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Breakthroughs in Designing Commercial-Level
Mass-Loading Graphene Electrodes
for Electrochemical Double-Layer Capacitors

Liang Chang' and Yun Hang Hu'*

Since the first exploration of graphene as an electrode material for electrochem-
ical double-layer capacitors (EDLCs) in 2008, great effort has been made to
develop high-performance graphene-based electrodes with commercial-level
mass loading up to 10 mg/cm? or thickness up to 200 um. However, a thick elec-
trode usually possesses a long diffusion distance for electrolyte ions and a low
accessible surface area, leading to gravimetric capacitance degradation, espe-
cially at high current density. In recent years, novel techniques have emerged
to solve these issues and have brought significant breakthroughs for gra-
phene-based EDLCs. An ultra-high areal capacitance (>2 F/cm?) has been
achieved at a large graphene mass loading (>10 mg/cm?) without sacrificing
gravimetric capacitance. This article reviews this recent significant progress
and emphatically discusses challenges and strategies for highly efficient
graphene electrodes to achieve high values for three types of capacitance
(gravimetric, volumetric, and areal) at commercial-level mass loadings from
the viewpoint of materials design.

Introduction

Clean and renewable energies are expected to satisfy energy demands for the
increasing population and to solve environmental issues caused by fossil fuel econ-
omies. However, renewable energy sources (such as wind, solar, and geothermal)
are all intermittent and generally dispersed. Their efficient use requires reliable en-
ergy-storage systems.' > Electrochemical double-layer capacitors (EDLCs), which
represent one type of essential energy-storage device, possess fast charge/
discharge rate, high-power density, ultralong cycle life, simple operation mode,
and ease of integration into electronics.*” They have been widely applied for con-
sumer electronics, electric vehicles, industrial instruments, and new-type grids.®”’

EDLCs store energies by forming electrochemical double layers (EDL) at the electrode-
electrolyte interface, which requires large surface areas of electrode materials for charge
storage.®'“ However, activated carbon (AC) with large surface area, acommon electrode
material for EDLCs, cannot provide high capacitance and a satisfactory rate performance,
because electrolyte ions are difficult to transport into its rich micropores.''~'* Therefore,
ideal electrode materials for EDLCs would have optimal pore-size distribution that can
ensure electrolyte ions to easily diffuse into all pores, leading to a large accessible surface
area. The electrode materials of EDLCs should also possess suitable conductivity for
electron transfer.'>™'® Graphene, the youngest allotrope of carbon produced and iso-
lated in 2004,"" is a single-atom-thick carbon sheet with large theoretical surface area
(2,630 mz/g), high carrier mobility (up to 10,000-20,000 cm?/V/s), and high chemical sta-
bility.?>?* The combination of fully accessible surface area and high conductivity
makes graphene an ideal electrode material with a high theoretical capacitance of

596 Matter 1, 596-620, September 4, 2019 © 2019 Elsevier Inc.

Progress and Potential
Electrochemical double-layer
capacitors (EDLCs), a type of
energy-storage device with
second-level energy storage and
delivery rate, are widely applied in
the field of consumer electronics,
electric vehicles, industrial power
quality, and new-grid field. EDLCs
are experiencing a 20% annual
growth, which will reach a market
of $2.18 billion in 2020. Currently
the EDLC research and industrial
efforts focus on development of
highly efficient graphene
electrodes. To reduce the gap
between the research results and
the commercial requirements,
excellent performance of
graphene-based EDLCs must be
obtained with a commercial-level
mass loading (10 mg/cm?) of
graphene. Over the past 5 years,
breakthroughs have been
reported for graphene-based
EDLCs, achieving ultrahigh areal
capacitances (>2 F/cm?) at a large
graphene mass loading (>10 mg/
cm?) without sacrificing
gravimetric and volumetric
capacitances. These findings are
heralding a bright future for
EDLCs.



http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2019.06.016&domain=pdf

Matter

526 F/g for EDLCs, which has stimulated intensive research on graphene-based superca-
pacitors.”*™” So far, numerous reviews have been published assessing progress on the
application of graphene in EDLCs.*>?*?73% However, scaling up graphene electrodes
to commercial-level mass loading was seldom evaluated in these articles. In this review,
from a materials design point of view, we discuss research efforts and highlight the recent
breakthroughs for graphene-based EDLCs with emphasis on challenges and strategiesin
the development of commercial-scale graphene electrodes.

Research Progress in Graphene-Based EDLCs

The research on graphene in supercapacitors started in 2008.7'** Rao and coworkers
successfully synthesized graphene materials with surface areas of 925 m?/g by exfolia-
tion of graphitic oxide (EG), which exhibited gravimetric capacitance of 117 F/g in an
aqueous H;SO,. Ruoff et al. created chemically modified graphene (CMG) with Hum-
mers’ method, which possesses large surface area (705 m?/g) and high conductivity
(2 x 102 S/m). The supercapacitor with CMG electrodes achieved a gravimetric capac-
itance of 135 F/g at current of 10 mAin 5.5 M KOH. Without eliminating the contribution
from functional groups, the normalized capacitances for EG and CMG were 12.4 and
19.1 uF/cm?, respectively. They are still lower than the intrinsic capacitance of graphene
(21 uF/cm?), which was directly measured in a three-electrode configuration (Figures 1A
and 1B).** In the measurement, single-layer graphene as a working electrode was
covered by a thick photoresist layer with a 10-nm-diameter window opened for electro-
lyte exposure, which minimized the background capacitance and prevented exposure of
the graphene edges. Such an ideal graphene sheet with surface area of 2,630 m?%/g
would possess an EDL capacitance of 526 F/g. However, in EDLCs tests the obtained
capacitance of graphene is far below the ideal one.?®#” This could be attributed to
several factors. Two-dimensional (2D) graphene sheets tend to agglomerate and restack
in the process of slurry-type electrode fabrication due to strong van der Waals interac-
tions. These can lead to the severe reduction of surface area and the difficult diffusion
of electrolyte ions between sheets, causing the deterioration of EDL performance
especially at high-rate and high-power conditions.*>*’ Furthermore, the conductivity
of graphene electrode could be decreased by defects and functional groups introduced
during its top-down synthesis.***?

Recent development of graphene-based EDLCs focuses on creating novel gra-
phene frameworks. One of strategies is to generate pores in graphene
sheets.>>***’ For example, Zhu et al. activated microwave-exfoliated graphene
oxide (a-MEGO) by KOH to form 0.5- to 6-nm-wide pores in sheets (Figure 1C),
achieving a surface area up to 3,100 m%g and thus a high capacitance of
165 F/g at 1.4 A/g with electrolyte of 1-butyl-3-methyl-imidazolium tetrafluorobor-
nate.®> The construction of a restacking-inhibited structure (composed of inter-
sheet meso- and macropores) is another strategy. Shi and coworkers hydrother-
mally synthesized self-assembled graphene hydrogel (SGH) (Figure 1D), in which
graphene sheets overlapped and coalesced to form a well-defined and intercon-
nected three-dimensional (3D) porous network (Figure 1E).*® The SGH exhibited
a capacitance of 175 F/g in 5 M KOH due to the increase of surface area and
ion transport. These graphene hydrogels/aerogels can be modified for flexible
supercapaci‘cor548'49 or be further decorated with pseudo-atoms (O, N, S) (or tran-
sition metal oxides) for pseudo-/hybrid capacitors.*”*°~>* However, defects in gra-
phene oxide (GO) and reduced GO (rGO) with large quantity brought a negative
impact on conductivity and thus the capacitive performance. This issue was solved
by 3D graphene foams, which were synthesized by Cheng and coworkers with the
template-directed chemical vapor deposition technique (Figures 1F and 1G).*’
This bottom-up strategy generated high-quality three-layer graphene sheets
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Figure 1. Progress of Graphene-Based EDLCs

(A) Double-layer capacitance versus gate potential in [BMIM]PF/Pt interface.

(B) Single-layer graphene device. Reprinted by permission from Springer Customer Service Center
GmbH: Springer Nature, Nature Nanotechnology, Xia et al.,** Copyright 2009.

(C) Schematic showing the microwave exfoliation/reduction of GO and the following chemical
activation of MEGO with KOH. From Zhu et al.”® Reprinted with permission from AAAS.

(D) The proposed formation mechanism for SGH.

(E) Scanning electron microscopy (SEM) image of the SGH interior microstructures. Reprinted with

|3é

permission from Xu et al.”” Copyright 2010, American Chemical Society.

(F) Photograph of a 170 x 220-mm? free-standing graphene foam.

(G) SEM image of a graphene foam. Reprinted by permission from Springer Customer Service
Center GmbH: Springer Nature, Nature Materials, Chen et al.,*” Copyright 2011.

(H) SEM images of honeycomb-structured graphene.

Adapted with permission from Wang et al.*® Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

with excellent connection in three dimensions, leading to large surface area and
high electrical conductivity. Furthermore, new chemistry and new procedures
emerged for constructing 3D graphene with various shapes (Figure 1H), such as
the reaction of alkali metals with carbon oxides to 3D graphene, which exhibited
excellent performance for EDLCs due to their large accessible surface area and
high electrical conductivity.>®>4=>7
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Figure 2. A Tale of Two Plots

One way to compare electrochemical energy-storage devices is to use Ragone plots, which show
both power density (speed of charge and discharge) and energy density (storage capacity). These
plots for the same EDLCs are on a gravimetric (per weight) basis in (A) and on a volumetric basis in
(B). The plots show that excellent properties of carbon materials will not translate to medium- and
large-scale devices if thin-film and/or low-density electrodes are used. From Gogotsi et al.”
Reprinted with permission from AAAS.

Other progress was also obtained for graphene electrodes. The relationships
between the pore morphology (interface structure, or N-doping induced electronic
modification) of graphene materials and their capacitance (charging rate, or ion
migration) were revealed by computational simulations.®®*™*" Furthermore, the pack-
ing density and mass loading of graphene films as well as their areal and volumetric
capacitances were recently emphasized for reliable evaluations of graphene

electrodes.®?°

Challenges in Catering for Commercial Requirements

For commercial applications, an electrode material must store a large amount of
charges and rapidly deliver sufficient charges (electrons and ions) in a given
charge/discharge duration.®®*” High energy and power densities require a large sur-
face area for EDL formation and a short electrolyte-ion diffusion distance for rate per-
formance.®® This is often achieved by a very thin electrode (mass loading <1 mg/cm?)
with a graphene material. However, the excellent gravimetric performance with such
a low mass loading is meaningless in practice (Figure 2).°”/° When the mass loading
increases to the commercial level (10 rng/cm2 or 200 pm thickness),”® electrochem-
ical performance is significantly influenced by the increased ion-diffusion limita-
tion.”" This happens because, in an electrode with a high mass loading, gravimetric
capacitance can be sustained only when ions and electrons transport across a longer
distance at a proportionally high rate.”? Insufficient charge transfer could bring
considerably high outpotential, causing severe capacitance degradation. For this
reason, the excellent electrochemical performance (especially the gravimetric-based
parameters) achieved at a low mass loading of electrode material cannot be repro-
duced at a high mass loading.

Ideal electrode materials for commercial supercapacitors must possess not only high
gravimetric capacitance but also excellent volumetric and areal ones.®® However,
there is a trade-off relationship among these three types of criteria. Gravimetric per-
formance reflects the energy-storage ability of an electrode material based on how
much and how rapidly energy is stored per unit weight. It prefers a thinner electrode.
Volumetric performance is determined by energy stored in a unit volume, which
shows practical importance for energy-storage devices with limited space. Only
electrode materials with high packing density can exhibit a high volumetric
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performance. Areal capacitance is energy stored in a unit area, which requires a
thicker electrode.”” Therefore, large gravimetric capacitance demands a highly
porous structure of an electrode material to boost its surface area and ion diffusion,
whereas high volumetric capacitance prefers a more dense structure.”*’> Further-
more, high areal capacitance needs to combine a high gravimetric capacitance
with a large mass loading. In addition, fast electrolyte-ion transport requires a
macro-/mesoporous structure of an electrode.”®’” In conclusion, the most impor-
tant consideration for the design and synthesis of graphene electrode materials is

to balance two conflicting factors: large density and high porosity.”®”?

A thick electrode with a large mass loading is more meaningful for practical applica-
tions than a thin one. In most academic papers, the claimed specific capacitances,
power densities, and energy densities for electrodes are based on active materials
in an unpacked configuration. However, in a packed EDLC, the whole weight of
the device should be taken into account, including electrode films, current collec-
tors, separators, electrolyte, binder, connectors, and packages. Even if the inference
is based on commercial-level mass loading of 10 mg/cm?, the mass of active mate-
rials is only about 30% of the total mass. This indicates that the device performance
determined from the electrode property should be divided by 3 or 4.”° The number
would be increased to 30 if a thinner electrode with a mass loading of 1 mg/cm? is
applied. Therefore, a large mass loading of an electrode is necessary to reduce over-
heads from other parts, leading to high electrochemical performance for a device.

Strategies for Scalable Graphene Electrodes

Commercialized EDLCs require electrodes with mass loading of 10 mg/cm? or thick-
ness about 200 um, which is remarkably larger than mass loading (usually 1 mg/cm?
and always below 5 mg/cm? reported in most academic papers. As shown in Fig-
ure 3, to meet the commercial requirements for EDLC electrodes, the following pa-
rameters must be considered for the design and synthesis of ideal electrode mate-
rials: large accessible surface areas and fast ion/electron transport pathways in a
high packing density form as well as easy scale-up production. Two types of strate-
gies have been developed for ideal graphene electrodes: the reconstruction of 2D
graphene as the top-down approach and the direct synthesis of 3D graphene as
the bottom-up approach.

Scalable Electrodes Constructed with 2D Graphene

As an effective strategy, 2D graphene can be assembled into macroscale architec-
tures.®“~%? 2D graphene utilized in these processes was synthesized by the chemical
oxidation and exfoliation of graphite with the modified Hummers’ method. The ob-
tained 2D graphene has advantages of low cost, light weight, excellent flexibility,
and high mechanical and chemical stability.®* "% The graphene without any treat-
ment could reach a high packing density, but suffer severe aggregation during elec-
trode fabrication, causing significant capacitance drop, especially at a high rate with
alarge mass loading.®” In contrast, a porous graphene framework, which is obtained
by treating the 2D graphene, could exhibit excellent electrochemical performance
on the gravimetric scale. For instance, Chen and coworkers synthesized the open-
porous and continuously crosslinked rGO foams via a leavening and thermal stream-
ing strategy. The rGO foams, in a two-electrode supercapacitor cell, exhibited a high
specific capacitance of 110 F/g, which is much larger than the 17 F/g of rGO films.®'
Qu and coworkers constructed a versatile, ultralight, and nitrogen-doped graphene
framework with a pyrrole-assisted hydrothermal method, followed by freeze-drying
and Ar-heat treatments. The obtained graphene framework with an ultralow density
of 2.1 £ 0.3 mg/cm? was explored for supercapacitor electrodes, reaching 484 F/g
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Important parameters, challenges, and synthesis strategies for scalable graphene electrodes.

Figure 3. Schematic lllustration

at 1 A/g in a three-electrode configuration.®” However, the low packing density led
to a low volumetric capacitance and a difficulty for scaling up. To solve these issues,
porous but highly dense graphene macroscale architectures were constructed in the
forms of graphene balls (zero-dimensional [0D]), graphene fibers (one-dimensional
[1D]), graphene papers (2D), compressed graphene hydrogels/aerogels (3D), and
graphene/carbon spacer frameworks (3D).

Graphene Balls. The construction of individual graphene sheets to a 0D macro-
scopic structure was demonstrated as an effective strategy to prevent aggregation
of graphene sheets and achieve a high mass loading without capacitance degrada-
tion. Luo et al. designed a graphene architecture with a crumpled paper ball struc-
ture by isotropic capillary compression, in which the droplets of GO dispersion
generated by an aerosol spray pyrolysis step were rapidly evaporated.®*#? The ob-
tained crumpled rGO balls with a near-spherical contour and a strain-hardening
feature can resist more compression than heavily wrinkled graphene sheets with a
planer contour (Figures 4A and 4B). This was supported by the change of Bruna-
uer-Emmett-Teller (BET) surface area after being pelletized. Compared with the
huge drop from 407 to 66 m?/g for the wrinkled graphene sheets, the crumpled gra-
phene balls suffered only a relatively small decrease from 567 to 255 m?/g. This was
attributed to the almost unchanged morphology of individual crumpled balls in the
compressed pellets and the indistinguishable microstructures of surface and cross-
section. Furthermore, the free spaces, which uniformly distribute inside each ball as
well as between them, ensure the fast diffusion of ions even for an electrode with a
large mass loading. Thus, the crumpled rGO balls can reach an ultrahigh mass
loading without obvious decrease in their gravimetric capacitance, namely, its
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Figure 4. Graphene Balls for EDLC Electrodes

(A and B) Schematic of crumpled graphene balls (A) and flat graphene sheets (B) scaling up.

(C) Mass-based specific capacitance as a function of mass loading at current density of 0.1 A/g.
(D) Mass-based specific capacitance as a function of current density with mass loading of

16 mg/electrode.

(E) Volumetric specific capacitance as a function of mass loading at 2 A/g. Reprinted with
permission from Luo et al.®” Copyright 2013, American Chemical Society.

(F) Schematic of the fabrication of highly porous graphene-derived carbons with hierarchical pore
structures.

(G and H) SEM micrograph of asMEG-O (G) and electrochemical characterization of asMEG-O in
[EMIM][TFSI]/AN electrolyte (H). Reprinted with permission from Kim et al.”® Copyright 2013,
American Chemical Society.

high gravimetric capacitance of around 150 F/g at 0.1 A/g remained unchanged with
increasing mass loading from 2.5 to 20 mg/cm? (Figure 4C). However, its perfor-
mance was greatly affected by a rate (Figure 4D), namely, its areal capacitance
decreased from 2.7 to 1.26 F/cm? with increasing rate from 0.1 to 2 A/g. Further-
more, its volumetric capacitance is only 58 F/cm? due to low density of bulk materials
(0.5 g/cm3) (Figure 4E). To improve rate performance, Kim et al. proposed to graft
mesopores within interconnected macroporous frameworks.”® A microwave treat-
ment was utilized to expand the crumpled balls to a larger volume with some degree
of deoxygenation. These microwave-expanded GO balls were infiltrated in a KOH
aqueous solution, followed by filtering with vacuum and then thermal activation
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under argon flow (Figure 4F). The obtained a-MEGO possessed an open and inter-
connected macroporous structure (Figure 4G), which was attributed to capillary
forces in the self-assembly process of densely packed particles. Furthermore, the
KOH activation created a large fraction of micro- and mesopores within the intercon-
nected macroporous network. The a-MEGO had large surface area (3,290 m?/g) and
rich functional groups (2.84 wt % O), providing a large number of active sites for elec-
trolyte ions. Indeed, it exhibited the improved electrochemical performance with
capacitance of 174 F/g (or 100 F/cm?) at 1.1 A/g in an ionic liquid electrolyte (Fig-
ure 4H). Although the capacitance value dropped to 129 F/g (or 58 F/cm?) for a thick
electrode (10.4 mg/cm? and 230 um), relatively high volumetric energy density
(44 Wh/L) and power density (210 kW/L) were obtained for porous carbon electrodes
without any further electrode densification. It is clear that the OD graphene-based
macroscale architecture shows its potential as electrodes of EDLCs to reach the com-
mercial-level mass loading. However, its large resistance of intra- and interparticles
greatly limits its rate performance. This stimulated the further modification of

,”" porous carbon nanotube net-
93-95

graphene balls, such as size and structural contro

2 which can

works decoration,”” and metal/metal oxide nanocrystal hybrids,
improve accessible active sites and interparticle conductivity.”® Nevertheless, the
complicated synthetic procedures constrict large-scale application of these 0D

graphene-based macroscale architectures.

Graphene Fibers. 1D macroscale architectures of graphene were also explored to
reach a large mass loading of 10 mg/cm? for scalable graphene electrodes.
Graphene fibers (GFs), which possess unique properties of large surface area, high
mechanical stability, and excellent electrical and thermal conductivity,”” have
been widely exploited as single-fiber electrodes or parallel pattern electrodes in
flexible solid-state micro-supercapacitors’®’? or graphene-based coaxial fiber
supercapacitors.'°%'%" However, severe aggregation of graphene sheets in GFs
led to a compact structure, inhibiting the transfer of ions and thus decreasing the
capacitance. This caused the difficulty for GFs to achieve high specific capacitance
per fiber and large areal capacitance per device. An effective strategy was proposed
to solve this issue, namely, the ion-diffusion path perpendicular to the fiber’s axis
was constructed by creating voids between graphene sheets.'%'%° This has created
several approaches. Cai et al. selectively adopted a metal needle with concave-
convex-shaped inner walls as the spinneret (Figure 5A) to fabricate surface-porous
neat graphene fibers (SGF)."”" The nanoscale porous flower structure and impres-
sive surface area of 839 m%/g allowed SGF to exhibit excellent performance with
areal capacitance of 0.23 F/cm? at 39.7 mA/cm? in a two-electrode micro-superca-
pacitor. Huang et al. used the repulsive force of water and alcohol molecules to pro-
duce porous graphene ribbons (PGRs): the supramolecular hydrogel, which was
composed of GO suspension and sodium deoxycholate (NaDC), was electro-spun
into ethanol (Figure 5B)."°° The NaDC dissolved into ethanol, whereas water mole-
cules remained inside the frameworks of GO sheets, leading to a porous structure
instead of collapsing and restacking. In PGR electrodes, the gel electrolyte was
easily infiltrated into the intraspace, and the graphene surface with area
of 697 m%/g was fully utilized. As a result, a high gravimetric capacitance of
208.7 F/g was achieved in a symmetrical-solid-state yarn supercapacitor. This was
attributed to porous GFs with continuous ion-diffusion routes on the surface and in-
side GFs as well as a fast electron transport pathway along the fiber axis. However, its
areal capacitance is still far below 0.5 F/cm?. To conquer this issue, Li and coworkers
constructed a new material, hydrothermally activated graphene fiber fabrics
(HAGFFs), via the following steps (Figure 5C).1% A hydrothermal treatment was ex-
ploited to partially reduce wet-spun GO fibers into GO/rGO fibers. The partially
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Figure 5. Graphene Fibers for EDLC Electrodes

(A) Wet spinning apparatus for the synthesis of continuous neat graphene fibers and the processing steps for the assembly of flexible solid-state micro-
SCs; insets are SEM images of the inner wall of the needle (left) and an SGF electrode (right). Reproduced from Cai et al.,'%" with permission from the
Royal Society of Chemistry.

(B) Schematic showing the formation mechanism of the PGRs. Reproduced with permission from Huang et al.'® Copyright 2015, Elsevier.

(C) The structural evolution of graphene fibers during the hydrothermal activation process. Schematic diagrams with cross-sectional SEM images of
graphene fibersin the corresponding stages: (b) as-spun GO fiber, (c) swelled GO gel fiber at the beginning of hydrothermal treatment, (d) rGO gel fiber
at the end of hydrothermal treatment, (e) the resulting hierarchical rGO fiber after air-drying.

(D) Calculated gravimetric capacitance of HAGFF and GFF.

(E) Areal capacitance of HAGFF electrodes with various thicknesses.

(C) to (E) reprinted with permission from Li et al."% Copyright 2017, American Chemical Society.

reduced GO/rGO microfibers were cut into staples via high-speed shearing in water
and then filtered to obtain nonwoven fabrics. The wet products were fully air-dried to
form the highly wrinkled microstructures. The obtained HAGFFs possessed special
features different from GO fiber fabrics, including high C/O ratio of 4.3, D/G peak
intensity ratio of 1.7, increased surface area of 245 m?/g, concentrated pores below
10 nm, high conductivity of 4 S/m, and improved packing density. This can be
explained by the synthetic process. The pre-dried spun GO fibers introduced a
compact and lamellar structure. Those hydrophilic fibers, in the initial hydrothermal
stage, experienced a thorough swelling once in contact with water, leading to
apparently expanded fiber diameter from ~10.7 um to ~42.5 um and highly porous
inner-fiber structure. The following hydrothermal treatment at 150°C for 10 h
decreased electrostatic repulsion and enhanced hydrophobic interactions among
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rGO sheets, which made fibers reduced, shrunk, and interfused. Finally, tremendous
wrinkles on the rGO sheets and hierarchical morphology of HAGFFs were generated
by the air-conditioned drying process. As electrodes for EDLCs, HAGFFs achieved a
gravimetric capacitance of 244 F/g and an areal capacitance of 1.06 F/cm? with
150 um-thick films (Figure 5D). If five layers of 200 um-thick films were overlaid, a re-
cord value of 7.40 F/cm? was obtained at a rate of 1 mA/cm? (Figure 5E). In addition,
modification with electrochemical active materials (such as transition metal dichalco-
genides or polymers) can further improve the performance of GFs-based supercapa-
citors.'’~1%? As discussed above, the optimizing strategy for the 1D graphene archi-
tecture must balance high density and large ion-accessible surface area for efficient
mass loading and high areal capacitance.

Graphene Papers. It is well known that graphite-like layer-by-layer assembly is an
effective method to achieve high packing density for carbon materials. However,
the inevitable aggregation and restacking of 2D graphene due to intersheet van
der Waals attractions leads to a multilayer graphene structure behaving as graphite
instead of individual graphene. This could cause the loss of accessible surface area
and sluggish ion/electron transport, resulting in compromised specific capacitance.
To prevent the formation of graphite-like graphene architecture, Li and coworkers
created effective spaces for electrolyte-ion transport in the principle of colloid chem-
istry through a bioinspired strategy.’'” The chemical converted graphene (CCG) hy-
drogel films (Figure 6A) were synthesized by vacuum filtrating CCG dispersion
through a mixed cellulose ester filter membrane and then immersing this product
in water overnight. In this process, water was introduced into face-to-face stacked
graphene sheets as spacers and created the separation between hydrated CCG
sheets (Figures 6B-6D). It was an unusual assembly with a combination of intrinsic
corrugation and colloidal interaction between CCG sheets. The obtained self-
stacked, solvated graphene (SSG) film was constituted with about 92 wt % water
and 0.045 mg/cm? CCG, creating high conductivity of 1,860 Q/sq. The surface
accessibility of this SSG film was examined in an aqueous two-electrode supercapa-
citor. A specific gravimetric capacitance up to 215 F/g was achieved with SSG films
and charge/discharge rates were demonstrated to have a negligible effect on en-
ergy-storage ability (Figure 6E). However, its low packing density would limit the
scaling up of its mass loading to the commercial level. Although the water was
removed to enhance the density by a freeze-drying or thermal annealing process,
a huge drop in capacitance was observed. This indicates the importance of keeping
effective routes for fast diffusion of electrolyte ions during increasing the packing
density of the electrode material by removing spacers. For this reason, water was re-
placed with a ratio-controlled volatile/nonvolatile miscible solution, in which the
volatile liquid was water and the nonvolatile liquid was an electrolyte, sulfuric acid
or an ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate [EMIMBF,]) (Fig-
ures 6F-6).°> After a simple directional-flow-induced bottom-up assembly process
and a capillary compression procedure, a highly porous densely packed carbon
material was obtained as electrolyte-mediated chemically converted graphene
(EM-CCGQG). The EM-CCG film with face-to-face stacking realized regulation of pack-
ing density by simply controlling the concentration ratios of H;O/H,SO,4 or H,O/
EMIMBF, trapped in a gel, leading to p = 1.33, 0.76, 0.42, and 0.13 g/cm? for
CCG/H,S0O, films or p = 1.25, 0.97, 0.65, and 0.39 g/cm3 for CCG/EMIMBF, films.
As a result, only a slight decrease (from 203.7 to 191.7 F/g) in gravimetric capaci-
tance was observed when the packing density increased from 0.13 to 1.33 g/cm?.
Thus, the volumetric capacitance of the EM-CCG films, which was nearly propor-
tional to its packing density, reached the highest value of 261.3 F/cm? in EMIMBF,
(Figure 6J) and 255.5 F/cm? in H,SO4 (Figure éK). Furthermore, it also exhibited a
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Figure 6. Graphene Papers for EDLC Electrodes

(A and B) Photographs of the as-formed flexible SSG films.

(C) Schematic of the cross-section of the SSG film.

(D) SEM image of the cross-section of a freeze-dried SSG film.

(E) Gravimetric capacitance of SSG, freeze-dried SSG, and dried/thermally annealed SSG measured at various charge/discharge currents. Adapted with
permission from Yang et al."'’ Copyright 2011, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(F) Schematic showing the soft chemistry route to fabricate the EM-CCG film from the CCG dispersion.

(G) A photograph showing the flexibility of EM-CCG film.

(H-K) SEM images of cross-sections of the obtained EM-CCG films containing (H) 78.9 vol % and (I) 27.2 vol % of H,SOy, respectively, corresponding
to p = 0.42 g/cm® and p = 1.33 g/cm?, volumetric capacitance as a function of mass loading of EM-CCG film (p = 1.25 g/cm®), and the dried CCG film
(p=1.49 g/cm3) at the current density of 0.1 A/g in ECs with EMIMBF4/AN (J) and in 1.0 M H,SOy4 (K).

From Yang et al.°” Reprinted with permission from AAAS.

record volumetric energy density of 59.9 Wh/L. This might be due to its densely
packed graphene structure and highly efficient ion transport channels formed by
fluid liquid electrolyte. In addition, the EM-CCG film was scaled up to 10 mg/cm?
and reached a high areal capacitance of 1.57 F/cm? in aqueous electrolyte. There-
fore, we can conclude that introducing intersheet spacers into graphite-like
graphene materials can not only improve the packing density but also enhance
the accessible surface area with continuous ion networks, which would benefit
gravimetric and areal capacitances as well as volumetric capacitance.

Compressed Graphene Hydrogel/Aerogels. High-force mechanical compression
was also exploited to improve the packing density of 3D hydrogel/aerogel, which is a
highly interconnected graphene network with exceptional mechanical and electrical
robustness (Figure 7A).*” As an electrode material, 3D hydrogel/aerogel reached a
high areal capacitance (0.372 F/cm?) with an electrode of 185 pm thick (Figures 7B
and 7C). However, its low packing density (0.05-2 mg/cm3) resulted in its small volu-
metric capacitance and low electrode scalability.”'" Tao et al. employed the evapora-
tion-induced drying technique to post-treat graphene hydrogels with a low density of
0.02 g/cm?®, forming a novel high-density porous graphene macroform (HPGM)."'? In
this process, graphene nanosheets were effectively interlinked to construct 3D hydrogel
and the parent hydrogel shrunk to about one-eighth of volume after removing water. As
a result, the obtained HPGM possessed a compact microstructure with closely and
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Figure 7. Compressed Graphene Hydrogel/Aerogels for EDLC Electrodes

(A-C) SEM image of the interior microstructure of the graphene hydrogel before pressing (A). Thickness dependence of (B) areal capacitance and (C)
mass-specific capacitance of a graphene hydrogel film comparing a liquid (1 M H,SO,) and a gel (H,SO4-PVA) electrolyte at current density of 1 A/g.
Reprinted with permission from Xu et al.”” Copyright 2013, American Chemical Society.

(D) Schematic of the formation of graphene-based 3D porous macroforms with different drying process and the SEM images of the resultant PGM and
HPGM.

(E) Cycle performance of HPGM, GNS (powdered graphene), and AC at a current density of 0.5 A/g (the inset is a diagram of the two-electrode
measurement device). Reprinted with permission from Springer Customer Service Center GmbH: Springer Nature, Scientific Reports, Tao et al.,''?
Copyright 2013.

(F-H) Schematicillustration of the HGFs as an ideal material for EDLC electrodes (F). Gravimetric (G) and volumetric (H) capacitances of HGF electrodes
versus different current densities (with graphene mass loading of 1 and 10 mg/cm?). Reprinted with permission from Springer Customer Service Center
GmbH: Springer Nature, Nature Communications, Xu et al.,*® Copyright 2014.

neatly packed graphene sheets and without identified opening pores (Figure 7D). This is
totally different from spongy porous graphene macroform (PGM) with large pores
(formed by commonly used freeze-drying). The HPGM has a low oxygen content of 16
atom % and an acceptable conductivity of ~16 S/m due to the partial reduction
and the tight interlinkage of graphene nanosheets. Furthermore, its large surface area
(367 mz/g), porous microstructure (pore volume of 0.16 cm3/g), and large density
(1.58 g/cm®) led to a high volumetric capacitance of 376 F/cm® in aqueous electrolyte
(Figure 7E). However, its corresponding areal capacitance was not reported. Xu et al.
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designed a compact holey graphene framework (HGF) to achieve a large mass loading
of 10 mg/cm?, leading to high gravimetric (298 F/g) and volumetric (212 F/cm®) capac-
itances as well as ultrahigh areal capacitance (2.65 F/cm?) in organic electrolyte (Figures
7G and 7H).”*> The HGF was synthesized by a one-step hydrothermal reaction with
aqueous solution of H,O5. Its 3D networks were constructed by graphene self-assembly
and its abundant nanoscaled in-plane pores across the entire graphene surface network
were created by in situ H,O; etching at low temperature. Thus, a large BET surface area
of 830 m?/g was obtained for HGFs, which is significantly larger than that of nonholey
graphene frameworks. Furthermore, the as-prepared HGF was hydraulically pressed
to form a free-standing compact structure (Figure 7F), resulting in nearly 60-fold increase
of packing density (0.71 g/cm?) without sacrificing surface area (810 m%/g). The HGF also
possesses high conductivity (about 1,000 S/m). Therefore, the compact HGF films meet
the critical requirements for an ideal EDLC electrode: (1) its entire surface area is fully
accessible even after mechanically compressing due to highly porous monolithic frame-
work of interconnected and interlocked graphene and abundant nanopores in holey
graphene sheets; and (2) sufficiently large nanopores in holey graphene sheets can
act as shortcuts between different layers of graphene, speeding up ion transport. The
similar strategies were further modified by Shi and coworkers to develop 3D hydroxyl-
rich graphene hydrogels (HRGHs), which exhibited an ultrahigh areal capacitance of
2.67 F/cm? at 1 mA/cm? with a large HRGH mass loading of 10 mg/cm? and excellent
gravimetric and volumetric capacitances (260 F/g and 312 F/cm?® at 1 A/g).”” The 3D
structure was prepared via an improved hydrothermal process, and the compact struc-
ture with packing density of 1.2 g/cm® was achieved by mechanically compressing the
fully immersed HRGHs under 1-MPa pressure. During hydrothermal reduction, hydroxyl
groups on GO sheets were reserved due to introduction of n mol/L H3PO4 (n = 0, 0.1,
0.2, and 0.4) as the hydroxyl protecting agent, which improved the wettability of HRGHs
to aqueous electrolyte and brought about extra pseudocapacitance. The well-main-
tained surface areas (998 m?/g) after pressing and the good conductivity (92 S/m) of
the 3D HRGH can explain its excellent performance for EDLCs.

Highly Dense Graphene/Carbon Spacer Frameworks. Other carbon spacers
(sphere, tube, fabric) were also employed to tune the spaces between graphene
sheets for the well-designed highly dense graphene/spacer electrodes, in which
large mass loadings were achieved."*""® For example, Zheng and coworkers vac-
uum-filtrated multiwall carbon nanotube (MWCNT, 10 mg/mL) and rGO (5 mg/mL)
directly onto Ni-coated cotton fabrics."'? Consequently, thick electrodes with nano-
scale porosity were successfully fabricated on textiles, and the interfacial contact and
adhesion at the metal/carbon interfaces were significantly improved. Furthermore,
the composite fabric electrodes were easily scaled up from 0.4 to 23.7 mg/cm?
through alternative filtration cycles, reaching the highest thickness of ~400 um
and thus achieving an ultrahigh areal capacitance of 6.20 F/cm? at a rate of
20 mA/cm?. Therefore, we can conclude that a suitable spacer between graphene
sheets is a critical factor in obtaining a high packing density without losing accessible
surface area and thus reaching well-balanced gravimetric, volumetric, and areal
capacitances.

Scalable Electrodes Based on Directly Synthesized 3D Graphene

In recent years a new strategy, “direct synthesis of 3D graphene,” has been devel-
oped to prepare novel graphene materials. It can greatly maintain the properties
of individual graphene sheets and simplify the synthetic process. Furthermore, the
obtained 3D graphene exhibited high electrical conductivity and structural stabil-
ity.'?? Although the template chemical vapor deposition method®’'?" and sugar-
blowing approach'? were utilized to prepare 3D graphene, the obtained product
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has a small yield and a low density that limit its applications. To solve these issues,
Hu and coworkers discovered a series of new reactions for 3D graphene
synthesis.*®*>” These one-step processes, conducted in a batch-mode ceramic
tube reactor, can produce 3D graphene with a high yield. Furthermore, its novel
morphology, easily tuned pore structure, and flexible surface modification can
be delicately controlled by adjusting reaction temperature (pressure or time)
and changing reactants to meet specific requirements. Moreover, moderate
reaction conditions (below 600°C), easy operation, and a simple synthetic
system constitute a great possibility for its large-scale production and wide
application.

Scalable Mesoporous Graphene Electrodes. The 3D honeycomb-like structured
graphene (HSG) has been successfully constructed by Hu’s discovered reaction be-
tween Li,O particles and CO gas (Figure 8A).?® The feasibility of this reaction was first
demonstrated by thermodynamic calculation, indicating their thermodynamically
favorable feature (negative Gibbs free energy change) and energy-economic prop-
erty (negative enthalpy change). Its honeycomb-like structure (Figures 8B and 8C)
was controlled by simultaneously generated Li,CO3 nanoparticles, leading to sur-
face area of 151 m?/g and pore sizes in the range from 115 to 170 nm. Although
the 3D HSG with high electrical conductivity and some oxygen-functional groups ex-
hibited a high-power conversion efficiency for dye-sensitized solar cells, its applica-
tion for supercapacitors was limited by its relatively small surface area. To solve this
issue, the reaction between lithium liquid and CO, was designed to synthesize 3D
cauliflower-fungus-like graphene (CFG, Figure 8D),** a mesoporous material with
improved surface area of 462 m?/g and concentrated pore size of 2-70 nm. The
simultaneous generation of Li,COj3 particles can isolate graphene sheets, control
the graphene shape, and prevent graphite formation. The entire surface area of
the CFG electrodes in EDLCs could be accessed by electrolyte ions due to facilitated
ion transport within a hierarchical porous structure, achieving a large CFG mass
loading of 11.16 mg/cm? and thus a very high areal capacitance of 1.16 F/cm?,
and good gravimetric and volumetric capacitances (103.6 F/g and 120 F/cm?) at a
rate of 1 A/g (Figures 8E and 8F). Furthermore, these CFG electrodes were operated
at relatively high temperature (55°C), showing rectangular cyclic voltammetry
curves, good rate performance, and cycling stability.

Scalable Surface Microporous Graphene Electrodes with Meso-/Macrochannels. It
is well known that AC used in commercial EDLCs is a microporous material with
unsatisfactory electrochemical performance. This happens because of two conflict-
ing roles of micropores in EDLCs, namely, although micropores can enhance
charge accumulation to form EDLs, their very small pore sizes inhibit ion transport
at a high rate with a large mass loading. This drawback was solved by 3D surface
microporous graphene (SMG). Hu and coworkers synthesized the SMG material
with a large surface area of 890 m?/g by reacting Na liquid with CO,, achieving
a gravimetric capacitance of 200 F/g.® In this process, CO, gas played two impor-
tant roles (Figure 8G): (1) CO, generated graphene sheets by its reaction with Na
liquid, and the produced Na,CO3 nanoparticles controlled the shape of graphene
and prevented graphene aggregation; and (2) CO, in situ oxidized graphene walls
to create surface micropores. The obtained SMG (Figures 8H and 8I) possessed a
cabbage-coral-like shape with meso-/macrochannels built by coiled and bent gra-
phene sheets, abundant surface micropores with average deepness of 0.54 nm
distributed on 2.2-nm-thick graphene sheets, and oxygen modification (4.88%)
with existence of C—O and C=O groups. The channels with a range from
200 nm to 1 um can buffer electrolyte as a reservoir. The buffered electrolyte

Cell

REVIEWS

Matter 1, 596-620, September 4, 2019 609




B Matter Cell> e

A
550 °C heat HCl Wash honeycomb-
+ CO mmp [——_4 structured
graphene
graphene

- p

E —— 1 F —=—M1
—— M2 —— M2

_ —t— M3 (—a—M3
FRE B 1204
$ L — .
w
z o \\x" % o k%
Q 0. Q
g | .| 3
o 2
(%) — =
£ o4 g 4
g *
7]

o "

T T T T ‘ ‘ ‘
Cur:om don:hy (Algf 1 Current density (A/g)

J 18

N
ie
=3

—m—3D Surface-Microporous Graphene

-180

=
-d

12

4
h o

>
o
Gravimetric cgpacitance (Flg)

Areal capacitance (F/cm?)

0.0 T T T T T 0
0 1 2 3 4 5
Current density (A/g)

Figure 8. Directly Synthesized 3D Graphene for EDLC Electrodes

(A) Schematic of synthesis of honeycomb-structured graphene.

(B and C) SEM image (B) and transmission electron microscopy (TEM) image (C) of HSG. Adapted with permission from Wang et al.*® Copyright 2013,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Field-emission SEM image of CFG.

(E and F) Areal capacitance (E) and gravimetric capacitance (F) of 3D graphene-based supercapacitors with different graphene-mass loadings

(M1, 4.58 g/cmz; M2, 7.40 g/cmz; M3, 11.16 g/cmz) versus current density at room temperature. Reproduced from Chang et al.,”* with permission from
the Royal Society of Chemistry.

(G) llustration of reaction: SMG formation with Na and CO; reaction, and simultaneous pore-creation-reaction between graphene and CO5.

(H and 1) SEM image (H) and TEM image (I) of SMG.

(J) Areal and gravimetric capacitance of SMG (inset is illustration of SMG structure). Reprinted with permission from Chang et al.”> Copyright 2017,
American Chemical Society.

can directly touch the graphene walls and transfer to the surface micropores of
SMG electrodes with a negligible transport distance to form efficient EDLs at a
high rate. Therefore, the SMG electrodes were scaled up with a large mass
loading, leading to a very high areal capacitance of 1.28 F/cm? (Figure 8J) and
excellent rate capability (83.5% from 0.5 to 10 A/g) as well as high cycling stability
(86.2% retention after 5,000 cycles). The reaction between K and CO, was also
demonstrated to produce 3D surface microporous graphene with excellent perfor-
mance for supercapacitors.”® From the above discussion, one can see that CFG
and SMG can meet the following two requirements for an ideal electrode material:
(1) large accessible surface area for electrolyte to form EDLs and (2) highly
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Figure 9. 3D Graphene with High Packing Density for EDLC Electrodes

(A) Schematic process for DMPC synthesis.

(B-D) SEM image of DMPC (B). Mass-loading effect of DMPC on (C) areal capacitance and (D)
gravimetric capacitance (1 and 5 A/g current densities). Reprinted with permission from Chang
et al.”’ Copyright 2018, American Chemical Society.

interconnected carbon frameworks and hierarchical porous networks for contin-
uous and rapid ion transport.’*’

Scalable Porous Graphene Electrodes with High Packing Density. In addition to
accessible surface areas and continuous ion/electron transport routes, packing
density is a key parameter for an electrode material. A dense electrode would
be of vital importance for well-balanced capacitance in gravimetric, volumetric,
and areal scales, especially in a packaged EDLC device. However, it is a challenge
to synthesize highly dense porous carbon (DMPC). Very recently, a new chemistry
between Li liquid and CO gas was discovered for directly synthesizing DMPC.>’” A
high packing density of 1.94 g/cm?® was achieved in such a mesoporous carbon
material with a large surface area of 857 m?%/g. This unique feature originates
from its synthesis process (Figure 9A). The reaction between Li liquid and CO
gas produced DMPC/Li,O/Li,CO3 composites. The in situ-formed templates
(LioO/LioCOs3) well controlled the size and distribution of 40-nm mesopores, while
the interspaces of stacked graphene layers created large amounts of 6-nm meso-
pores. After removing Li;O and Li,CO3 by HCI, one can see volcanic-scoria-like
carbon with large primary particle size larger than 5 um (Figure 9B). These large
primary particles contribute to its high packing density due to the great decrease
in the total interparticle spaces. Such a novel DMPC exhibited excellent perfor-
mance as electrodes in a symmetrical EDLC, achieving large gravimetric capaci-
tance of 205.2 F/g and high volumetric capacitance of 220.5 F/cm® at a rate of
0.5 A/g. Furthermore, its areal capacitance showed a linear relationship with
mass loading and reached the ultrahigh value of 2.15 F/cm? at a large mass
loading of 11.5 mg/cm? (Figure 9C). This excellent performance in areal scale
was attributed to the negligible effect of mass loading on its gravimetric
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capacitance (Figure 9D). Therefore, DMPC electrodes solved the trade-off issue for
capacitance in three scales (gravimetric, volumetric, and areal).

Conclusion and Perspective

From the viewpoint of graphene design and synthesis, we evaluated the recent
progress in graphene electrodes for supercapacitors with emphasis on commercial
requirements. It was demonstrated how important and challengeable it is for a
supercapacitor to obtain high values for all three types of capacitances (gravimetric,
volumetric, and areal capacitances) at commercial-level mass loading of 10 mg/cm?
or thickness of about 200 pm.

The ideal electrode materials for highly efficient EDLCs must possess large acces-
sible surface area, continuous and fast electron/ion transport pathways, and large
packing density. The two types of strategies were discussed for design and synthesis
of scalable and ideal graphene electrodes: the reconstruction of 2D graphene
(to OD, 1D, 2D, and 3D macroscale architectures) and the direct synthesis of 3D
graphene. Several breakthroughs have been obtained with novel graphene elec-
trode materials for EDLCs in recent years (Table 1). Twelve types of graphene elec-
trodes have achieved ultrahigh areal capacitances above 1.00 F/cm? with a large
mass loading at a high rate of 1 A/g, and half of them are even larger than
2.00 F/cm? with very large mass loading of 10 mg/cm? or above (Figure 10). Further-
more, among them the two largest areal capacitances were achieved by two types of
graphene-based electrodes, namely, 6.20 F/cm? at 20 mA/cm? with the MWCNTSs/
rGO composite electrode and 7.40 F/cm? at 1 mA/cm? with the electrode of the
HAGFFs. Without doubt, the novel synthetic approaches of graphene materials,
which are based on new chemistry and new technologies,>*>%7124-12¢
critical role in the development of commercialized graphene-based EDLCs with

will play a
excellent performance at low cost.

So far, however, the best capacitance of graphene-based electrodes is still far below
its theoretical value of 526 F/g. It would be a challenge to achieve the theoretical
value for graphene-based EDLCs. This may stimulate the following future research:
(1) to increase the accessible surface area of synthesized graphene material close to
its theoretical surface area (2,630 mz/g), (2) to design pore structures that can bal-
ance the electrolyte-ion transfer requirement and the high packing density, and (3)
to tune the surface charge for boosting capacitance and expanding the operating
voltage. On the other hand, the newly discovered features of graphene (such as
unconventional superconductivity in magic-angle graphene superlattices'?’-'%%)
present tremendous advantages for the design of new-concept supercapacitors,
such as flexible micro-supercapacitors, fiber supercapacitors, and Li/Na-ion capac-

itors.'??"3" This may open a new era for supercapacitors.

Besides the important research progress, graphene-based EDLCs have emerged on
the market, and are obtaining strong technical and financial support from many com-
panies and investment agencies.'*”"'** For example, ZapGo, a UK company with a
grant from European Union’s Horizon 2020 research and innovation program, is
engaged to develop ultra-fast-charge graphene-enhanced supercapacitors.
Skeleton Technologies (the largest supercapacitor manufacturer in Europe) manu-
factures the curved graphene for SkelCap cells, achieving a production capacity of
4 million cells a year. Ningbo CSR New Energy Technology in China developed
two new types of supercapacitors: (1) 3 V/12,000 farads with electrodes of compos-
ite of graphene and AC, and (2) 2.8 /30,000 farads in graphene nanohybrid. These
new supercapacitors can make a trolleybus travel 10 km after a charge of 1 min.
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Table 1. Gravimetric, Areal, and Volumetric Capacitances of Graphene-Based EDLCs

Electrode Materials

Exfoliation of graphitic oxide

Chemically modified graphene

Activated microwave-
exfoliated GO

Activated GO film

Sulfur and nitrogen codoped
mesoporous graphene

Self-assembled graphene
hydrogel

Nitrogen-doped carbon
dots/3D graphene

3D functionalized graphene

3D nitrogen, boron-codoped
graphene

Laser-scribed graphene

3D carbon foam with
multiscale pores

3D graphene gel
Holey graphene papers
rGO foams

N-doped graphene
framework

Crumpled graphene balls
(CGBs)

Activated microwave-

expanded GO

CGBs (0.7 um)

SeeT Conductivity
(m?%/ (S/cm)
9)

925

705 2

2,400

2,400 588
1,500

5x 10°
56

362
249

1,520 17.38

2,905 3

6149  1.033
217 20.3

280

567

3,290

Electrolyte

1 M HSO4

5.5 M KOH
TEABF4+/AN
(BMIM BF,)/AN

TEABF,/AN
6 M KOH

5 M KOH
6 M KOH

6 M KOH
PVA/H2804 gel

1 M H3SO4
PVA/H3PO4
3 M KOH

1 M H,S0,
1 M H,S0,
1 M H,S0,
1 M LiClO,

5 M KOH

[EMIMI[TFSI)/
AN

5 M KOH

V (V) Mass Loading
(mg/cm?)

0-1 3

0-1 3.7

0-2.5

0-3.5

0-2.5

0-0.9

0-1

—-09t0 0.1 2-25

0-1 1.5-3
0-1

0-1

Oto —-0.8 2.5

0-1

0-1

0-0.8

0-0.8

0-0.8 25
20

0-35 1.3
10.4

0-1 2.5

i(A/g)?ori
(mA/ecm?)® or
v (V/s)¢

0.1¢

1C

10°

1.4°

10°

0.01¢
0.5°

0.5°
0.005°¢

1a

1,000°
13

16
12
0.5%
12

0.1°
23
0.1°
1a
23
1.1°

Copvimzne
(F/g)

117

100

135

99

165

120
116

175
338*

326
62

374.7*

209
110
484*

150
118
150
105
73

174
129
156

Ca real

(mF/cm?)

0.604*

4.04
3.67
1.82

33.8

2,700¢
2,010
1,260°

60

234

58

100
58

Ref.

Vivekchand et al.,*

2008

JOHEeIN

Stoller et al.,** 2008

Zhu et al.,* 2011

Zhang et al.,** 2012
Ma et al.,*” 2018

Xu et al.,*® 2010
Yuan et al.,”° 2019

Tian et al.,”’ 2015
Wu et al.,*” 2012

El-Kady et al.,%* 2012

Zhang et al.,*® 2017

Maiti et al.,”® 2014
Xu etal.,®” 2015
Niu et al.,®' 2012
Zhaoet al.,*? 2012

Luo et al.,®? 2013

Kim et al.,”® 2013 %
s
m
91 <
Joetal,” 2016 m
(Continued on next page) 3
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Table 1. Continued

Electrode Materials

Porous carbon nanotube
networks
Decorated CGBs

Hierarchical porous
graphene

Graphene fibers

Graphene-based coaxial
fiber

Graphene fiber

3D mesoporous
plasma-reduced GO web
Surface-porous graphene
fibers

Porous graphene ribbons

Hydrothermally activated
graphene fiber fabrics

Self-stacked, solvated
graphene (SSG)

Electrolyte-mediated chemically
converted graphene

Graphene hydrogel
3D graphene aerogels

High-density porous
graphene macroform

Holey graphene framework

Hydroxyl-rich graphene
hydrogels

3D hierarchical porous
graphene

SeeT
(m?/
9)

260

695

325

642

839

697
245

414
504
720

830

998

1,810

Conductivity
(S/cm)

106

87

567

120
0.04

1,860 Q/sq

1.92
2.73
1.15

10

10

Electrolyte

6 M KOH

PVA/KOH

PVA/H,SO,
PVA/H,SO,

PVA/H,S0,
1 M H,S0,
PVA/H,SO,
PVA/H,SO,

H3PO/PVA
1 M H,S0,

1M H,SO,4

1M H,SO4

EMIMBF,
H»S04/PVA
0.5 M H,SO,
6 M KOH

6 M KOH
EMIMBF,/AN

1 M H,SO4

6 M KOH

vV(V)

0-1

0-1

-0.2t00.8
0-0.8

0-0.8
0-0.8

0-1

0-0.8
0-0.8

0-1

0-3.5
0-1
0-1
0-1

0-1

Mass Loading
(mg/cm?)

0.13
1.15

0.83

2.25

150 pm film

5 % 200 pm film

0.045

i(A/g)?ori
(mA/cm?)® or
v (V/s)¢

0.325°

1b

36°
0.01¢

0.05¢
0.2%

0.0397°

0.1°
0.1°
12
1b
12
1.08%

0.1°
/la
0.1°
12
13
0.1%

12

12
1b
12
0.5°

Cgravimetric
(F/g)

202

147

182

253.8*
54.9

208.7
244
233

215

191.7

209
186
325
238

310
298
262
260

305

Careal
(mF/cm?)

230

220

0.443

228

78.3
1,060
1,012%
7,398
4,000*

1,570°

372

2,650°

2,675
2,400"

45*
205

0.526

255.3

261.3

376

212

312

Ref.

Mao et al.,”” 2014

Li etal,” 2017

Fan et al.,”® 2016
Zhao et al.,'®° 2015

Yuetal,'? 2017
Lee et al.,'% 2017

Caietal.,'® 2015

Huang et al.,'® 2015
Lietal.,'* 2017

Yang et al.,''® 2011

Yang et al.,*® 2013

Xu etal.,”? 2013
Jung et al.,'" 2015
Tao et al.,''? 2013

Xu et al.,** 2014

Ma et al. 7 2018

0
®

Lietal,'®2013
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Table 1. Continued

Electrode Materials SeeT Conductivity Electrolyte V(V) Mass Loading i(A/g)ori Caravimznie Careal Cyol Ref. g
(m?/ (S/cm) (mg/cm?) (mA/cm®Por  (F/g) (mF/cm?) (F/ m
9 v (V/s)© cm®) =
Carbon nanotube bridged 652 394 EMIBF, 0-4 0.6-1 0.52 199 211 Pham et al.,''* 2015 [
graphene 3D building blocks m
3D few-layer graphene and 743 6 M KOH 0-1 1.78° 285 Wang et al.,'"® 2013 -
carbon nanotube foam
3D architecture of graphene 322 PVA/KOH 0-1 5 0.1% 391 Song etal.,''” 2015
aerogels/porous carbon
fabrics
Partially reduced GO/carbon 240 6M KOH 0-1.2 12 12 255 Diez etal.,''® 2018
nanotube composites
MWCNT/rGO ten-bilayer 166 5 M LiCl 0-1 23.7 20° 250 6,200 107 Yang et al.,'"” 2017
hybrid
Hollow porous graphene 1,871 6 M KOH 0-1 5 0.05° 321 114 He etal.,,'?? 2014
balls
Nitrogen-doped 1,580 360 2 M Li,SO, 0-1.6 0.5 12 790 490 Lin et al.,'?! 2015
mesoporous carbon
) 710
3D strutted graphene 1,005 200 1 M H,SO4 0-1 1 1° 250 Wang et al.,'?? 2013
100° 130
3D cauliflower-fungus-like 462 2 M KOH 0-1 4.58 12 112.4 520 120 Chang et al.,>* 2015
graphene
11.16 103.6 1,160
Surface microporous 890 2 M KOH 0-1 2.8 0.5° 200 560 Chang et al.,”> 2017
graphene
6.4 199.7 1,280
1° 190.2 1,220¢
Meso-/macroporous 1,031 2 M KOH 0-1 2.6 2° 160.4 Chang et al.,”* 2017
frameworks of surface a §
microporous graphene 6.3 1 167.8 1,057°
22 159.2
3D potassium-ion 990 2 M KOH 0-1 3 1@ 183.8 550 Chang et al.,”* 2018
pre-intercalated graphene
8 187 1,500
Na-embedded carbon 555 5.24 2 M KOH 0-1 4 12 143.2 570 143.2 Chang et al.,”® 2017
nanowalls
8 143 1,140 143
Highly dense mesoporous 857 2 M KOH 0-1 4.3 0.5% 205.2 823 220.5 Chang et al.,”” 2018
carbon
11.5 12 186.8 2,150

II®O

The default test cell is a two-electrode configuration. The data from three-electrode configuration are labeled with an asterisk (*). Sget, BET surface area; V, potential; i, current density; v, scan rate (a, b, and ¢
indicate date from current per electrode mass, current per electrode area and scan rate); Cgravimetric: gravimetric capacitance; Cyreal, areal capacitance (* and * indicate values from calculation and estimation
based on the data in the respective references); C,o, volumetric capacitance.
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Figure 10. Breakthrough of Graphene Electrodes for EDLCs

Reported areal capacitance of graphene electrodes at a high-level mass loading for EDLCs
(current density, 1 A/g): potassium-ion pre-intercalated graphene (KIPIG),” holey graphene
framework (HGF),*° crumpled graphene balls (CG Bs),®” cauliflower-fungus-like graphene (CFG),*
surface microporous graphene (SMG),® meso-/macroporous frameworks of surface microporous
graphene (MFSMG),*® highly dense mesoporous carbon (DMPQ),”’ electrolyte-mediated
chemically converted graphene (EM-CCG),*” Na-embedded carbon nanowalls (Na@C),”” hydroxyl-
rich graphene hydrogels (HRGHs),”” hydrothermally activated graphene fiber fabrics (HAGFFs),'%®
and multiwall carbon nanotube/reduced GO hybrids (MWCNT/rGO).""?

Nevertheless, great R & D efforts are still needed to decrease the production cost of
recently developed superior graphene materials before they can be applied to com-
mercial energy-storage devices on a large scale.
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