at a loading of
11 mg cm™2, only 7% less than that at 1 mg cm~2 (Figure 12f).
While for Nb,Os/G, the capacity decreased drastically from
85 to 25 mAh g (Figure 12g). With the mass loading further
pushed to 22 mg cm? in thicker electrode, an areal capacity as
high as 3.9 mAh cm™ was attained (Figure 12h). The impressive
performance demonstrated in the Nb,Os/HGF composite elec-
trodes showed that in-situ depositing active materials in a holey
graphene framework with a hierarchical porous structure were
effective strategy to improve the areal lithium storage capability.
Other carbon networks, like double-walled ultrathin graphite
tube-assembled scaffold!'?¥! and block copolymer-templated con-
tinuous carbon matrix!?4 have also been developed as substrates.

As shown in the above discussion, in situ growing nanostruc-
tures of active materials on 3-D porous metal or carbon sub-
strates represent an effective approach to enhancing the mass
loadings and areal lithium storage performance. And in prac-
tice, the stability of the constructed network is very important

Adv. Energy Mater. 2022, 2201834

2201834 (20 of 39)

to make sure the advantages of the proposed structures can be
inherited after cell assembly and during battery operation. Our
group has reported a high-areal-capacity LIB anode!'®® based on
compressible CNT@Co30, sponges. The composite contained
Co30, nanoparticles uniformly grafted on 3-D porous CNT skel-
etons fabricated by a hydrothermal process (Figure 13a). The
hybrid network inherited the compressibility of the CNT sub-
strate and could be compacted to a thin film for cell assembly,
which allows us to use thick sponges to increase the electrode
mass loadings. The SEM images (Figure 13b—e) of the hybrid
network at increasing compression degrees indicated that the
3-D porous network and the coating structure were well-main-
tained during the densification process, which was significant
for the electron and ion transport in the compacted electrodes
with high loadings. The stress-strain curves (Figure 13f) show
that the structure can sustain up to 91.5% compressive strain
(corresponding to a densification ratio ~11.7) and recover after
releasing loads, further indicating the highly stable networked
structure of the sponge. Owing to the robust hybrid network
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Table 7. The literature survey on the novel manufacturing techniques for electrodes with high lithium storage performance.

Technique Electrode structure ImAg", mAcm™? Cycles M,[mgcm™? C,[mAhcm™? Refs.
Immersion precipitation Freestanding LisTisO1,/Super P/PVDF electrode 175 - 24 37 [20]
175 100 14 1.95
UV curing LiNig sMng 3Cog ,0,/carbon black/radiation curable binder (acrylated - - 25 4 [127]
polyurethane resin)/carboxymethyl cellulose
Powder extrusion Additive-free Li,TisOy, and LiFePO, electrodes =~14.2 10 110 mna [128]
molding =14.2 6 90 1
Li,TisO1,/C pellets 7.3 20 138 15.2 [129]
Cold-pressing Ti3C, and Nb,C pellets 30 50 50 5.9 [130]
6.7
Spark plasma sintering  Thick porous LiFePO,/C or Li TisO;,/C composite electrodes using =8.5 20 =150 21 [137]
NaCl microsize particles as template =8.5 15 =150 18
3-D printing Printing ink: LiFePO, + acetylene black + CNT + PVDF-HFP in NMP - 17 50 7.5 [132]
Printing ink: LiFePO, or Li,TisOy, + Ketjenblack carbon + 1 m LiTFSI/ 0.2 46 108 (LiFePO,) =10.52) [133]
propylene carbonate solution + PVP
Printing ink: LiFePO, + CNT + CMC in water 1.088 100 32 5.05 [134]
Printing ink: FeOy coated LiMn, sNig 5O, particles + carbon black + =20 100 25 2.1 [135]
PVDF in NMP
Printing ink: silver nanowires + graphene + Li TisO;; in water 1.06 50 30 4.61 [136]
Laser structuring Laser-structured line patterns on electrodes - - 54.7 9 [137]
Laser-structured line patterns on electrodes =18 5 4.1 5.34 138]

prompting electrochemical kinetics, the electrode mass load-
ings and areal capacities can be lifted stepwise by using thicker
sponges (Figure 13g). And finally, a high areal capacity of
12.0 mAh cm™? was achieved, about three times that of the
conventional graphite anodes.

6. Novel Manufacturing Techniques for Thick
and Porous Electrodes

The abovementioned approaches mainly focus on the material-
level optimization to improve the electrode mass loading and
areal capacities. The rapidly developing manufacturing technol-
ogies have provided new tools for engineering thick electrodes
to improve their mechanical and electrochemical properties
(Table 7).

The solvent evaporation in traditional electrode manufac-
turing is a main cause of cracking and delamination problems
in thick electrodes (Figure 2a). Developing other methods to
solidify binders in slurries, such as immersion precipitation!?”!
and electron beam curing,'?’! can avoid the drying process
and accompanying problems. Besides, electrode fabrication
can directly start from powders without involving liquid slur-
ries by cold-pressing!®” and powder extrusion molding.[?812°]
Although the mechanical properties are enhanced by these new
fabrication routes, the electrochemical kinetics issues in the
resultant 2-D thick electrodes remain problematic."¥ Intro-
ducing extra pores during manufacturing to construct a 3-D
porous network in the coatings can facilitate the electrolyte
infiltration, buffer the volume changes of active materials and
thereby promote the electrode performance. For example, by
forming dense active materials/NaCl composite pellets using
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spark plasma sintering technique followed by leaching of NaCl
in water, Elango et al. fabricated thick porous LiFePO, cathodes
and Li Ti50;, anodes (=1 mm thick) with ultrahigh mass load-
ings of 150 mg cm2 (Figure 14a).*1l The large porosity (40%)
and uniformly distributed pores throughout the bulk elec-
trodes enabled faster lithium diffusion (Figure 14b). As result,
the assembled full cells based on the thick electrodes exhibited
high areal capacities >18 mAh cm™ (Figure 14c).

3-D printing has attracted increasing attention from bat-
tery community. By extruding inks containing active mate-
rials to substrates layer by layer, a 3-D porous object based on
a computer-aid design model can be created. It shows excel-
lent process flexibility and geometry controllability, and
can easily create porous structures for high-areal-mass-loading
electrodes. The high movement accuracy also makes it suitable
for microdevices like on-chip integration of thin film batteries.
Wang et al. achieved free-standing 3-D LiFePO, structures as
LIB cathodes by printing the ink composed of commercial
LiFePO, nanoparticles, acetylene black and CNT dispersed in
NMP, followed by a water coagulation bath and freeze-drying
process (Figure 14d).132 Electrodes with three different circle-
shaped patterns (grid, ring, and line) were created (Figure 14e).
The layer-by-layer printing allowed an increased electrode
thickness with well-maintained structures. As a result, a high
areal capacity of =75 mAh cm™ was achieved in an ultrathick
(1500 um) eight-layer line-patterned LiFePO, electrode with a
mass loading up to =50 mg cm™2. Besides designing various
patterns, optimizing ink by using rationally designed active
material nanostructures™! or introducing highly conductive
additives(®®! can further enhance the electrode performance.
3-D printing is a universal method for various inorganic or
organic materials, making it applicable for both cathodes and
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Figure 14. Novel manufacturing techniques for thick and porous electrodes. a) Tomography images of the thick Li,TisO;, anodes, showing its typical
porous structures after leaching of NaCl templates. The LiFePO, electrodes had similar results. b) Tomography skeleton of the thick Li,TisO;, anodes,
showing the well-interconnected pores that provide promising lithium diffusion pathways. The LiFePO, electrodes had similar results. c) The cycling
performance of the LiFePO,/Li TisOs, full cell at C/20 rate. The inset shows the tomography images of the electrodes, with solid matter in black, pores in
orange and light blue for Li,TisO;, and LiFePO,, respectively. Reproduced with permission.*!l Copyright 2018, John Wiley and Sons. d) Schematic of the
fabrication of 3-D structural electrodes by 3-D printing process. ) SEM images of the printed electrodes with different patterns. Reproduced with per-
mission.* Copyright 2018, American Chemical Society. f) SEM image of the laser-structured LiNig sMng ;Cog,0, electrodes. g) Areal specific energies
of structured and unstructured electrodes with thicknesses of 100-210 um at different rates. Reproduced with permission.[** Copyright 2019, Elsevier.

anodes in batteries!® and even separators, and packing mate-
rials, which enables fully 3-D printed and packaged LIBs.!*3
For now, limited scalability is one big issue for 3-D printing
technique due to its nature of additive manufacturing, com-
pared to the one-step slurry coating.l?3! The precise control in
high-resolution 3-D printers is even more time-consuming
in thick electrodes fabrication. Developing more advanced
printers to shorten the fabrication process and produce hierar-
chically porous structures is essential for the practical applica-
tion of 3-D printing in the future.'*!

Laser structuring, featured by its rapid manufacturing
capability, high process reliability, and design flexibility,?
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has been used recently to convert conventional flat and dense
electrode coatings into patterned microstructures through
a scanning laser beam.® For instance, Park et al. created
inverted triangle-shaped microgrooves on the 210 um thick
LiNi; sMn, 3Co, ,0, cathodes (Figure 14f), to facilitate the elec-
trolyte infiltration and shorten the ion diffusion pathways.!*"!
It translated to the improved specific energy in thick electrodes
at high charge/discharge rates, compared to the unstructured
ones (Figure 14g). Note that laser structuring is mainly used for
creating grooves on electrodes surface, whereas constructing
3-D hierarchical porous network is challenging. Besides, the
heat accumulation and thermal damage on the active materials
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during manufacturing require more attention, especially for
thick electrodes with longer etching time.[2

Phase inversion method is also an efficient strategy to obtain
thick electrode with high-areal capacity in LIB.I?] During phase
inversion, the instant solidification of components such as
active materials, binders, conductive carbon black etc. enables
the fabrication of ultrathick yet robust electrodes. Figure 15a
showed the fabrication process of a bilayer LiFePO, (LFP) elec-
trode using a templated phase inversion method."39 A mixed
slurry was cast on a plate with a stainless-steel mesh under the
surface of the casting film. Due to a small amount of water
injected, the polymers and water began to diffuse toward each
other until reaching equilibrium, leaving a trilayer LFP mem-
brane (Figure 15b) or bilayer LFP membrane (Figure 15c)
by lifting off the mesh. After polishing the surface of the
bilayer LFP electrode, the membrane was revealed open and
aligned microchannels with an average diameter of =100 um

NMP

Removing

www.advenergymat.de

(Figure 15d), which could provide direct and short ion trans-
port pathways. Benefiting from the instant solidification of the
components, three different mass loading electrodes of 45, 60,
and 100 mg cm~2 were fabricated without mechanical deteriora-
tion, which exhibited a higher current density of 8.5 mA cm™2
(0.5 C) even at LFP mass loading up to 100 mg cm™
(Figure 15e). Furthermore, the strategy of phase inversion to
fabricate thick electrode with high mass loading also could be
applied to SIB system.[¥38 During the phase inversion process,
as soon as the casted membrane was immersed into a non-
solvent, the solvent-nonsolvent exchange occurred until ther-
modynamic equilibrium. Based on nonsolvent-induced phase
inversion method, a Na;V,(PO,); based cathode with ultra-
high mass loading up to 60 mg cm™2 and areal capacity up to
4.0 mAh cm™2 was fabricated. In summary, benefiting from the
structural advantages from phase inversion method, the thick-
ness of electrode could reach to 1.2 mm, and areal mass loading
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Figure 15. High-areal-mass loading electrode fabricated by phase inversion method. a) The fabrication process of multi-layer LFP electrodes using
the phase inversion method. Cross-section SEM images of b) trilayer LFP and c) bilayer LFP electrodes. d) Top surface SEM image of multi-layer LFP
electrode after polishing to reveal microchannels. e) Electrochemistry performance of multi-layer LFP thick electrodes with LFP areal mass loading up
to 45, 60, and 100 mg cm~2. Reproduced with permission.[¥3d Copyright 2021, American Chemical Society.
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Figure 16. The effects of pore structures on electron/ion transport and electrolyte uptake in thick electrode. a) The comparison of Li* ion transport rate
between high and low tortuosity electrodes. b) SEM image of vertical inner nanochannels with low tortuosity. Reproduced with permission.* Copyright
2022, John Wiley and Sons. c) Schematic illustration of several porous nanoclusters assembled into a vertical array with low tortuosity. Reproduced with
permission.["33 Copyright 2021, John Wiley and Sons. d) Hierarchical channel frameworks with low tortuosity and high porosity. ) The electrolyte-filled
gaps at the edge of the channels. Reproduced with permission.['*] Copyright 2017, John Wiley and Sons.

was also up to 100 mg cm™2. Using phase inversion method was
a reliable strategy to prepare thick electrodes.

Efforts for thick electrodes manufacturing are becoming
more systematic and comprehensive. Meanwhile, the
researchers also pay attention to other accompanying problems:
1) the effects of pore structures (such as tortuosity and porosity)
on charge transport in the thick films; 2) the electrolyte uptake
in thick electrodes for long-life and high-areal-capacity LIBs; 3)
stable solid-electrolyte interface for accommodating the volume
expansion in the thick electrodes.

Adv. Energy Mater. 2022, 2201834
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Figure 16 shows the effects of pore structures on electron/
ion transport and electrolyte uptake in thick electrodes. Owing
to high tortuosity and large packing thickness, typical particle
electrodes consisting of nanoscale active materials with con-
ducting species could shorten the charge transport distance
and improve conductivity at the nanoparticle level (Figure 16a,
left).* However, fast-charging capability at the electrode level
is still significantly plagued due to the random stacking of
nanoparticles and low packing density. Although high tortu-
osity and high porosity can improve the electrolyte uptake in

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

thick electrodes, the excessive contact of electrode-electrolyte
also leads to a large number of solid-electrolyte interfaces,
which reduces Coulombic efficiency.*®®l Therefore, considering
the thickness, tortuosity and/or porosity, electrolyte uptake and
Coulombic efficiency, as well as the volume change during
charge/discharge processes, those problems are necessary to
be addressed while designing a thick electrode. Tu et al. fab-
ricated a single-layer chunky particle electrode with vertically
aligned and low pore tortuosity architecture, which approved a
high areal capacity of 5.6 mAh cm™ (Figure 16a, right).!4 Ver-
tical inner nanochannels with low tortuosity enabled fast ions
and electrons transport in single-layer chunky particle electrode
(Figure 16b).

Given the reasonable hierarchical channels design, it can
also achieve a balance between low tortuosity, high porosity, and
high electrolyte uptake in the thick electrode. The best approach
to expedite the infiltration of electrolyte is to build high porosity
structure. By self-assembling of several porous nanoclusters,
such as vertically or parallelly aligned, a framework with low
tortuosity can be obtained. According to the effective ionic con-
ductivity Deg expression (Dg = £D, where ¢ is the porosity,
7 is the tortuosity, and D is the intrinsic ion conductivity),®']
low tortuosity and high porosity are beneficial to improve ionic
conductivity. Taking the porous carbon matrix embedded by
active materials as subunit, a low-tortuosity, vertically aligned
composite electrode with ultrahigh mass loading were reported,
which could offer well-pleasing electron/ion transport pathway
and relatively high electrolyte permeability (Figure 16c).143
Such a low-tortuosity, high-porosity hierarchical channel frame-
works were also demonstrated by directly carbonized from nat-
ural wood as an ultrathick electrode (up to 800 um) with active
material mass loading up to 60 mg cm™, which delivered a
rational capacity of 76 mAh cm™ (Figure 16d). Benefitting
from the uniqueness of the multichanneled framework, the
electrolyte-filled gaps at the edge of the channels with low tortu-
osity provided straight pathways for the fast transport of Li* ion
(Figure 16e).

In practice, it is commonly essential to design special elec-
trolytes for a specific pair of cathode and anode materials to
meet the performance requirement of battery packs.*! The
electrolytes used to match the thick and porous electrodes
have also been optimized, such as high concentration electro-
lyte,"] electrolyte additives,® solid-state electrolytes!™*! etc.,
to accommodate the volume change of thick electrode during
operation. Alloys (e.g., Li,Si, Li,Al, Li,Bi) are among promising
anode materials for LIB, yet they suffer from fast degradation
due to large volume expansion. Chen et al. reported a strategy
of electrolyte additive by developed that 2.0 m LiPFg in a 1:1 v/v
mixture of tetrahydrofuran and 2-methyltetrahydrofuran elec-
trolyte, which facilitated the formation of thin and uniform
LiF-based solid-electrolyte interfaces (SEIs) with a low adhe-
sion to anode surfaces (Figure 17a).1¥ In addition, concentra-
tion electrolytes were also developed for Si-based anodes. Jia
et al. designed localized high-concentration electrolytes with
only 1.2 wt% fluoroethylene carbonate (FEC), which achieved
minimum volume change (45.8%) on the electrode swelling at
100% state-of-charge and end-of-life, compared to pristine elec-
trode (82.7%) and conventional-10 wt% FEC additive (67.6%)
(Figure 17c—e).! The volume change of electrode during
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repeated cycles could also be effectively suppressed. Xiao et al.
attained inorganic solid-state LIB using a “melt-infiltration”
solid-state electrolytes technology, by which dense-calendered
electrodes could be produced and wound in the whole thick and
porous electrodes (Figure 17b). The method enabled to obtain
both high volumetric energy density and excellent interface
compatibility to relieving volume expansion.!*]

7. High-Areal-Capacity SIB Electrodes

Compared to LIB, relatively less high-areal-performance SIB
electrodes are reported (Table 8), due to their different develop-
ment stages. Basically, most of them show designs of hybrid-
izing active materials like oxides or sulfides with 3-D metal or
carbon substrates based on either in-situ growth or percolating
network, which are similar to those for LIBs as demonstrated
in the above sections. Nevertheless, due to the greater chal-
lenges caused by larger ionic radius of Na* than Li*, the SIB
electrodes also show differences from those for lithium storage;
these special aspects are reflected both on the electrode struc-
tures and the selection of active materials and will be discussed
in detail below.

Regarding the electrode structures, the SIB electrodes rely
more on the introduction of 3-D porous conductive network,
while bare nanostructures-based slurry coatings are relatively
less reported. It is because the relatively more sluggish elec-
trochemical behaviors in SIB electrodes require a more reli-
able electron and ion transport for thick electrode designs,
compared with those for LIB electrodes.””] Such designs can
be mainly classified into two types in terms of the specific
structures.

The first type is incorporated with a percolating conduc-
tive network by physical processes, such as MoS, nanosheets/
CNT hybrid network™®!l and few-layer bismuthene/graphene
composite films.[ Given the different transfer paths of elec-
trons and ions within the electrode, the percolating conduc-
tive network performs electron transfer path, while the ion
transfer path is based on the aligned low-tortuosity architecture
filled by electrolyte.l" By physical mixing as-exfoliated MoS,
nanosheets with 20 wt% single-wall carbon nanotubes, Liu et al.
constructed a MoS,/CNT hybrid network with high porosity
and extremely conductive,®l which could perform high both
electron and ion transfer pathways. Followed by vacuum fil-
tration, a dense packing process, they obtained a flexible free-
standing MoS,/CNT membrane with tunable thickness up
to 90 um (Figure 18a), which achieved striking volumetric
capacity (=650 mAh cm™3) and areal capacity (>6.0 mAh cm™)
(Figure 18b) as the working electrode of SIBs directly with an
extremely high loading up to 15 mg cm™2. By readily adjusting
the content of advanced 2-D materials with lower electrical per-
colation threshold such as graphene, it is a relatively important
strategy to fabricate high-mass-loading electrode with superior
conductivity.®?l Zhou et al. designed 2-D structure of few-layer
bismuthene specifically with a large aspect ratio (Figure 18c),
which could relieve the expansion strain along the z-axis.'”’]
Then, by vacuum filtration, a few-layer bismuthene/graphene
films with tunable thickness were fabricated (Figure 18d). The
composite electrodes displayed excellent stability as well as the
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Figure 17. Electrolytes optimization for accommodating the volume expansion in thick electrodes. a) Compared between organic, low interfacial energy
(Eine) @and nonuniform (left) and inorganic, high E;; and uniform SEl interface (right). Reproduced with permission.® Copyright 2020, Springer Nature.
b) “Melt infiltration” of solid-state electrolyte in thick and porous electrode. Reproduced with permission.l? Copyright 2021, Springer Nature. c) The
effects of localized high-concentration electrolytes on the electrode swelling. Reproduced with permission.!"*”] Copyright 2019, John Wiley and Sons.

capacities of electrodes were linear scales with the areal loading,
reaching an exceptional value of 12.1 mAh cm2 (Figure 18e).
The second type is nanostructures in situ grown on 3-D
porous conductive substrate, in which the multilayer hybrids
like a ternary sandwich structure are more frequently applied.
It is mainly because the larger volume variation during sodia-
tion and de-sodiation requires higher buffering capability
provided by hierarchical structures, to enhance the structural
stability and prevent electrode pulverization and degrada-
tion.’”?! For example, Chen et al. constructed a hierarchical
carbon fiber/Fe;Sg/graphene network structure for sodium
storage by two-step coating followed by an annealing pro-
cess (Figure 19a).22] Based on the free-standing cotton fibers
with negatively charged oxygen-containing groups, surface-
aminated positively charged FeS, were first coated via an
electrostatic interaction, and then graphene oxide film cov-
ered the hybrid fibers. After the annealing process to realize
the carbonization of cotton fiber (Figure 19b) and reduction
of graphene oxide, the Fe;Sg microparticles decorated 3-D
carbon framework embedded in graphene films were obtained
(Figure 19c—e). Attributed to the synergistic effect of improved
charge transport kinetics and structural stability enabled by
the hierarchical structures, the hybrid electrodes achieved
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high areal capacities of 2.12 mAh cm™ at 0.25 mA cm™ at
mass loadings of 3 mg Fe;Sg cm™2.

Regarding the materials selection for high-mass-loading SIB
electrodes, suitable channels for efficient sodium diffusion are
highly required. It is generally achieved by two types of mate-
rials. The first is layered transition metal dichalcogenides like
MoS,,11 MoSe,,[”3! SnS,,%% etc. or metal oxides compounds
like Nb,0s, Nay5;Co0, and CaV,0,,”4 which prompts
the sodium diffusion by their relatively large interlayer spac-
ings. The second is NASICON-type materials such as anodic
NaTi,(PO,); and cathodic Na;V,(PO,);.19371%5] The pre-existing
3-D tunnels in their stable crystal structures enable zero-strain
Nat (de)intercalation.'®3 In addition, due to the intrinsically
high electron conductivity and plentiful sodium storage sites,
hard carbon materials!'®*7! and conductive metal organic
framework (MOF)I73 have also attracted researchers atten-
tion. Park et al. developed a novel cobalt-based 2D conductive
MOF with stable and plentiful dense active sites for sodium
storage.l”3] Coordinated with cobalt (IT) ion nodes, redox-active
hexaaminobenzene (HAB) linker in the Co-HAB material
stably underwent three-electron reversible reaction for sodium
storage (Figure 19f). Attributed to the high electron conductivity
(1.57 S cm™) and dense redox active sites and subnanometer
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Table 8. The literature survey on the high-areal-performance SIB electrodes.
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Type Electrode structure IImAg", mAcm™?] Cycles M,[mgcm™?  C,[mAhcm™ Refs.
In situ grown on 3-D Ni;Se, nanorod array on Ni foam 0.2 100 4 (Ni,Sey) 1.55 [150]
conductive substrates
Nag ¢;C00, bundle arrays on Ni foam 189 100 10 (Nage;,Co0,) 1.24 [157]
CNT@Nb,0s@C sponge 100 200 16.6 2.7 [152]
CNT@MoSe,@C sponge 100 50 13.9 4 [153]
CNT/CoSe,/C sponge 0.2 100 4 1.55 [154]
CNT/SnS,@C sponge 100 200 6.5 3.93 [155]
Li,TisO5, nanosheets on carbon cloth 200 300 =1.7 (LigTisOqp) 0.27 [156]
Ni3V,0g nanosheets on carbon cloth 500 1000 4 0.54 [157]
Fe;Sg microparticles embedded in graphene film welded on 6 5000 3 (Fe;Sg) 0.75 [22]
carbonized cotton cloth 0.25 1 3 (Fe;Sg) 2.2
Vertically aligned 2-D self-branched (big nanoflake core and small 200 200 3.98 33 [158]
nanosheet branches) SnS, nanoarrays on a graphene foam
Sn nanodots on nitrogen-doped carbon sheets 100 100 20 1.5 [159]
Percolating network Carbon-reinforced Nb,CT, MXene/MoS, nanosheet/flower 1000 2000 =1.3 =0.5 [160]
Network of exfoliated MoS, nanosheets reinforced with single-wall CNT 0.2 100 15 3.7 [161]
Amorphous MoS;/CNT 100 100 12.1 5.3 [162]
NaTi,(POy); supported on carbon nanotube fabrics =135 700 8.02 1.01 [163]
Na;V,(PO,); supported on carbon nanotube fabrics =130 700 7.63 0.79 [163]
Na;V,(PO,);@C anchored on the surface of carbon fibers and =135 100 35 0.39 [164]
embedded in carbon framework between carbon fibers (Na3V,(PO,);@C)
Na;V,(PO,);—carbon nanofibers composites =270 200 8.5 (Na3V,(POy)3) 0.78 [165]
Few-layer bismuthene/graphene composite film - 50 421 12.5 [166]
Fe;,S@porous carbon nanowires/rGO film 100 100 1.2 1 n67]
Carbon and conductive Nb,Os grafted in carbon nanoreactor 1000 1000 =8 =2 [168]
MOF
Network carbon with macropores - 200 5.1 1.91 [169]
Carbonized wood 0.1 100 5 1.25 N170]
Poplar wood-derived hard carbon 660 630 7 2% N7
MOF-derived Fe;Sg nanoparticles/N-doped carbon nanofibers 1000 2000 =0.7 =0.35 N72]
Cobalt-based 2-D conductive metal-organic framework 50 - 9.6 2.6 [173]
Other CaV,Og4 nanosheet microflowers 100 100 3.65 0.82 74

pores (Figure 19g), the Co-HAB electrode exhibited a pseudo-
capacitive charge storage mechanism and a well-maintained
electrochemical kinetics even at an areal mass loading up to
9.6 mg cm™?, resulting in a high areal sodium storage capacity
of 2.6 mAh cm™? (Figure 19h).

Taking both electrode structure and active materials selection
into account, our group recently reported CNT@T-Nb,Os@C
sponge electrodes!’>? for stable and high-areal-capacity sodium
storage (Figure 20). The 3-D porous network (Figure 20a) in
the hybrid sponges consisted of interconnected CNT skeletons
coated successively by uniform and conformal T-Nb,Os and
carbon layers to form the nanocable structure (Figure 20b).
The sandwiched T-Nb,Os served as active materials to store
sodium ions; CNT substrate and outer carbon shell provided
well-defined electron and lithium transport pathways at both
meso- and nanoscale, and contributed to higher structural sta-
bility (Figure 20c). Different from previous research mainly
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focusing on thicker electrodes for high electrode loadings, we
proposed raising the content of active materials in the hybrid
structure to achieve the same goal. Specifically, with the Nb,Os
coatings thickening from 71 to 21.2 nm (Figure 20d), the areal
mass loading of the sponge electrodes increased from 72 to
16.6 mg cm~2 with their macroelectrode height kept constant.
And owing to the rationally designed hierarchical structure,
the charge transport kinetics and structural stability were well-
maintained in the hybrid electrodes, which enabled steady
cycling for 200 cycles and high areal capacities of 2.7 mAh cm™
at mass loadings up to 16.6 mg cm~2 (Figure 20e). The post-
mortem analysis (Figure 20f-h) indicated that the outer carbon
shell coating played a significant role in protecting the 3-D
nanocable structure from damage and thereby contributed to
higher structural and electrochemical stability. As shown, the
CNT@T-ND,O5 sponges network (Figure 20f) turned into a
chaotic mixture of partly uncovered CNTs and detached or
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Figure 18. Electrode designs by physical processes using a percolating conductive network for high-areal-capacity sodium storage. a) Cross-section
SEM images of freestanding MoS,/CNT membrane. b) Electrochemistry performance of MoS,/CNT membranes with different thicknesses/mass
loading. Reproduced with permission.l"7¢l Copyright 2016, American Chemical Society. c) The height of 2-D bismuthene sheets. d) Cross-section SEM
image and a digital photograph of bismuthene/graphene films. e) Areal capacity measured at the 2" cycle and 50t cycle plotted versus areal mass
loading using bismuthene/graphene films as working electrode directly. Reproduced with permission.[”’] Copyright 2019, John Wiley and Sons.

aggregated Nb,Os clusters leading to loss of active materials;
in contrast, the CNT@T-Nb,0s@C sponge with outer carbon
coatings preserved its clean porous network (Figure 20g) and
hybrid nanocable structure Figure 20h), which kept providing
stable active sites for sodium reaction and resulted in better
cycling stability of the hybrid electrodes. The work showed that
sandwiching active materials between 3-D porous conductive
underlayers and outer protective coatings represented an effec-
tive strategy to achieving high-areal-capacity electrodes cycling
stably at elevated mass loadings.

As an essential component of SIB, cathode electrode
designs also have an effect on the electrochemical perfor-
mance. Inspired by the technologies of preparing high-areal
capacity in LIB, efforts to optimize the architecture of cathodes
by radially aligned dense columnar structure and the hierar-
chical porous 3D network had been reported.”®! Compared
to the conventional bulk single particle cathode with disor-
dered accumulation (Figure 21a), Hwang et al.l'’”! designed a
unique radially aligned dense and hierarchical columnar struc-
ture in spherical particles with varied chemical compositions
from the inner end (Na[Nig;5Cog0,Mng,3]0;) to the outer end
(Na[Nig 58Cog gsMng 36]O,) (Figure 21b), which accentuated the
volumetric energy density of =1177 Wh L at a high tap den-
sity of =2.5 g cm™ due to the presence of fewer voids in the
columnar structure.

In order to explore the intrinsic electrochemical perfor-
mance of metal vanadium phosphates such as Na;V,(PO,)3
(NVP), researchers developed various hierarchical porous 3-D
networks (e.g., micro/mesoporous 3D foam,®% honeycomb-
structured hierarchical composite microspheres!™! as well
as encapsulating organic carbonyl compounds in an ordered
porous network!®?) in which the surfaces and/or channels
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of the individual framework were grafted with NVP nanopar-
ticles, achieving satisfactory performance parameters. Zhou
et al. prepared nanostructured NVP 3-D foam via assembly of
recombinant elastin-like polypeptides which obtained fibrous
and micro/mesoporous composite cathode (Figure 21c).18%
Following this viewpoint, Wang et al. reported an architecture
named “honeycomb-type porous microspheres,” which was
composed of hierarchical pores and numerous interconnective
nanochannels, filled with NVP nanoparticles (Figure 21d).181 In
addition, hard templates with aligned channels such as CMK-3
were encapsulated in organic carbonyl compounds to develop
highly dense nanoparticles (Figure 21e).[18%

8. The Cell-Level Energy Density Base
on High-Areal-Capacity Thick Electrodes

In a battery system, increasing electrode thickness (e.g., high-
areal capacity) means changing the proportion of battery compo-
nents and thus increasing the volume ratio of active materials,
which is one of the effective methods to develop high energy
density LIB and also can reduce the manufacturing cost.'®’]
However, the excess electrode thickness also increases cell polar-
ization and underutilization of active materials.'® Nowadays,
there are three different types of cell formats such as pouch cell,
cylindrical cell, and prismatic cell, as shown in Figure 22a.018
Take the most common pouch cell as an example. Figure 22b
exhibited the proportion of each component of a pouch cell
with 50 wt% positive materials and 19 wt% negative materials,
reaching a high energy density of 297 Wh kg .8 Besides,
with the thickness of electrode increased from 50 to 100 um,
the total cell cost reduces notably as high as =30%.1° Yang et al.
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Figure 19. Electrode designs by in situ grown on 3-D porous conductive substrate for high-areal-capacity sodium storage. a) Schematic of the fab-
rication of carbon/Fe;Sg/graphene hybrid network. b) SEM image of the carbonized cotton fibers. Inset shows the photo of pristine cotton cloth.
c—e) SEM images of the carbon/Fe;Sg/graphene hybrid structure at different magnifications. Inset in (c) shows the photo of the twisted hybrid electrode.
Reproduced with permission.?2 Copyright 2019, John Wiley and Sons. f) Proposed three-electron reaction in Co-HAB. g) Structural model of Co-HAB
calculated by density functional theory, with pore sizes compared to those of ions in SIB electrolyte. h) Voltage profiles of the Co-HAB electrodes at
different areal mass loadings. Reproduced with permission.[73l Copyright 2018, American Chemical Society.

illustrated the energy density and cell components ratios sim-
ulation shown as Figure 22¢.' When the cathode materials
mass loading increased from 5 mg cm™ up to 20 mg cm™?
(close to the value in the state-of-the-art liquid-electrolyte-
based LIB), the ratio of the cathode materials reached 56 wt%.
Under these conditions, a high energy density of 378 Wh kg™
was expected to be obtained, which could meet the energy
density requirement of long-range electric vehicles. Over the
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last decades, the gradual improvement in energy density was
mostly due to cell components optimization, such as making
current collectors and separators thinner, double-coating elec-
trode (Figure 22d), and continuously increasing the active mate-
rials ratio.®8 However, it was worth noting that the average
discharge voltage gradually decreased due to the polarization
with the increase of cathode thickness, resulting in a maximum
point of the volumetric energy density (Figure 22e).?%®l And
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Figure 20. CNT@T-Nb,Os@C nanocable with thick active intermediate layer for stable and high-areal-capacity sodium storage. a) SEM image of the
3-D porous network in the CNT@T-Nb,Os@C sponge. b) Enlarged SEM image showing the uniform and conform coatings of Nb,Os and carbon on the
interconnected CNT skeletons. c) Schematic illustration of the charge transport in the nanocable structures. d) TEM images of the CNT@T-Nb,0s@C
nanocable with increasing thicknesses of the Nb,Os intermediate layers for higher electrode mass loadings. e) Areal capacities of the CNT@T-Nb,Os@C
electrodes with elevated areal mass loadings corresponding to the hybrid structures with three increasing thicknesses of the Nb,Os coatings shown in
(d). f) SEM image of the CNT@T-Nb,Oj5 electrode after 200 charge/discharge cycles. g) SEM and h) TEM images of the CNT@T-Nb,Os@C electrode
after 200 charge/discharge cycles. Reproduced with permission.["3l Copyright 2020, John Wiley and Sons.

the solid phase Li* ion concentration (the infiltration of electro-
lyte) was inversely proportional to the thickness of electrodes
(Figure 22f). Therefore, it needed to pay attention to the critical
value of electrode thickness.

Based on the electrodes with different thicknesses, the projec-
tion of cell-level energy density is attractive and essential. Take
a pouch cell assembled by Du et al.?®"! for example. The pouch
cell design parameters were shown as Table 9 used by nom-
inal capacity close to 52 Ah. Here, LiNijgCoq 15Al) 050, (NCA)/
graphite was chosen as the cathode and anode active materials,
respectively. The cell dimensions were 26.5 x 22.5 cm, and
the electrode dimensions were 24 x 21 cm. Owing to the close
nominal capacity of the pouch cells, increasing the thickness
of the cathode meant to decrease the layers number of double-
coated cathodes significantly. For example, as listed in Table 9,
instead of 21 layers of 60-um-thick NCA electrode, there were
only 8 layers of 150-um-thick NCA electrode. Therefore, the
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corresponding other materials such as current collectors and
separators were also reduced, in other words, reducing the
manufacturing cost of the pouch cell. Figure 23a shows the
relations between cathode thickness and areal capacity, layers
of cathode, pouch cell volume, and energy density based on
pouch-cell parameters in Table 9. Clearly, with the increase of
cathode thickness, the areal capacity increased linearly, on the
contrary, the layers number of cathode gradually decreased.
It was worth noting that both values of pouch cell volume
and energy density were slowly leveling off corresponding
150-200 pm thick cathode and about 6.2-8.7 mAh cm~2-areal
capacity, suggesting that the volume was approaching limit, as
well as the volumetric energy density was also up to the highest
value. The energy-power Ragone plots of 52 Ah pouch cells were
shown in Figure 23b. Simply increasing the cathode thickness
was not conducive to achieving high power density. The energy-
power values of pouch cells were constrained by the curves due
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Figure 21. Cathode structure designs by dense columnar assemble and composite with 3-D hierarchical porous network. a) Comparison of bulk nano-
particles and radially aligned dense columnar structure. b) SEM images of radially aligned dense columnar structure. Reproduced with permission.[7?]
Copyright 2015, Springer Nature. c) SEM images of NVP 3-D foam with fibrous and micro/mesoporous. Reproduced with permission.®% Copyright
2015, American Chemical Society. d) SEM image of honeycomb-type porous NVP/C microspheres. Reproduced with permission.l®!l Copyright 2015,
Royal Society of Chemistry. ) SEM image of hard templates such as CMK-3 with aligned channels encapsulating organic carbonyl compounds. Repro-

duced with permission.['® Copyright 2015, Royal Society of Chemistry.

to the sluggish charge transfer and underutilization of active
materials near the current collectors. Although the pouch cell
assembled by 240 pm thick cathode exhibited highest energy
density than others, the improvement was not significant, as
shown in Figure 23b, because the power density decayed rap-
idly due to the electrolyte depletion probably. Cathodes with a
thickness range from 120 to 180 um appeared to have the best
power density performance for the charge transfer capability.
Capacity matching is also essential during cell assembly,
which represents that the areal capacities of cathodes and
anodes should be close to each other due to their face-to-face
configuration. Thus, achieving high areal capacity is important
for both electrodes to obtain high volumetric energy density.
Compared to anode, LIB cathode materials usually perform
lower specific capacity, meaning that the electrodes of cathode
are thicker than those of anode. LIB anode materials usually
have simpler chemical compositions and can be synthesized
by solvothermal methods, which enables easier in-situ growth
of nanostructures on a bulk porous substrate. On the contrary,
conventional LIB cathode materials like LiCoO, and NMC are
generally fabricated by solid-state reaction at high temperature
in air, hindering the incorporation of carbon or metal substrates.
Furthermore, most of the composite cathodes are obtained by
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physically mixing active materials with conductive agents via
slurry interpenetration or vacuum infiltration methods. As
a result, bottom-up and facile wet chemistry-based synthetic
approaches to those cathode materials require more explora-
tion to achieve desired in situ hybridized structures. Currently,
the other strategy to achieve high-areal capacity of cathode is
to synthesize mixed-sized topological particles which could per-
form a higher tap density duo to the dense packing structure.
On the other side, metal fluorides have attracted increasing
attention recently as promising next-generation cathodes due
to their high theoretical capacities and electrode potential.l'®”]
Additionally, attributed to their relatively simple composition,
in-situ deposition of metal fluorides on 3-D porous substrate
could be a promising approach to developing high-tap-density
LIB cathodes.

3-D porous current substrate is a promising route used to
manufacture high-areal-capacity thick electrodes. However,
the strategy is still fundamental research in Lab. Addition-
ally, cost estimates of cell packs fabricated by this technique
have rarely been reported. Take the SIB anode materials
for example. Nowadays, SIBs are also commercially avail-
able, and the anode materials used in them are coal coke
(@ 3-D porous carbon matrix), which show lower cost. In
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Figure 22. The performance of thick electrodes in pouch cell level. a) Three different types of cell formats. Reproduced with permission.['®5 Copyright
2022, John Wiley and Sons. b) The proportion of each component of a pouch cell. Reproduced with permission.l"¥l Copyright 2019, Elsevier. c) Evolution
of energy density with cathode component ratio from low to high. Reproduced with permission.[¥”l Copyright 2022, Elsevier. d) The illustration of double
coating electrodes in the practice process. e) Average discharge voltages and volumetric energy density as a function of cathode thickness under dif-
ferent rates. f) Solid phase Li* ion concentration gradually decreased with the increase of electrode thickness. Approach (a) corresponded to decreasing
NCA particle size to 500 nm; Approach (b) corresponded to increasing electrolyte molarity to 1.5 mol L™'; Approach (c) corresponded to decreasing
NCA particle size to 500 nm and increasing electrolyte molarity to 1.5 mol L™'. Reproduced with permission.[2%?l Copyright 2017, Springer Nature.

this “rocking chair batteries” system, those 3-D porous
carbon anodes are used to storage Li/Na ion rather than
as a 3-D current collector.?”l Therefore, how to introduce
active materials with a high specific capacity (Si, Sn, P, etc.)
to a cheap 3-D porous carbon matrix is the real technical
problem. We appeal to that in situ deposition of high-spe-
cific-capacity active materials on 3-D porous carbon matrix
could be a promising approach to developing high-areal-
capacity LIB.
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9. Conclusions and Outlook

Raising areal mass loadings of electrodes can signifi-
cantly improve the cell-level energy densities and reduce
the fabrication cost. However, most of previously reported
high-performance electrodes show relatively low mass load-
ings of <1 mg cm™ and thus limited areal capacities of
<1 mAh cm™. The main obstacle is the degradation of the
mechanical and electrochemical properties of thick electrodes

© 2022 Wiley-VCH GmbH



ADVANCED

ADVANCED

ENERGY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de

Table 9. Pouch cell design parameters used by nominal capacity close to 52 Ah. Reproduced with permission.[26®l Copyright 2017, Springer Nature.

NCA electrode Areal capacity Layers of cathode Pouch cell Volume fraction Cell capacity Energy density
thickness [um] [mAh cm™] volume [em?] of cell stack [Ah] [Wh L]

60 2.50 21 393.6 0.81 52.8 480.94

90 3.75 14 362.7 0.80 529 521.87

120 5.00 10 3316 0.80 50.3 542.92
150 6.23 8 322.8 0.80 50.3 556.71

180 7.50 7 331.8 0.80 529 568.78
210 8.72 6 3274 0.80 52.7 573.96
240 9.96 5 309.5 0.80 50.2 576.56

during fabrication and battery operation. To cope with the chal-
lenges, various electrode materials and structures have been
proposed, including nano-subunits-assembled high-tap-den-
sity microclusters as active materials, novel binder systems,
layered electrode configuration, vertically aligned structures,
and incorporation of 3-D porous conductive matrix. Advanced
manufacturing techniques such as 3-D printing and laser
structuring have also played roles in engineering porous struc-
tures or enhancing mechanical integrity in thick electrodes to
improve their performance. Both LIBs and SIBs electrodes are
discussed.

As demonstrated in this review, the work orienting to
high areal capacity shows some special characteristics com-
pared with previous thin-film electrodes mainly focusing
on gravimetric capacity improvement. On one hand, some
commonly adopted strategies for thin-film electrodes may be
no longer suitable at elevated mass loadings. For example,
simply morphology engineering on single-phase nanomate-
rials becomes less effective, and plenty of high-areal-capacity
designs involve porous conductive network hybridized with
active materials to achieve well-defined charge transport
pathways through the whole electrodes at high mass load-
ings. 2-D nanosheets like graphene have been extensively
studied in thin-film electrodes due to their large surface area,
nevertheless are relatively less adopted as substrates in thick

electrodes compared to 1-D carbon nanotubes or fibers, as
they tend to form stacks with decreased porosity and affect
ion diffusion. The problem can be alleviated by the crea-
tion of in-plane holes or morphology transformation from
nanosheets to nanoribbons in the graphene-based struc-
tures. On the other hand, new structure designs have been
proposed to promote the areal performance. For example,
high-tap-density active materials usually exhibit relatively
lower gravimetric capacity and are thus rarely reported in
thin-film electrodes, but is an effective strategy to improve
mass loadings and achieve high areal capacities. With regard
to the electrode fabrication approaches, techniques like phys-
ical vapor deposition or atomic layer deposition are gener-
ally used for thin film fabrication and are seldom reported
to make thick electrodes. Instead, novel manufacturing
methods like powder extrusion molding, phase inversion
method and spark plasma sintering are investigated more in
the areal-capacity-related studies.

Although various strategies have been proposed to enhance
the areal lithium/sodium storage performance of electrodes,
some details require more attention in these designs, in order
to mitigate possible problems in the practical operation of bat-
teries. And resolving these issues represents potential research
directions associated with high-areal-mass-loading electrodes in
the future.
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Figure 23. The performance of pouch cell assembled by differently thick cathodes. a) The relations between cathode thickness and areal capacity,
layers of cathode, pouch cell volume, and energy density. b) The energy-power Ragone plots of 52 Ah pouch cells. Approach (c) corresponded to
decreasing NCA particle size to 500 nm and increasing electrolyte molarity to 1.5 mol L™\ Reproduced with permission.[2%?l Copyright 2017, Springer

Nature.
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Structure engineering of thick electrode: Porous structures
are significant in thick electrodes to enable faster ion dif-
fusion, higher electrolyte permeability, and buffer volume
changes during charge/discharge. However, a larger poros-
ity could lead to higher interfacial side reactions, which not
only constraints Coulombic efficiency but also increases the
volume of whole electrode in batteries and thus reduces cell-
level energy densities. Besides, as pore size and distribution
impact considerably on the charge transport behaviors, the
rational designs of porous structures (e.g., creating hierarchi-
cal channels with low tortuosity) represent a promising direc-
tion to optimize the electrode performance. In this regard,
combining experimental pore engineering with theoretical
models and calculation might provide valuable insights.
Optimizing cell component engineering: Optimizing cell
component engineering is a common strategy to achieve
high proportion of active materials in the total packaged cell.
In this case, the thickness of electrode is an important para-
meter as it affects the overall energy density output and man-
ufacturing costs of cell stacks. Active materials determine the
energy density level, while reduction of inactive materials by
various methods such as thick cathode with high press den-
sity, thinner separators and current collectors, bipolar tech-
nology, etc. can help to increase that value upon a specific
level. Currently, most of the studies are based on i) develop-
ing new active materials; ii) structural designs of electrodes
to decrease the adverse effects of increasing electrode thick-
nesses. However, much fewer researches focus on optimiz-
ing cell component, which could be an essential challenge on
the industry in the future.

Cell manufacturing engineering: Cell manufacturing is a
complex process. It is of significance to obtain a thick elec-
trode with complete structure and excellent performance dur-
ing the fabrication process. Generally speaking, the electrode
fabrication consists of four steps including “mixing-coating-
drying-calendering.”l Due to the solvent volatilization and
external rolling, the structural failure of thick electrode (e.g.,
cracking and delamination) is likely to occur during irrevers-
ible fabricated steps of drying and calendaring, resulting in
lower cell performance and there are no subsequent reme-
dial measures. Much less efforts have been reported to solve
those issues encountered in real practice production than has
been made to develop new electrode structures. As well as
the issue of failure in up-scaling of active materials should
receive enough attention. Fundamental understanding of the
process combined with advanced manufacturing engineer-
ing of thick electrodes is key to overcoming the challenges.
Application extension and interdisciplinary research: Nowa-
days, a variety of energy storage systems have been devel-
oped to fit different application scenarios. In this review, we
mainly summarize the researches on LIB and SIB electrodes
with high mass loadings and areal capacities. In practice,
certain strategies such as high-tap-density active materials,
compressible 3-D network structures and novel manufactur-
ing techniques, can be applied on the design of other metal
ion batteries like potassium or zinc ion batteries, and even
those with different battery chemistries like lithium-sulfur
batteries and solid-state batteries. For wearable or implant-
able microelectronics, flexible power modules with high

www.advenergymat.de

areal capacities are required. From this point, it is important
to make electrodes with both high mass loadings and me-
chanical flexibility, which can be realized in structures with
robust and long-range entanglements. In addition, interdis-
ciplinary research helps create innovative ideas. Combining
them with the state-of-the-art data processing and calcula-
tion methods can accelerate the design and discovery of elec-
trode materials and structures for high-areal-capacity energy
storage.
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