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CONSPECTUS: Graphene and its derivatives are versatile building blocks for bottom-up
assembly of advanced functional materials. In particular, with exceptionally large specific surface
area, excellent electrical conductivity, and superior chemical/electrochemical stability, graphene
represents the ideal material for various electrochemical energy storage devices including
supercapacitors. However, due to the strong z—7 interaction between graphene sheets, the
graphene flakes tend to restack to form graphite-like powders when they are processed into
practical electrode materials, which can greatly reduce the specific surface area and lead to
ineflicient utilization of the graphene layers for electrochemical energy storage. The self-assembly
of two-dimensional graphene sheets into three-dimensional (3D) framework structures can largely
retain the unique properties of individual graphene sheets and has recently garnered intense
interest for fundamental investigations and potential applications in diverse technologies.

In this Account, we review the recent advances in preparing 3D graphene macrostructures and
exploring them as a unique platform for supercapacitor applications. We first describe the
synthetic strategies, in which reduction of a graphene oxide dispersion above a certain critical
concentration can induce the reduced graphene oxide sheets to cross-link with each other via partial 7—7 stacking interactions to
form a 3D interconnected porous macrostructure. Multiple reduction strategies, including hydrothermal/solvothermal reduction,
chemical reduction, and electrochemical reduction, have been developed for the preparation of 3D graphene macrostructures.
The versatile synthetic strategies allow for easy incorporation of heteroatoms, carbon nanomaterials, functional polymers, and
inorganic nanostructures into the macrostructures to yield diverse composites with tailored structures and properties. We then
summarize the applications of the 3D graphene macrostructures for high-performance supercapacitors. With a unique framework
structure in which the graphene sheets are interlocked in 3D space to prevent their restacking, the graphene macrostructures
feature very high specific surface areas, rapid electron and ion transport, and superior mechanical strength. They can thus be
directly used as supercapacitor electrodes with excellent specific capacitances, rate capabilities, and cycling stabilities. We finally
discuss the current challenges and future opportunities in this research field.

By regarding the graphene as both a single-atom-thick carbon sheet and a conjugated macromolecule, our work opens a new
avenue to bottom-up self-assembly of graphene macromolecule sheets into functional 3D graphene macrostructures with
remarkable electrochemical performances. We hope that this Account will promote further efforts toward fundamental
investigation of graphene self-assembly and the development of advanced 3D graphene materials for their real-world applications

in electrochemical energy storage devices and beyond.

1. INTRODUCTION

Graphene, a monolayer of graphite, has shown a wide range of
promising applications, including electronic devices, energy
storage and conversion, and polymer composites, since its first
isolation in 2004.'"® Several methods such as mechanical
exfoliation, chemical vapor deposition, and reduction of
graphene oxide (GO) have been widely explored to produce
graphene for fundamental and applied research.'™® Among
these, reduction of GO has attracted particular interest in the
chemistry and materials communities because of its capability
for low-cost and high-throughput production of reduced
graphene oxide (RGO).® 1t is recognized that controlled
preparation of graphene materials with well-defined hierarchical
structures will pave the way for many practical applications that
need bulk graphene materials. Self-assembly can be expected to
be an effective technique for this purpose, which is capable of
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organizing building blocks into complex architectures via
hydrogen bonding, n—m stacking interactions, electrostatic
forces, etc. As the precursor of RGO, GO prepared by chemical
oxidation of graphite can be well dispersed in many polar
solvents, especially in water, at high concentrations and can be
easily converted into RGO with largely restored conjugation by
diverse reduction methods.® Therefore, GO and RGO sheets
can be regarded not only as carbon nanomaterials but also as
two-dimensional (2D) conjugated macromolecules with
extremely large molar masses based on their micrometer- or
submicrometer-scale lateral sizes and naturally become versatile
building blocks for the self-assembly of advanced materials with

. : -1
designed superstructures and functions.”” "
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Figure 1. (a) Photographs of a 2 mg/mL homogeneous GO aqueous dispersion before and after hydrothermal reduction at 180 °C for 12 h. (b)
Photographs of a strong graphene hydrogel allowing easy handling and weight support. (c—e) Scanning electron microscope (SEM) images with
different magnifications of the graphene hydrogel’s interior microstructures. (f) Room temperature I-V curve of the graphene hydrogel exhibiting
Ohmic characteristics. Inset shows the two-probe method for the conductivity measurements. Reproduced with permission from ref 28. Copyright

2010 American Chemical Society.

Electrochemical energy storage devices are of great
importance for mobile electronics, electrical vehicles, and
renewable energy harvesting, conversion, and storage.20
Graphene has attracted considerable interest in this regard
because of its multiple appealing features, including high
specific surface area, excellent electrical conductivity, and
extraordinary chemical/electrochemical stability and mechan-
ical flexibility.” However, the strong van der Waals and 7—7x
stacking interactions between graphene sheets make them
readily aggregate to form graphite-like powders with compact
layered structures when processed into bulk electrode materials,
leading to a great loss of specific surface area and thus
ineflicient utilization of graphene layers for electrochemical
energy storage. Moreover, electrochemically inactive polymer
binders and/or conductive additives are usually needed to
combine these graphite-like graphene powders into practical
electrodes, which not only complicates the electrode
preparation process but also introduces additional loss in the
electrochemical performance.

Self-assembly of nanoscale graphene into monolithic macro-
scopic materials with three-dimensional (3D) porous networks
can largely translate the properties of individual graphene into
the resulting macrostructures and simplify the processing of
graphene materials. It has therefore garnered intense interest in
the past few years.”>~*’ In this Account, we will present our
recent advances in developing synthetic strategies to prepare
3D self-assembled graphene macrostructures starting with GO
and exploring these materials for the creation of supercapacitors
with unprecedented performance.

1667

2. SYNTHETIC STRATEGIES

2.1. Hydrothermal or Solvothermal Reduction

We have synthesized the first self-assembled 3D graphene
macrostructure, that is, graphene hydrogels, in 2010. The
graphene hydrogel was produced by a convenient one-step
hydrothermal reduction of a highly concentrated GO aqueous
dispersion (Figure 1).*® A typical graphene hydrogel consists of
a highly interconnected 3D graphene network (~2 wt %) filled
with water (~98 wt %). The pore sizes in the 3D graphene
range from submicrometer to several micrometers, and pore
walls consist of thin layers of stacked graphene sheets. We
proposed the self-assembly mechanism as follows: before
reduction, the separated GO sheets were randomly and
uniformly dispersed in water, due to their strong hydrophilicity
and electrostatic repulsion effect. When GO was hydro-
thermally reduced, the oxygenated functionalities decreased
significantly and the 7-conjugation was largely restored. The
m—n stacking interaction combined with hydrophobic effect
promoted flexible RGO sheets to partially overlap and interlock
with each other in 3D space to generate enough physical cross-
link sites for the formation of a porous framework with water
entrapped inside.

Due to the unique self-assembled structure and superior
graphene building block, the graphene hydrogel showed a high
electrical conductivity of 0.5 S/m, a hierarchical meso- and
macroporosity with a large specific surface area of 960 m*/g,
and excellent mechanical strength with a storage modulus of
450—490 kPa, which is about 1—3 orders of magnitude higher
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Figure 2. (a) Photograph of an aqueous mixture of GO (2 mg/mL) and sodium ascorbate before (left) and after (right) chemical reduction at 90 °C
for 1.5 h. Reproduced with permission from ref 46. Copyright 2011 Elsevier Ltd. (b) Schematic illustration of synthesis of anthraquinone-grafted
graphene hydrogel. (c) SEM image of anthraquinone-modified graphene hydrogel and its photograph shown in the inset. Reproduced with
permission from ref 49. Copyright 2011 Royal Society of Chemistry. (d) Schematic illustration of hydroquinone functionalized graphene hydrogel
and its photograph shown in the inset. Reproduced with permission from ref 50. Copyright 2013 Wiley-VCH.

than those of conventional self-assembled hydrogels. This initial phene/ polymers,37’3’8 graphene/metal nanoparticles,39_4l and
study provides a new fundamental understanding of the self- graphene/metal oxide and sulfide*™* composite hydrogels/
assembly mechanism of graphene as a 2D macromolecule aerogels using the hydrothermal or solvothermal reduction
building block and inspires abundant subsequent studies on 3D strategies, which greatly expand the diversity and functions of
graphene macrostructures. Soon after this work, we further 3D self-assembled graphene macrostructures. More recently,
used solvothermal reduction to prepare self-assembled we have prepared a new 3D graphene macrostructure built
graphene organogel starting with a GO dispersion in propylene from holey graphene sheets through a one-step hydrothermal
carbonate.?’ The graphene organogel showed similar porous process with simultaneous etching of nanopores within the
network and mechanical strength and even a higher electrical graphene plane and self-assembly of graphene into a 3D
conductivity of 2 S/m. These graphene hydrogels/organogels network, which exhibited a highly continuous porous network
can be easily converted into graphene aerogels by using a of open chfsnnels with a ultrahigh accessible surface area of
freezing-drying or supercritical drying process. 1560 m*/g.
The hydrothermal and solvothermal reduction strategies are 2.2. Chemical Reduction

the most direct route to produce graphene gels without
introducing any other chemicals or further purification
treatment. Additionally, these processes are compatible with
synthesis of many functional materials, which allows for
convenient incorporation of a variety of secondary components
into the 3D graphene framework to tailor the structures and

Although the hydrothermal or solvothermal strategies have
their own features, the reactions require high temperature and
high pressure, which is time-consuming and energy-consuming,
Therefore, a milder method is needed for producing 3D self-
assembled graphene macrostructures in large scale. Recognizing
that the self-assembly of individual graphene sheets into a 3D

combine the functions of multiple components. For example, network is mainly induced by the increased 7—7 stacking
we have demonstrated a one-step hydrothermal approach for interaction between RGO during the hydrothermal reduction
the synthesis of graphene/Ni(OH), composite hydrogels by process, it is reasonable to believe that a chemical reduction
using an aqueous mixture of GO and nickel nitrate as the process could also initiate the self-assembly of the 3D graphene
starting materials.’® The hydrothermal process not only network. Indeed, we have successfully synthesized graphene
induced the 3D self-assembly of graphene but also simulta- hydrogels by using sodium ascorbate as a reducing agent in the
neously promoted uniform in situ growth of ultrathin GO aqueous dispersion (Figure za)_46 In contrast to the high
crystalline Ni(OH), nanoplates on the graphene framework. temperature (180 °C) and long time (12 h) used in
Utilizing the amphiphilic feature of GO, we have dispersed hydrothermal reduction, the chemical reduction process can
activated carbon particles into propylene carbonate and be completed within less than 2 h below 100 °C. Moreover, the
prepared graphene/activated carbon composite organogels by reaction is not limited to the autoclaves used in hydrothermal
solvothermal reduction of the mixture dispersion.”’ The reduction and the shape of the graphene hydrogels can be easily
resulting organogels consisted of a 3D graphene porous varied by changing the type of reactor.
network with encapsulated carbon particles. Other research The graphene hydrogels prepared by chemical reduction
groups have also synthesized heteroatom-doped §raphene showed similar porous structure and mechanical properties. It is
hydrogels/aerogels,>>>* graphene/carbon nanotubes,”>*° gra- notable that their electrical conductivity (1—2 S/m) is higher
1668 DOI: 10.1021/acs.accounts.5b00117
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Figure 3. Photograph () and cross-sectional SEM image (b) of an electrodeposited graphene hydrogel thin film electrode. (c, d) Top-view SEM
images with low (c) and high (d) magnifications. Reproduced with permission from ref 54. Copyright 2012 Nature Publishing Group. (e) Schematic
illustration of the electrochemical reduction method for producing graphene hydrogel film on electrode. Reproduced with permission from ref SS.

Copyright 2012 Royal Society of Chemistry.

than that of materials produced by hydrothermal reduction,
likely due to a more complete reduction and restoration of z-
conjugation. Nearly concurrently, the chemical reduction
approach has been reported by several groups to be an
effective strategy to realize the 3D self-assembly of graphene,
although with different reducing reagents such as ascorbic acid,
NaHSO;, Na,S, and HL.*”*® The mild reaction conditions of
the chemical reduction process can allow for preparation of
graphene hydrogels modified with redox active anthraquinone
through a two-step procedure in which anthraquinone
covalently grafted GO was first synthesized and then chemically
reduced by sodium ascorbate (Figure 2b,c).*’ After chemical
reduction, only a small amount of anthraquinone was removed,
and the chemically modified graphene hydrogels contained 16
wt % anthraquinone. To simplify the preparation procedure, we
have further synthesized noncovalently functionalized graphene
hydrogels through a convenient one-step chemical reduction of
GO using hydroquinones as both the reducing and
functionalizing molecules (Figure 2d).>° The functionalized
graphene hydrogels showed a high specific surface area of 1380
m?/g, which could accommodate a large content of redox active
hydroquinone molecules, up to 17 wt %, on the graphene
surface via 7—7 interactions. Similar to hydrothermal reduction,
the chemical reduction strategy has also been widely used to
prepare a variety of graphene composite hydrogels/aerogels
with secondary components incorporated either before or
during the self-assembly process.”' >

2.3. Electrochemical Reduction

Many applications of graphene, especially electrochemistry-
related applications, require the deposition of graphene
materials on electrodes. However, this is usually done by first
synthesizing graphene active materials followed by coating of
the mixture with polymer binders or conductive additives.
Alternatively, a convenient electrochemical reduction strategy
can be used to directly deposit 3D self-assembled graphene
macrostructures on electrodes (Figure 3).>* Typically, graphene
hydrogels were electrodeposited on working electrode by
electrolyzing a concentrated GO aqueous dispersion (3.0 mg/
mL) containing 0.1 M LiClO, at a potential of —1.2 V vs
saturated calomel electrode for tens of seconds in a three-
electrode system. Under these conditions, the GO sheets near
the electrode were electrochemically reduced and the resultant
hydrophobic RGO sheets self-assembled on the electrode
surface to form a well-bonded 3D porous network with most of
the RGO sheets nearly vertically aligned to the electrode
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surface. The thickness of graphene hydrogel film on the
electrode was found to increase with the electrodeposition time
and could reach several millimeters after long deposition time.
The electrochemical reduction of GO can be carried out on
different types of electrodes including graphene paper, nickel
foam, and metal foil or fiber, which thus is a universal strate
for direct preparation of graphene hydrogels on electrodes.>”

The porous graphene hydrogels on electrodes are conductive
and highly accessible for electrolyte and thus can be used as a
new electrode for further electrodeposition of secondary
functional components such as conducting polymers, metal
nanoparticles, and metal oxide onto the graphene porous
network to make composite hydrogels.>> For example, a
graphene/polyaniline composite hydrogel can be readily
prepared by a one-step cyclic voltammetry co-deposition
process at a potential range of —1.2 to 0.8 V in a mixture
dispersion of GO and aniline, during which GO sheets were
electrochemically reduced to form a graphene hydrogel layer on
the substrate electrode at negative potential, and aniline
monomers were polymerized and homogeneousl_}r coated on
the surfaces of RGO sheets at positive potential.”

6

3. APPLICATIONS IN SUPERCAPACITORS

Supercapacitors, also known as electrochemical capacitors,
represent an important kind of electrochemical energy storage
device with high power density, long cycle life, and high rate
capability.*® The commercial supercapacitors are mainly based
on activated carbon with unsatisfactory specific capacitances
(<120 F/g) and relatively lower charge/discharge rates (<10
A/g). It is of considerable challenge to improve specific
capacitance of the supercapacitor electrodes without sacrificing
the rate performance or cycle life. The formation of 3D
graphene network can effectively prevent graphene from
restacking and retain the high specific surface area that is
necessary for high specific capacitance. Additionally, with a
highly interconnected graphene network for excellent electron
transport and interpenetrated porous network for rapid ion
transport, the 3D graphene macrostructures are ideally suited
for supercapacitor electrodes.

We have first shown that graphene hydrogels prepared by
hydrothermal reduction could be directly used as super-
capacitor electrodes without any other additives and exhibited
a high specific capacitance of 175 F/g in S M KOH electrolyte,
about 45% higher than that of agglomerated RGO powders
(120 F/g) under the same test conditions.”® Subsequently, we
improved the electrical conductivity and optimized the specific
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Figure 4. (a) Specific capacitance versus current density for graphene hydrogels prepared by hydrothermal reduction and further reduction by
hydrazine for 3 and 8 h, respectively. Inset shows the schematic of graphene hydrogel-based supercapacitor. Reproduced with permission from ref 59.
Copyright 2011 American Chemical Society. (b—d) Electrochemical characterization of supercapacitor based on electrodeposited graphene hydrogel
thin film. (b) Plot of impedance phase angle versus frequency. (c) Plot of areal capacitance versus frequency using a series-RC circuit model. (d)
Evolution of the discharge current density versus scan rate. Reproduced with permission from ref 54. Copyright 2012 Nature Publishing Group. (e—
h) Structure and electrochemical characterization of graphene hydrogel deposited in nickel foam electrode. (e) Photograph of a piece electrode. (f)
Low- and (g) high-magnification SEM images of a freeze-dried electrode. (h) Plots of areal capacitance versus current density for the electrodes
prepared by chemical reduction of GO dispersions with different concentrations. Reproduced with permission from ref 60. Copyright 2012 Wiley-
VCH.
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Figure S. (a—c) Electrochemical characterization of graphene/Ni(OH), composite hydrogel. Cyclic voltammetry (a) and galvanostatic discharge (b)
curves. (c) Specific capacitance versus current density for graphene/Ni(OH), composite hydrogel and powdery mixture of graphene and Ni(OH),,
respectively. Reproduced with permission from ref 30. Copyright 2013 Springer Ltd. (d—f) Electrochemical characterization of hydroquinone
functionalized graphene hydrogel. Galvanostatic charge/discharge curves at 1 A/g (d) and specific capacitance versus current density (e) for
hydroquinone functionalized graphene hydrogel and pure graphene hydrogel, respectively. (f) Cycling stability at a current density of 10 A/g.
Reproduced with permission from ref 50. Copyright 2013 Wiley-VCH.

capacitance up to 222 F/g at 1 A/g by further chemical graphene hydrogels prepared by chemical reduction with

reduction of the graphene hydrogels with hydrazine (Figure sodium ascorbate and achieved similar capacitive performances
4a). Most importantly, the graphene hydrogels showed an with a high specific capacitance of 240 F/g in 1 M H,SO,
excellent rate capability with a capacitance retention of 74% at electrolyte.*
an ultrahigh discharge rate of 100 A/g and a superior cycling Inspired by these exciting results, we have further fabricated
stability with 92% capacitance remained after 20 000 charging/ an ultrahigh-rate supercapacitor based on graphene hydrogel
discharging cycles, which could be attributed to rapid ion thin film electrodes by electrochemical reduction strategy for
diffusion and fast electron transport throughout the entire alternating current line-filtering (Figure 4b—d).>* The electro-
porous network of graphene hydrogels. We have also tested the des with ~20 pm-thick oriented graphene porous structures
1670 DOI: 10.1021/acs.accounts.5b00117
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Figure 6. Schematic illustration (a) and photographs (b) of the fabrication process of flexible solid-state supercapacitors based on graphene hydrogel
films. (c) Comparison of specific capacitances of graphene hydrogel film electrode in polymer gel electrolyte and in 1 M H,SO, electrolyte. (d)
Cyclic voltammetry curves of the flexible solid-state device at 10 mV/s under different bending angles. (e) Cycling stability of the device at a current
density of 10 A/g. The inset shows a green LED powered by the three supercapacitors in series. Reproduced with permission from ref 63. Copyright

2013 American Chemical Society.

exhibited a phase angle as large as —84°, and a very short
resistor—capacitor time of 1.35 ms along with a high areal
capacitance of 283 uF/ cm? at 120 Hz, which make the device
capable of replacing the commercial aluminum electrolytic
capacitor for 120 Hz line-filtering. We have also grown
graphene hydrogels in the macropores of nickel foam by in
situ chemical reduction of GO to form a double-network
graphene hydrogel/nickel foam electrode (Figure 4e—h).%* In
this case, the whole graphene hydrogel was interpenetrated by
the nickel framework, different from traditional electrode
configuration in which graphene materials are attached onto a
flat current collector. The increased contact between the
graphene hydrogel and nickel foam brought about a
significantly improved ion/electron transport dynamics within
the electrode. Consequently, the electrode exhibited a large
areal capacitance of 46 mF/cm? at a current density of 0.67
mA/cm” and a remarkable rate performance with a capacitance
retention of 80% at an ultrahigh current density of 183 mA/
cm?, which is at least 1 order of magnitude higher than those of
other hlgh -rate supercapacitors based on onion-like carbon (1.7
mF cm™ at 1 V/s)®" and laser-scribed graphene (3.67 mF cm™>
at 36.3 pA/cm?).%>

Pseudocapacitive materials such as conducting polymers and
electrochemically active metal oxides (or hydroxides) can
exhibit much higher theoretical specific capacitance than carbon
materials but typically suffer from low electrical conductivity
and poor cycling stability. Incorporation of these pseudocapa-
citive materials into the 3D graphene macrostructures has the
potential to take advantage of both components to achieve
greatly improved overall performance. We have utilized a one-
step hydrothermal strategy to prepare graphene/Ni(OH),
composite hydrogels in which ultrathin Ni(OH), nanoplates
were grown uniformly on the surface of graphene sheets during
the formation of the 3D graphene framework.*® The composite
hydrogels showed high specific capacitances of 1212 and 813
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F/g at current densities of 2 and 16 A/g, respectively, and
~95% capacitance retention after 2000 cycle tests, which are
superior to most of the powdery graphene/Ni(OH),
composites reported (Figure Sa—c). We have also incorporated
redox active hydroquinone into the 3D graphene macro-
structures by simultaneous chemical reduction and functional-
ization of GO with hydroquinone and achieved a significantly
improved specific capacitance of 441 F/g compared with 221
F/g for pure graphene hydrogels and an excellent rate capability
with a capacitance retention of 80% at 20 A/g, as well as
superior cycling stability with a capacitance retention of 86%
over 10000 cycles (Figure Sd—f).°° Interestingly, the
pseudocapacitance contributed by hydroquinone was calculated
to be 1461 F/g, about 83% of its theoretical value (1751 F/g),
indicating a highly efficient utilization of adsorbed hydro-
quinone. The overall capacitive performances of the hydro-
quinone functionalized graphene hydrogels are better than
many other chemically modified graphene materials, which is
mainly ascribed to a large amount of hydroquinone molecules
loaded on the high-surface-area 3D graphene framework and
rapid charge transfer between graphene substrate and hydro-
quinone, which is tightly adsorbed on graphene via 7—x
interactions. Meanwhile, a graphene/polyaniline composite
hydrogel film has also be prepared by an electrochemical co-
deposition approach to greatly increase the areal capacitance of
the high-rate supercapacitor from 487 uF/ cm? to 12.4 mF/cm?
with the rate capability well maintained (93% capacitance
retention from 0.5 to 50 mA/cm?).>” Other groups have also
demonstrated that heteroatom-doping of 3D graphene macro-
structures is another effective method to modify the electronic
structure and surface wetting to improve their capacitive
performance. >

With flexible and wearable electronics becoming increasingly
popular in our daily life, there is a great need for flexible
electrochemical energy storage devices. Our recent study
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Figure 7. (a) Schematic illustration of ion diffusion pathway across the graphene framework (top) and holey graphene framework (bottom) films.
(b) Photographs showing holey graphene framework before and after mechanical compression with the flexibility of the film shown in the inset. (c)
Cross-sectional SEM image of the compressed holey graphene framework film. (d) Specific capacitance versus current density. (e, f) Ragone plots of
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energy and power densities are normalized by the weight or volume of the entire device stack. Reproduced with permission from ref 45. Copyright

2014 Nature Publishing Group.

demonstrated that flexible solid-state supercapacitors with 120-
um thick graphene hydrogel films as electrodes could exhibit a
high specific capacitance of 196 F/g, an unprecedented areal
capacitance of 402 mF/ cm?, a low leakage current of 10.6 uA,
excellent cycling stability with only 8.4% capacitance decay over
10000 charge/discharge cycles, and extraordinary mechanical
flexibility (Figure 6).°> Subsequently, we have also fabricated a
flexible solid-state device based on hydroquinone functionalized
graphene hydrogels with an improved specific capacitance of
412 F/g and other similarly superior capacitive characteristics.>’
These results represent notable progress compared with
previous solid-state devices based on carbon nanotubes and
graphene film (<120 F/g and <50 mF/cm*) and signify the
exciting potential of 3D graphene macrostructures for high-
performance flexible energy storage devices. We have also
extended the configuration of the solid-state supercapacitors
from 2D film to 1D fiber by electrodeposition of graphene
hydrogels on metal wires as the electrode material.*® The fiber-
like device delivered a higher areal capacitance of 6.5 mF/ cm?
than previous fiber-shaped supercapacitors (usually below 3
mF/cm?) and showed excellent mechanical flexibility.

For many practical applications with limited space, the
volumetric performance of supercapacitor electrodes is
becoming an increasingly important metric to consider.
However, there is usually a trade-off relationship between the
gravimetric and volumetric capacitances for most electrode
designs. Highly porous electrodes can boost specific surface
area and favor ion diffusion for high gravimetric capacitance but
usually with poor volumetric capacitance due to its relatively
low packing density, while a more compact electrode may
increase the volumetric capacitance but decrease the ion-
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accessible surface area and ion diffusion rate resulting in a low
gravimetric capacitance and poor rate performance. To this
end, we have recently created a 3D holey graphene framework
that can be compressed into a densely packed film to
simultaneously achieve high packing density, large ion
accessible surface area, and fast ion transport rate.** Particularly,
the abundant nanopores created in the holey graphene sheet
not only increase the specific surface area but also can function
as the ion diffusion shortcuts between different layers of
graphene to greatly speed up the ion transport and facilitate ion
access to the entire surface area even in the highly compressed
state (Figure 7a—c). With this unique design, the compressed
holey graphene framework showed ultrahigh gravimetric and
volumetric capacitances of 298 F/g and 212 F/cm?, both being
the highest values achieved in organic electrolytes to date
(Figure 7d). Furthermore, we showed that a packaged device
stack could deliver gravimetric and volumetric energy densities
of 35 Wh/kg and 49 Wh/L, respectively, approaching those of
lead acid batteries (25—35 Wh/kg and 50—90 Wh/L) (Figure
7e,f).

4. CONCLUSIONS

This Account summarizes our recent advances in synthesis of
3D self-assembled graphene macrostructures and their
applications in supercapacitors. With diverse synthetic strat-
egies developed, a wide range of advanced 3D graphene
materials can be readily prepared on a large scale and show
great potential as binder-free electrodes in supercapacitors with
significantly improved performance compared with previous
carbon nanomaterials and powdery graphene materials. Beyond
this exciting progress to date, we believe there are considerable
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challenges and opportunities remaining for continued inves-
tigation. First, the current 3D self-assembled graphene
macrostructures are generally based on RGO sheets with a
relatively poor electrical quality and a wide polydispersibility in
physical morphology and chemical structure, which results in
relatively low electrical properties of the resultant 3D materials
and insufficient understanding of the structure—property
relationship. Second, the intrinsic microstructures and species
diffusion within the 3D graphene framework are partly unclear
and need to be further investigated to enhance the material
performance. Third, more functional components can be
rationally introduced into the 3D graphene macrostructures
to further expand the functions and applications of the 3D
graphene materials. Finally, 3D graphene macrostructures that
simultaneously exhibit stretchability, flexibility, and compressi-
bility have not been realized so far but are highly desired for
powering smart and wearable electronic products. With the
multidisciplinary efforts from chemistry, physics, biology, and
materials science, as well as a combination of many unique
attributes, we believe that the self-assembled 3D graphene
materials could open up significant technological opportunities
in diverse areas and in the near future.
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