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CONSPECTUS: Holey graphene (hG) is a structural derivative of P —
graphene with arrays of through-thickness holes of a few to tens of - Dry-Pressed Electrodes
nanometers in diameter, randomly distributed across the nanosheet G iaaAs
surfaces. In most bulk preparation methods, the holes on hG sheets
are preferentially generated from the pre-existing defects on
graphene. Therefore, contrary to intuitive belief, hG is not
necessarily more defective than the intact graphene. Instead, it
retains essential parent properties, including high electrical
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membranes, reinforcements, and electrochemical energy storage. In

particular, the presence of holes enhances the mass transport through the nanosheet plane and thus significantly reduces tortuosity.
This difference is a key advantage for using hG in energy storage applications where the transport of ions through the thickness
becomes more hindered as the electrode thickness increases to meet practical energy density requirements.

An unexpected discovery is that the holes of the hG sheets enable the dry hG powder to be directly compressed into robust
monoliths. hG not only can be pressed into monoliths by itself but also can host other electrochemically active materials as a
compressible matrix. This important yet unique property, which is not available for other carbon materials including intact graphene,
significantly broadens the application horizon in energy storage applications. With the dry compressibility, electrodes with ultrahigh
mass loading and thus ultrahigh areal capacity may be conveniently fabricated without toxic solvents or parasitic binders, which are
required in conventional slurry-based approaches for electrode fabrication. The dry-press electrode preparation process can be
completed within minutes regardless of mass loading. In comparison, high-mass-loading electrodes for advanced battery chemistries
using conventional fabrication methods often need stringent and time-consuming process control. hG can also be combined with
electrochemically active battery materials while maintaining dry compressibility. This has allowed the unprecedented, convenient
manipulation of a wide variety of thick electrode compositions and architectures, which provides not only outstanding performance
but also new physical insights for various battery chemistries.

In this Account, we first present some basic observations on the dry compressibility of hG as well as the mechanistic investigations
from atomistic modeling rationalizing this unique property. We then showcase the applications of neat and composite dry-pressed
hG electrodes for various energy storage platforms including supercapacitors, lithium (Li) ion batteries, Li—O, batteries, and Li—S/
Se batteries. The preparation and performance of thick electrodes with practical mass loadings and unique electrode architecture
manipulation, both enabled by the dry compressibility of hG, are highlighted and discussed.
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1. INTRODUCTION

Carbon nanomaterials, including fullerenes, carbon nano-
particles, carbon nanotubes, and graphene, are a remarkable
family of materials that has inspired more than three decades of
nanoscience and nanotechnology research and development for
a broad array of applications." Graphene, the two-dimensional
(2D) member of this family, exhibits chemical stability, high
mechanical strength, a large surface area, and outstanding
electrical and thermal conductivity yet has a thickness of just one
atomic layer (or a few layers for few-layered graphene).” The
combination of its properties and 2D structure has made it one
of the most popular materials used in applications such as
electronics, sensing, coatings, reinforcements, and energy
conversion and storage.

Mechanical exfoliation and chemical vapor deposition
methods provide high-quality graphene sheets with controlled
thicknesses and large lateral sizes. However, for applications that
require a bulk quantity of materials such as composite fillers and
battery electrodes, graphene is often prepared via the oxidative
exfoliation of natural graphite to form graphene oxide (GO)
followed by chemical or thermal reduction.” These GO-derived
graphene materials are usually rich in surface defects, which is
not necessarily a shortcoming because it can provide
opportunities for further chemical modifications. The function-
alization of graphene sheets typically refers to the attachment of
organic moieties (such as functional groups, molecules, or
polymer chains)® and inorganic particles (such as metal or metal
oxide nanoparticles)® or heteroatomic doping (i.e., the
replacement of surface carbon atoms with heteroatoms such as
nitrogen, boron, and sulfur).” These graphene derivatives can
provide improved performance in the various applications
mentioned above.

Holey graphene (hG) is also a structural derivative of
graphene.” For hG, instead of additional atoms or moieties,
groups of carbon atoms are removed from the sheet surface,
resulting in an array of holes while still retaining the 2D
structure. At first sight, it appears that graphene sheets become
more “defective” with the holes. This is not necessarily the case
because the holes largely originate from the intrinsic defect sites
of the starting graphene material. Therefore, as long as the hole
generation method is sufficiently mild, the remaining carbon
network maintains its graphitic properties, which is reflected in
minimal changes in electrical and mechanical properties as
observed experimentally.” Various methods such as liquid-phase
oxidation and air oxidation used to convert graphene into hG
have been reported, as summarized in several recent re-
views.”' %" Controlled air oxidation, with metal catalysts or
catalyst-free, has been used in our laboratory to produce hG in
scalable processes.'””'* (See the extended discussions in the
Supporting Information.)

The presence of nanometer-sized holes through the vast
lateral area of the 2D graphene sheets brings about new
functions. Among the most explored is the much enhanced
through-thickness mass transport and, as a result, the more
accessible graphitic surface area in the stacks of nano-
sheets."”">~"7 Although the transport of ions and molecules
through stacks of intact graphene sheets needs to go around the
large lateral surfaces, the presence of holes significantly reduces
this tortuous pathway (Figure 1). This feature is especially
important for energy storage applications, where hG is used as
an electrode material and the holes are the facile passages for
electrolyte molecules and various ions. We note that the holes on
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Figure 1. Schematic illustration: holey graphene, a structural derivative
of graphene, exhibits enhanced through-plane mass transport and thus
reduced tortuosity across the stacked nanosheets. The green dots refer
to transporting masses such as ions or molecules. Reproduced with
permission from ref 13. Copyright 2014 American Chemical Society.

hG sheets should be conceptually differentiated from conven-
tionally defined pores in assemblies of carbon nanomaterials and
porous graphene.” The holes are intrinsic to the 2D hG
nanosheet structure, and the pores refer to the voids and spaces
between adjacent graphitic surfaces.

Graphene has been considered to be one of the most attractive
conductive constituents in electrodes for various energy storage
systems.'”'? As a structural derivative of graphene with
improved properties, hG has naturally become an advanced
alternative to intact graphene in all of these applications. Our
group has shown that hG and its functionalized versions are
outstanding electrode materials that are advantageous over
intact graphene in different applications.'>*°~>* Demonstrated
examples include supercapacitors, lithium (Li) ion battery
anodes, and Li—O, and Li—CO, battery cathodes. (See the
extended discussions in the Supporting Information.) Reviews
in other at?plications of hG are also available in the
literature.”' "

In this Account, we will focus on the dry compressibility of hG
powder, which is not available to any other carbon allotropes to
the best of our knowledge.”® This unique feature enables facile,
solvent-free, and binder-free electrode fabrication, bringing
forward broad applications in a variety of energy storage
systems. It is demonstrated that hG can be used directly for neat
electrodes or as a matrix material for composite electrodes, all of
which are prepared via dry powder compression at room
temperature. The function of hG in these electrode systems has
surpassed their conventional role as merely conductive additives
because it functions as both a conductive scaffold and a binder.
This provides a tremendous advantage in the facile and scalable
fabrication of ultrahigh mass loading battery electrodes for
practical applications.

2. DRY COMPRESSIBILITY OF HOLEY GRAPHENE

An outstanding and unique property of hG powder is its dry
compressibility, an unexpected but logical consequence of the
combination of the 2D nanostructure and the presence of holes
throughout each nanosheet. More specifically, the as-produced
hG powder was found to be compressible and moldable at room
temperature into a variety of robust condensed shapes under
completely solvent-free and binder-free conditions (Figure
2a).”® This characteristics is absent in all other neat carbon
materials (e.g, graphene, carbon nanotubes, graphite, and
activated carbon) to the best of our knowledge. Although some
materials such as graphite and carbon black may be compressed,
the resultant architectures were extremely fragile and impossible
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Figure 2. (a) Photographs of hG powder and its monoliths with various geometries fabricated by a cold press in a binder-free dry process. The
dimensions of the monoliths shown are all in the range of 1—6 cm. (b) Photograph showing the increased density of various monolithic bars of hG at
the increased holey degree (i.e., the percentage weight loss after air oxidation, indicated by the number). (c) Relationships between the rebounding
percentage and the apparent density of the same monolithic bars based on the holey degree. (d, e) Atomistic simulations revealing the mechanism of
the dry compressibility of hG. Reproduced with permission from ref 26. Copyright 2017 American Chemical Society.

to handle. Monolithic hG architectures obtained from such dry
compression are robust and can survive repeated drop tests. The
specific strength of the monoliths was as high as ~18 MPa/(g/
cm?), in comparison to ~8—13 MPa/(g/cm?) for conventional
graphite. The compressibility of hG was found to be related to
the extent of hole formation (or “holey degree”), with hG of a
higher holey degree exhibiting higher densification properties
upon compression (Figure 2b,c). The compressed hG
monoliths had densities of as high as 1.4 g/cm®, but remained
highly porous with surface area values in the range of 300—400
m?/ g

Atomistic simulations suggested two key attributes that lead
to the dry compressibility of hG (Figure 2d,e).”® First, the
presence of holes enables air to readily escape from the
compressed architecture so that the nanosheets can be stacked
in a densified fashion without trapped gas molecules. Second,
the hole-edge functional groups allow improved adhesion
between the adjacent nanosheets in the stack, in comparison
to the lack of such in the parent intact graphene sheets. These
two attributes collectively enable the hG sheets to be
compressed under an applied force and stay densified with
negligible rebounding upon removal of said force. In
comparison, the removal of the compression force from
compacted intact graphene sheets resulted in significant volume
rebounding and thus weak architectures (Figure 2b).
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Importantly, neither solvent nor binder is needed to keep hG
monoliths intact, making the process rapid, environmentally
friendly, low cost, and extremely facile.

3. DRY-PRESS ELECTRODE FABRICATION ENABLED
BY HOLEY GRAPHENE

Slurry-based electrode fabrication is the most common method
that is widely used in industry and academic research
laboratories.”” In this approach (Figure 3a), the active battery
material is dispersed in a solvent to form a concentrated
dispersion (i.e., “slurry”), followed by casting the slurry onto a
current collector foil. A polymer binder and conductive carbon
are added to achieve desirable mechanical integrity and electrical
conductivity of the formed electrode, respectively. To better
disperse the electrode composite, a high-boiling-point organic
solvent, such as NMP (N-methyl-2-pyrrolidone), is usually
required. The subsequent removal after casting may thus cause
environmental concerns. Water-based fabrication processes
have also been developed for certain types of electrodes along
with aqueous friendly polymer binders. Nonetheless, the slurry-
based process remains time-consuming, with concerns of the
polymer binder undergoing parasitic side reactions during
battery cycling. Regardless of the solvent/liquid used, slurry-
based methods make the fabrication of thick electrodes
challenging.
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Figure 3. Comparison of (a) the conventional slurry process and (b) the holey-graphene-enabled dry pressing process in electrode fabrication. In the
slurry process, binders, conductive additives, hazardous solvents, and post-fabrication energy and time inputs are required to create a uniform cast film.
In the dry-pressing process, hG is added as a dry-pressable matrix to host battery active materials to create binderless, solventless electrodes at room
temperature using only hydraulic pressure. (c) Future perspective of the proposed dry-press method to fabricate composite electrodes in a manner
similar to conventional R2R battery electrode manufacturing. Reproduced with permission from ref 29. Copyright 2019 American Chemical Society.

The discovery of the dry compressibility of hG brings about a
new application narrative for more efficient battery electrode
manufacturing in terms of facileness, cost reduction, and
environmental friendliness. In addition to the enhanced
through-plane ion transport as an advanced replacement for
graphene and other conductive carbon, hG can now
conveniently serve as a unique conductive scaffold. The use of
hG enables electrode fabrication through dry pressing, which is a
facile, solvent-free, and room-temperature method that is
universally applicable to various energy storage systems
including, but not limited to, supercapacitors,28 Li ion
batteries,””*° Li—S/Se batteries,>' ™** and Li—O,/air bat-
teries.”* ™7 As a conductive scaffold, hG not only can be pressed
by itself into neat carbon electrodes but also can serve as a
compressible matrix for hosting active battery materials or
catalysts that otherwise cannot be dry pressed into robust
architectures themselves. For the latter, because of the highly
exfoliated nature of hG powder before compression (apparent
density <10 mg cm™>), the active battery materials or the
functional electrocatalysts may consist of a high fraction (e.g., 90
wt %) of the total weight, but the composite power mixture
retains a large volume and thus remains compressible. The
highly exfoliated hG sheets also enable easy penetration of the
dense filler powders to form homogeneous mixtures via a short,
moderate mixing process.

In a typical procedure to prepare an electrode disc via dry
pressing (Figure 3b), a desirable amount of hG powder or an
hG-containing composite powder mixture is loaded into a
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pressing die and directly pressed into a desirable shape, such as
round discs for coin cells or rectangles for pouch cells. The entire
process from starting powder to a final electrode takes only
minutes to complete, compared to the very lengthy procedure
needed for the slurry-based approach and other solvent-based
processes. In addition, the dry-press procedure is especially
favorable for high material mass loading by simply adding more
powder to the pressing die. The entire process is still completed
within the same amount of fabrication time. In practical battery
systems, high active material mass loading is critical to increasing
the weight percentage of the active material in the final battery
package, thus improving the overall energy density at the battery
pack level. Achieving high mass loading has been a challenge in
the slurry-based process, where repeated drying—casting cycles
are usually required. For certain active materials for advanced
battery chemistries such as S, electrode cracking beyond a
certain mass loading threshold (~5 mg cm™) was often
observed from slurry casting. In comparison, when dry pressing
with hG, theoretically there is no upper limit for electrode mass
loading; the high-mass-loading electrodes are as mechanically
robust as, if not more mechanically robust than, the lower
loading ones.

The fabrication of hG electrodes via a continuous dry-pressing
process similar to conventional slurry casting should be a viable
approach to achieving high throughput. Currently, all electrode
discs are individually fabricated in our laboratories via a
hydraulic press at pressures of up to 500 MPa. However, the
pressure for robust disc formation can be as low as 20 MPa, a
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from ref 30. Copyright 2020 Elsevier.

value that is equivalent to what is typically used in conventional
roll-to-roll (R2R) calendaring.””*" Therefore, it is conceivable
that the hG-based dry-press electrode fabrication method can be
scaled up by using a dry R2R manufacturing approach (Figure
3c), in which loose hG-based powder may be placed onto either
a preset mold on a conveyer belt or onto the desired current
collector and subjected to similar hydraulic pressure at the roller
already used in conventional R2R electrode manufacturing,

4. APPLICATIONS OF DRY-PRESSED HOLEY
GRAPHENE ELECTRODES

4.1. Neat Holey Graphene Electrodes for Supercapacitors

Neat hG electrodes were obtained by dry-pressing hG by itself
and were tested for supercapacitor (or “ultracapacitor”)
performance.”® Supercapacitors are high-power electrochemical
energy storage systems via electrical double-layer formation for
which conductive carbons with high surface area are ideal
electrode choices.*® Carbon nanomaterials such as carbon
nanotubes or graphene, because of their high electrical

3024

conductivity and high surface area, have attracted tremendous
attention in supercapacitor applications, which nearly domi-
nated the initial explorations of these novel materials in the
energy storage field.'®""*"

Commercial supercapacitor cells with electrodes made with
activated carbon typically limit the material loading to around 10
mg cm ™" Besides fabrication challenges with the slurry-based
method, gravimetric capacitance beyond this loading level is
considered to be ineffective because of much impeded ion
transport through the electrode thickness (typically ~100 ym).
In comparison, the dry-press method allowed the facile
fabrication of neat hG electrodes with mass loadings of as high
as 30 mg cm™2 and thicknesses of >450 ym (Figure 4a—d).**
Impressively, the gravimetric capacitance of the dry-pressed hG
electrodes remained nearly constant over the entire 1—30 mg
cm™ range at current densities of up to 1 A g~'. The areal
capacitance, which is the measure of energy storage in a unit
device footprint, increased proportionally to the mass loading
and reached 1.25 and 0.86 F cm™ at 0.25 and 1 A g7/,
respectively (Figure 4e). These values were among the highest
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Figure 6. Dry-pressed neat and composite air cathodes for Li—O, batteries. (a) (Left) Schematic of a typical Li—O, coin cell in which the air cathode is
made by dry pressing neat hG powder. (Right) Dependence of specific (left axis) and areal (right axis) capacities on the mass loading of dry-pressed hG
air cathodes. Reproduced with permission from ref 34. Copyright 2017 American Chemical Society. (b) Cartoon illustrations (not drawn to scale)
showing architectural transformations of (top) an hG/graphene composite air cathode under full discharge and (bottom) an hG/MWNT (MWNT
stands for multiwalled carbon nanotube) composite air cathode under curtailed cycling conditions. Reproduced with permission from ref 37.
Copyright 2021 Wiley-VCH. (c) Cartoon illustrations (not drawn to scale) of dry-pressed hG-based air cathode embedded catalysts (green color) to
form (left) mixed, (middle) sandwich, and (right) double-decker architectures. Reproduced with permission from ref 35. Copyright 2017 Elsevier.

achieved at the time of the report. There have been reports on
achieving high area capacities using 3D electrode architec-
tures.*’ However, these electrodes may not be ideal volumetri-
cally in comparison to much more compacted dry-pressed hG
electrodes, which may also have potential applications in
microsupercapacitors.4

4.2. Composite Electrodes for Li lon Batteries

Li ion batteries take advantage of the reversible intercalation of
Li ions into layered compounds at the cathode.”” Recently,
intensive research efforts have sought to replace the conven-
tional graphite anode with Li metal to significantly improve the
energy density.”’ To effectively pair with such a high energy
density anode, the fabrication of a high-mass-loading cathode is
imperative. Various Li-containing compounds, such as lithium
iron phosphate (LFP) and lithium nickel manganese cobalt
oxide (NMC or NCM), have been used as cathodic active
materials in Li ion batteries. Although carbon additives such as
carbon black are usually required to improve the conductivity of
the Li ion battery cathodes, the use of hG as a conductive

additive enables the fabrication of the composite cathodes via
facile dry compression, similar to the neat hG electrodes.””°

Li ion cathode composite discs were conveniently fabricated
by compressing a powder mixture of hG and any desirable Liion
battery cathodic materials (Figure Sa). Because hG is a much
lighter material (~0.7—1 g cm™ for neat hG after compression)
in comparison to most Li ion cathode materials (>2 g cm™),
only a small weight fraction of hG is needed in the composite
mixture to provide sufficient volumetric accommodation to
enable dry compression. For example, hG/NCM composite
discs with up to 90 wt % NCM, or only 10 wt % hG, were
conveniently prepared from the corresponding powdery
mixture.””

The compression pressure used with a hydraulic press for
successful disc fabrication could be as low as 20 MPa, a value that
is achievable in typical R2R dry powder calendaring equipment.
At such a low fabrication pressure, the composite cathodes with
LFP or NCM both exhibited excellent performance. For
example, an hG/LFP (50 wt % LFP) cathode®” and an hG/
NCM (90 wt % NCM) cathode™ exhibited first charge
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capacities of >160 mAh g" at 0.2 C and ~230 mAh g™" at 0.18
mA cm~?, at high mass loadings of 11.6 and 15.6 mg cm™2,
respectively. One of the major advantages of hG-enabled dry-
press fabrication is that ultrahigh mass loading electrodes could
be fabricated with the exact same process in the same amount of
time (a few minutes). An hG/NCM cathode with a mass loading
of as high as 26 mg cm™> was fabricated and exhibited only a
slight reduction in gravimetric capacity (110 vs 127 mAh g™')
but significantly enhanced areal performance (3.2 vs 2.0 mAh
cm™2) in comparison to the one with a relatively lower mass
loading of 15.6 mg cm ™ (Figure 5b,c).”® The performances of
some of the recently reported high-mass-loading NCM cathodes
are compared with that of the dry-pressed hG/NCM cathodes in
Supporting Information Table S1.

4.3. Neat and Composite Air Cathodes and Architectures
for Li—O, Batteries

In nonaqueous Li—O,/air batteries, the true cathodic reagent is
the gaseous O, molecules from the atmosphere in contact with
the Li*-containing electrolyte in the cathodic compartment.****
The discharge reaction generates insoluble Li,O, particles,
which decompose during charge in the reverse electrochemical
reaction. As such, the primary functions of this compartment, or
the air cathode, are more than just current collectors to conduct
electrons but also an architectural scaffold to accommodate the
growth and decomposition processes of insoluble discharge
products. Carbon nanomaterials such as carbon nanotubes and
graphene are electrically conductive, porous, and lightweight
and therefore are the most popular choices as the air cathode
materials.***”

In the current literature, extraordinary carbon-based gravi-
metric capacitance (>20 000 mAh g.~") has been reported, "
but the amount of carbon used for the air cathode has been low
(~0.1—-1 mg cm™?), resulting in low full areal capacitance (<5—
10 mAh cm™?). In addition, a major focus in current Li—O,/air
battery research is the development of electrocatalysts for the
charge reaction in order to improve cyclability, for which
significant progress has indeed been made. However, because
the large insoluble Li,O, particles exhibit sluggish decom-
position during charging, cycling studies are usually conducted
at a much lower “curtailed” value, typically 1000 mAh g™
(equivalent to 1 mAh cm™ if accompanied by 1 mg cm™
loading). Such values are far from satisfactory for Li—O,/air
batteries to be a competitive energy-storage platform.

The use of dry-pressed, high-mass-loading hG air cathodes
provides a novel perspective for air cathode materials beyond
their conductive and catalytic functions, but with added
emphasis on their role as an architectural scaffold. Although
low-mass-loading air cathodes may be used to study electro-
chemical and catalytic reaction mechanisms, the total surface
area or pore volume is insufficient and only a small amount of
discharge product Li,O, can be formed. In comparison, dry-
pressed neat hG electrodes (Figure 6a) have a high carbon mass
loading (5—10 mg cm™?) with a large total pore volume and a
robust percolating network that allowed the accommodation of
an extraordinary quantity of discharge products while remaining
electrochemically viable. The result was ultrahigh-areal-capacity
values of up to 40 mAh cm™2 forming toroid-shaped Li,O,
particles as large as 1 ym in diameter upon full discharge.”

In an effort to reveal the mechanism of such ultrahigh areal
capacity and whether further improvement can be made, all-
carbon composite air cathodes were fabricated using hG as the
dry-press host matrix but with other carbon materials as fillers
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(with a weight ratio of 5:1).%” Interestingly, almost all of the
carbon material fillers, including carbon black, carbon nano-
tubes, and chemically reduced graphene (c-G), reduced the full
discharge capacity, with some by as much as 70%. This was
despite the same amount of total carbon used and similar
chemical and physical characteristics (i.e., density, surface area,
surface conductivity, and oxygen content) of the dry-pressed
composite electrode discs. The only exception was the use of
thermally reduced graphene (t-G), the starting intact graphene
material for hG, that improved the capacitance by ~10% (to a
record value of 53 mAh cm™). t-G is the only material that
would exhibit more volume rebound after dry compression than
hG, as previously discussed in Section 2 (Figure 2b), and thus
may be able to accommodate more discharge products in the
composite disc without failing. In comparison, all of the other
carbon additives disrupted the expandable scaffolding, resulting
in a capacity reduction. It was thus postulated that the air
cathode structural volume expandability was the key to
withstanding extraordinary volume expansion enabling ultrahigh
areal capacity while maintaining electrochemical integrity
(Figure 6b).

In cycling studies, a typical capacity curtailing strategy was
used, in which the high-mass-loading hG-based cathodes were
cycled at a designated capacity of 2 or S mAh cm ™, despite their
ultrahigh full discharge capacity values.”” For hG, the total
capacity output (curtailed capacity X number of cycles) barely
improved from the full discharge value. However, the use of
carbon nanotube additives significantly improved the cyclability
of the dry-pressed composite discs, although they performed
poorly in full discharge. Because of the much smaller volume
change during curtailed cycling, the architectural resilience
induced by the nanotube fillers, or the “breathability” of the air
cathode, was believed to be crucial in improved cyclability. The
architectural expandability and breathability of ultrahigh-areal-
capacity air cathodes (Figure 6b) are novel concepts in the field
of Li—O, batteries and will require more quantitative
evaluations in future studies.

Heterogeneous electrocatalysts,*”** a key air cathode additive
for enhanced cyclability, may also be conveniently incorporated
into dry-pressed hG electrodes. In a concept study, a Ni-based
electrocatalyst was embedded in the hG matrix and pressed into
composite discs as a mixture or in a layerwise fashion (Figure
6¢).” For the latter, composite electrodes with either sandwich-
like or double-decker architectures were successfully fabricated
and exhibited similar stable cycling performance at a high
curtailing capacity (4 mAh cm™). Such designed architectures
may enable further mechanistic investigations into Li—O,
electrocatalytic chemistry in thick electrodes.*®

Soluble catalysts, or redox mediators (RMs), were also
explored with the high-mass-loading hG air cathode platform.*®
Unlike heterogeneous electrocatalysts which are typically metal-
containing compounds, the RMs are small ions or molecules that
are soluble in the electrolyte and thus much more effective in
accessing the insoluble discharge products to improve the charge
reaction. However, also because they are soluble, previous
studies showed that parasitic events readily occur such as
shuttling through the separator to react with the Li anode. This
effect was amplified when a high cycling areal capacity (2 mAh
cm™2) was applied by using dry-pressed, high-mass-loading neat
hG electrodes despite much improved cyclability (48 cycles with
vs 29 cycles without Lil as RM; mass loading 10 mg cm™2).
Under this condition, the redox activity from the I;7/1, pair was
identified, and the depletion of Lil through shuttling was
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American Chemical Society.

quantitatively measured from the cycling data. This study
unambiguously revealed that, with the shuttling-induced RM
starvation, strategies to retain RMs within the cathodic
compartment must be developed for practical high-areal-
capacity Li—O, batteries.

4.4. Composite and Sandwich Cathodes for Li—S/Se
Batteries

Li—S batteries are one of the highest energy density platforms
(theoretical capacity 1672 mAh g~') with fewer parasitic side
reactions than Li—O,/air batteries and thus with more reversible
electrochemistry.”” With the low cost of S, it has attracted
increased attention recently. There remain many challenges for
the S cathode, such as the shuttling of soluble polysulfide
intermediates and the lack of high rate performance because of
the insulating nature of S. Using carbon nanomaterials and polar
compounds has been a viable strategy for entrapping
polysulfides, and using solid electrolytes could remove the
mobility of the intermediates entirely. It was also found that the
addition of Se to the S structure (i.e., Se—S compounds) may
improve the rate performance significantly with little sacrifice of
the energy density because Se is a much more electrically
conductive material than S (10™° vs 107 S cm™) with a
reasonable theoretical capacity (675 mAh g7's,).”" In this
regard, Li—S and Li—Se pairs may be considered to be the high-
energy and high-power ends within a broad spectrum of the Li—
S/Se electrochemical family, respectively, and the S—Se
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compounds with various S/Se ratios may be used to balance
the energy and power outputs of the battery electrochemistry.

Ahigh S/Se mass loading is essential for practical applications.
For example, it was suggested that at least 5 mg cm™ S loading is
required to achieve the necessary energy density at the pack
level.>' However, the conventional slurry coating method has
proven challenging in preparing high-mass-loading S electrodes.
Not only are multiple iterations usually needed to obtain a
sufficient electrode thickness, but the resultant electrodes also
tend to crack or easily fail during cycling. We demonstrated that
composite powder mixtures of S/Se and hG are easily
compressible, with S/Se content of as high as 90% (Figure
7a).”"** Atahigh S mass loading of 6 mg cm ™, a high capacity of
1429 mAh g™'s was achieved, corresponding to 85% S utilization
and an areal capacity of 82 mAh cm™'.”" hG/Se composite
cathodes exhibited a similarly high utilization rate.”

The poor contact between the composite cathode and the
current collector became a significant issue for ultrahigh-mass-
loading S cathodes with high S contents. For example, at a S
loading of 9.2 mg cm™ and a content of 80%, despite the
ultrahigh areal capacity achieved (~12 mAh cm™2), the
overpotential from discharge/charge was quite large (0.49 V),
indicating ineffective conductive paths (Figure 7b). It was found
that adding a lightweight layer of dry-pressed hG between the
current collector and the composite cathode significantly
lowered the overpotential with retained areal performance.’!
For example, at an ultrahigh S loading of 15.6 mg cm™ and a
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total content of 77% (considering the added hG layer), the
overpotential was reduced to only 0.22 V with an areal capacity
of ~20 mAh cm ™. The lightweight hG interlayer (shown as the
“layered composite” in Figure 7a) was the key to improving the
contact conductance and therefore the electrochemical kinetics
of the battery reactions.

Dry compressible hG even enabled the incorporation of neat
Se in between two layers of hG, resulting in sandwichlike
electrodes (Figure 7a,c).>* This was achieved via a single-step
dry compression without even the need for premixing. High-
mass-loading hGlISelhG sandwich electrodes could be conven-
iently fabricated just by sequentially adding hG, neat Se, and hG
powders to the compression die, followed by pressing into
electrodes that were directly used for battery cell fabrication.
These sandwich electrodes exhibited high performance similar
to that of the composite electrodes. The sandwiched neat Se was
shown to electrochemically redistribute throughout the entire
cathode upon the first cycle as Se was converted into soluble
polyselenides during the first discharge. As such, the first cycling
step was a de facto mixing process resulting in a well-mixed hG/
Se composite electrode. The method was shown to be widely
applicable to the S/Se family of active materials, including Se, S,
and a commercially available SeS, compound, all of which
exhibited excellent performance in terms of areal capacity and
utilization. The entrapment of soluble polysulfide/polyselenide
intermediates is important to improving the cyclability of Li—S/
Se batteries. We have found some success in using fluorinated
electrolyte solvents®” or metal sulfide species®® with dry-pressed
hG-based electrodes. Future studies may include the direct
modification of hole-edge functionalities of hG, which might
provide further improvements in entrapping the soluble
intermediates and thus the cycling performance.

5. CONCLUSIONS AND PERSPECTIVES

As a graphene derivative, the holey motif of hG renders to these
2D nanosheets an insignificant increase in defects but improved
properties especially in terms of through-sheet mass transport.
This characteristic is particularly useful in the field of energy
storage, where reduced ion tortuosity leads to much enhanced
performance. The holey nature of hG also makes the dry powder
compressible into neat monoliths or composite architectures
with electrochemically active fillers that can be directly used as a
supercapacitor or battery electrodes. The dry-pressed neat and
composite electrodes enabled by hG have found broad
applications in advanced battery research. The use of a
solvent-free and binder-free dry-press method with hG has
enabled the facile preparation of high-mass-loading electrodes
with the high areal capacity required for practical battery
systems. In comparison, the conventional slurry-based electrode
fabrication approach is time-consuming and may pose environ-
mental concerns, with significant challenges in increasing the
active material mass loading. In most cases, hG serves as not only
a conductive additive but also an architectural scaffold with
binder-like properties in these dry-pressed electrodes. With
scalable preparation techniques available, hG may be one of the
most promising carbon material candidates with advantages in
both fabrication and performance for future high-energy-density
battery electrodes.

A few of the challenges that need further research are listed as
follows:

(1) The preparation of hG should be further improved and
tailored toward individual applications. Because hG can
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be prepared from different starting graphene materials
under various oxidation conditions, its properties such as
the oxygen content, hole size, original graphene defect
density, and surface area may vary and could play
important roles in each application. Subsequent mod-
ifications, such as inorganic or organic functionalizations
and heteroatomic doping, can be critical toward specific
functions.

(2) The hole-edge chemistry of hG remains to be fully
understood. Although hG shares similarities with intact
graphene in its chemical properties, the chemistry at the
hole edges has not been fully exploited. Manipulation of
the hole edge carbon chemistries will have important
effects on not only graphene surface properties, but also
the through-hole transport properties for energy storage
applications. There are reports already available on hG
hole edge modifications that impact the catalytic** and
ion-transport properties.52

(3) Dry-pressed hG architectures require more fundamental
understanding and improvement. For example, dry-
pressed hG discs are robust but not flexible. It remains
to be seen whether they could be improved and applied to
flexible devices with proper modifications either within
the structure or in the fabrication procedure. Dry-pressed
hG-based electrodes also swell upon applying solvents or
liquid electrolytes. Although they retain their excellent
electrochemical viability, exhibit high areal capacity, and
remain mechanically robust against repeated cycling, the
swelling may pose a challenge when scaling up battery cell
fabrication.

(4) Applications of dry-pressed hG need to be further
explored. hG has been used in applications such as
catalysis, sensing, adsorbents, membranes, and compo-
sites, for which dry-pressed hG may present a unique
niche. In the energy storage field, besides what has been
discussed in this Account, there are several other
important areas of immediate interest, such as applica-
tions in Li metal anodes and solid-state electrodes. For the
former, intact graphene has been shown to be an excellent
lightweight host for Li metal to reduce dendrite formation
and thus improve cyclability. Dry-pressed hG might
improve the fabrication of such Li metal host electrodes.
For the latter, because many solid-state cathode discs have
already been prepared by dry compression, it is logical to
predict that the use of hG could further facilitate the
fabrication and improve the performance by enhancing
the interfacial contacts among the various constituents.
Both directions are actively being pursued in our
laboratory.

(5) The holey motif has been explored in many other 2D
nanosheets, some of which exhibited enhanced electro-
chemical properties.””* It is intriguing to discover
whether those holey nanosheets are also compressible in
their dry form. Scalable preparation methods will be

essential for such explorations.
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