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Abstract

Three-dimensional (3D) graphene materials, consisting of unstacked two-dimensional
(2D) graphene sheets serving as building blocks, have been widely reported in recent
years. Various synthetic methods have been employed to prepare graphene materials
with diverse 3D architectures, which show potential in wide applications such as energy
and environmental technologies. In particular, the applications of 3D graphene-based
materials in metal (Li, Na, K, Mg, Al)-ion battery (MIB) system have been numerously
reported in recent years. However, the critical roles of 3D graphene materials in MIB
systems have not been comprehensively discussed. Herein, we first summarize the
configurations and preparations of 3D graphene materials. Second, we illustrate the
metal-ion storage mechanisms in graphene layers, i.e. intercalation and adsorption.
Third, we emphasize superior functionalities of 3D graphene architectures as
supporting and encapsulating materials in MIB applications. Last, we discuss merits
and drawbacks of various 3D graphene architectures in MIB systems. We aim to present
a comprehensive understanding of 3D graphene materials and guide directions for
future MIB designs.
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1. Introduction

Graphene, with intrinsic two-dimensional (2D) structure containing honeycomb-like
carbon atoms, possesses extraordinary physicochemical properties, such as high
thermal conductivity, high carrier mobility and good optical transparency.! In order to
achieve its practical use, the assembly of graphene layers into a macroscopic level is
required. Here, 3D graphene materials, by our definition, are built from unstacked 2D
graphene sheets serving as building blocks.? They have received tremendous attentions
during the past years, since they not only inherit the outstanding properties of 2D
graphene sheets, but also provide novel functions for energy storage and environmental
applications.>~ Up to now, 3D graphene materials with diverse architectures have been
synthesized, including graphene balls,® graphene fibers,” graphene tubes,® graphene
scrolls,” graphene networks,!® graphene vertical sheets,'! graphene cages,'> and
graphene with other 3D architectures.!*> To obtain all these architectures, various

synthetic methods have been employed, which can be generally classified as chemical
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vapor deposition (CVD) metho self-assembly metho and other
methods.'®2° In order to tune the structures and properties of 3D graphene materials in
synthetic procedure, templates are often used such as nickel foam and silica particles.?!
The obtained 3D graphene materials with targeted designs show promises in various
applications for energy storage, such as supercapacitors,?? lithium-ion batteries
(LIBs),?* sodium-ion batteries (SIBs).>*

Lithium-ion battery is one of the most popular electrochemical energy storage
devices and its industry grew rapidly in the last thirty years. However, due to the limited
lithium resources in earth crust, LIBs may not meet the demands of sustainable

developments. In this regard, other metal (Na, K, Mg and Al)-ion batteries (MIBs) have

been developed, which show great promises due to the large resource reserve of metals
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and compelling energy density as compared to LIBs. In recent years, there are
increasing studies on the applications of 3D graphene materials in MIBs.?>%¢ In their
studies, basically, there are two functions of 3D graphene materials: one is working as
metal-host materials to store metal ions effectively in graphene layers; the other is
working as matrix to form 3D composite architectures.

3D graphene materials are promising metal-host materials for MIB applications.
Metal ions, including Li*, Na*, K*, AI*", can intercalate into graphene layers or/and
adsorb on the surface.?’ In addition, the graphene sheets with defective structures or
heteroatoms dopants offer enhanced ion adsorption effect, since metal ions can bind
with defect sites such as edges?® and surface heteroatoms such as boron?® by Faradic
reactions. Compared to conventional metal-ion storage via intercalation, such Faradic
reactions offer a capacitive behavior, showing much faster ion diffusion kinetics and
thus improving rate capabilities of electrode materials.*

3D graphene architectures offer structural superiorities in fabricating 3D composite

electrodes.’!

The diversities, tunabilities and functionalities of 3D graphene
architectures enable rational designs of composite electrodes for MIB applications. For
example, 3D graphene network contains interconnected graphene sheets and offers
highly porous structure. Its conductive network can serve as highways for electrons
transmission, and its porous structure enables electrolyte filtration, which accelerates
ions transport by reducing ion diffusion distance.*? In the meantime, intrinsic physical
properties of graphene sheets like high specific surface area, robustness and flexibility
are suitable for supporting other metal-host materials to fabricate advanced composite
electrodes. Therefore, metal-host material@3D graphene network electrodes can

present enhanced electron and ion transport, resulting in improved metal-ion storage

properties. In addition, some 3D graphene architectures like graphene spheres and
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graphene cages possess configuration advantages, which can not only enhance
electrons and ions transport but also construct an enclosure structure to buffer or
accommodate the volume expansion of metal-host materials during cycling.!? As a
result, the improved cyclic stability can be achieved owing to less structural degradation
of metal-host materials. Other 3D graphene architectures like graphene vertical sheets,
with a large amount of exposed edges, can also improve the power densities of LIBs by
accelerating local ion diffusion at edge sites.

Up to now, there are a few review articles related to 3D graphene materials
available in the open literature.3***43-4635-42 particularly, the progress has been
scattered in several reviews with a focus on preparation methods such as self-
assembly,*>*> CVD methods,*® or with emphasis on structures such as graphene
sponge,’® graphene network,?” graphene spheres,*® or focusing on specific applications
such as supercapacitors,>**** catalysis,*!**> LIBs.***¢ In addition to LIBs, the progress
of other MIBs (Na, K, Mg, Al) is also remarkable ?>#7°6-5848-55 A timely and
comprehensive review focusing on MIB applications is thus deemed necessary.

In this review, we summarize the preparations and configurations of 3D graphene-
based materials and specify their applications in various MIBs. We emphasize
significant roles of graphene layers, serving as intercalation sites and adsorption surface.
We further discuss superior functionalities of 3D graphene architectures as supporting
materials and encapsulating materials in MIB applications. In addition, we also discuss
the merits and drawbacks of applying different 3D graphene architectures as metal-host
materials and matrix in MIB systems. At the end, we summarize the challenging issues

that still remain and give future research directions.



2. 3D graphene architectures

2.1 Graphene spheres

Graphene spheres (graphene balls) refer to a type of 3D graphene materials with hollow
and spherical secondary structure. There are mainly two types of graphene spheres
divided by their surface morphologies. One is called crumpled graphene balls (CGBs),
with many ridges and vertices on their surface. CGBs were first successfully prepared
via evaporating aerosol droplets method.® Specifically, as shown in Fig. 1a, graphene
oxide (GO) suspension was nebulized to form aerosol droplets, followed by rapid
evaporation. CGBs were thus formed due to the shrinkage of the droplets under
hydrostatic pressure. The size of CGBs was in the sub-micrometer range (Fig. 1b-g),
which could be tuned by adjusting the concentration of GO suspension. The other type
of graphene balls (GBs) with relatively smooth surface morphologies can be prepared
via template-assisted method. For example, graphene balls were successfully grown on
nickel nanoparticles (NPs) via carburization and segregation.’® The hollow graphene
balls inherited the spherical structure of NPs, which served as the sacrificing template.
Apart from NPs, other hard templates were also used to prepare GBs, such as silica

6061 polymethylmethacrylate (PMMA) spheres,®? polystyrene spheres® and

spheres,
MgAl layered double oxide spheres.’* The diameter of GBs was in a wide range from
nanometers to micrometers, depending on the template structures. In addition, soft
templates such as water droplets could also assist the construction of GBs.*>%¢ A water-
in-oil (W/O) emulsion technique was reported to prepare hollow graphene oxide
spheres (HGOS).% In the preparation, the GO nanosheets would first restack around
the water droplets due to their hydrophilic properties; Then, by removal of water and

oil, HGOS with a diameter in the range of 2-10 micrometers were obtained. By tailoring

synthetic conditions, the surface of HGOS could be either irregular and rough, or
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uniform and smooth. Graphene spheres with aggregation-resistant property find
potential applications in energy storage and conversion such as fuel cells®’ and
supercapacitors.’® In addition, their highly reactive edges also offer novel functions
such as adsorptions®® and friction reductions.”
2.2 Graphene fibers, tubes and scrolls

Graphene fibers can be prepared by assembling GO sheets into fiber-type structures.
Recently, light, flexible and multifunctional graphene fibers were successfully prepared
by dimensionally confined hydrothermal method.” GO suspension was first injected
into glass pipeline, followed by hydrothermal reaction at 230 °C. The obtained graphene
fiber had a linear structure with a diameter of 33 micrometers. Owing to the densely
stacked graphene sheets along the fiber axis, the textile strength of graphene fiber could
reach up to 420 MPa, showing excellent mechanical properties. Cao et al. reported the
preparation of ultra-strong graphene fibers with superior tensile strength (0.5 GPa).”!
They were prepared by self-assembly method, by using giant GO sheets with high
aspects ratios as building blocks. The diameter of the obtained fibers was as thin as 6
micrometers and the section morphology showed a origami-flower-like microstructure,
in which graphene sheets were partially aligned and densely stacked with each other. In
addition, the obtained graphene fibers also possessed excellent electronic conductivity
(3.8-4.1x10* S m™"). Graphene fibers showed potentials in multiple devices, including
flexible fiber-type actuators, motors, photovoltaic cells, as well as supercapacitors.’>’>

Graphene tubes, with a typical tubular structure and a larger diameter compared to
single-wall carbon nanotubes (2-5 nm), were successfully prepared via template-
assisted CVD method.®” Nickel nanowires were reported as both the sacrificing
template and the catalyst to prepare graphene nanotubes.® The wall of graphene tubes

contains several graphene layers, and the number of graphene layers can be tailored by
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adjusting the growth time. Graphene tubes were grown on the porous anodic aluminum
oxide (AAO) template by carbothermic reduction reaction.” They had one-dimensional
tubular structure and the diameter of a single tube was about 110 nm. The obtained
graphene tubes could act as a medium for directional heat transport. In another work,
graphene/graphene tubes composite was prepared by carbonizing dicyandiamide
(DCDA) in the presence of iron species.”” The graphene nanotubes had no distinct
orientations and the diameter of nanotubes shows a wide range, from tens of nanometers
to sub-micrometer. Similarly, bamboo-like nitrogen doped graphene tubes were also
prepared by high graphitization process of DCDA.”® The length of tubes was up to tens
of micrometers, and the diameter of the tubes was sub-micrometer. Large size of
graphene tubes could facilitate the anchoring of Pt nanoparticles and Pt nanoparticles
anchoring on graphene tubes showed excellent oxygen reduction reaction (ORR)
activity.

Graphene scrolls (carbon nanoscrolls), with a linear and tubular structure similar
to multi-wall carbon nanotubes (MWCNTs), were also prepared.””-”s MWCNTSs possess
a coaxial tube structure, containing several to dozens of intact carbon atom layers with
hexagonal arrangement, with no exposed edges along the axial direction. Differently,
graphene scrolls contain scrolled graphene layers with both open ends and edges along
the axial direction. They were first prepared by a chemical route.” The potassium-ion
compound was first intercalated into graphite under helium atmosphere to assist the
exfoliation of graphite into separated graphene sheets. The following sonication
treatment could induce scrolling of graphene sheets. The average diameter and length
of graphene scrolls were about 40 nm and 1.3 um, respectively. They also had relatively
large surface area contributed by their open ends, compared to the sealed carbon

nanotubes. This unique structure shows promises for multiple applications such as
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adsorption, hydrogen storage and energy storage. Graphene scrolls were also prepared
by microexplosion method.”” Typically, Mn** was first infiltrated into the interlayer of
GO sheets, followed by reacting with KMnO4 to obtain MnO>/GO composites. After
adding H»>O», a large amount of oxygen was generated by H>O> decomposition. The
quick release of gas induced the exfoliation and scrolling of GO sheets. Finally,
graphene scrolls were obtained after the chemical reduction and removal of solvent.
The preparation enables the formation of different structures including one-side
nanoscrolls, diagonal nanoscrolls and two-sided nanoscrolls, as shown in Fig. 2a.” The
diameter of the obtained graphene scrolls was in the range of 20 to 100 nm (Fig. 2b-e).
Graphene scrolls with excellent electrochemical properties show great promise for
applications such as supercapacitors’® and hydrogen evolution.”
2.3 Vertical graphene sheets

Vertical graphene sheets (VGS), also called carbon nanowalls (CNWs), have a
unique structure with interconnected 3D network, open channels as well as thin and
exposed edges.!#9%2 VGS grown on the substrate are tightly fixed and show a highly
directional orientation vertical to the substrate. Plasma enhanced chemical vapor
method (PECVD) was mostly reported to prepare VGS.3% Wu et al.!! first reported
the preparation of carbon nanowalls via PECVD method. By introducing mixture gases
of methane and hydrogen into PECVD system, carbon nanowalls were grown on
different substrates such as silicon, stainless steel and copper. Plasma could assist the
vertical growth of nanocarbon layers with sharp edges, containing single graphene layer

or folded double graphene layers. Hiramatsu et al.?

also prepared carbon nanowalls via
PECVD method but using different feedstocks including CF4 and C»F.
Although PECVD method was reported numerously, harsh conditions such as

plasma sources were required to obtain high quality VGS.3¥%° In order to simplify the
9



preparation process, Zhao et al.”® directly carbonized carbon nanofibers (CNFs) in
ammonia to obtain VGS on their surface. The radially oriented VGS were formed due
to preferential etching of ammonia on the circumferentially oriented graphite layer (Fig.
3a-d). The height of VGS protruding outward from CNFs was several nanometers.
Based on this work, Zeng et al. reported that further growth of VGS could be realized
via thermal CVD method.”! The performed VGS on CNFs could act as nucleation sites
or crystal seeds to facilitate the growth of VGS (Fig. 3f). By introducing methane and
hydrogen gas in thermal CVD, further growth of VGS could be achieved, and the height
of VGS was extended to 195 nm after four hours’ growth (Fig. 3g-h). By prolonging
the growth time, VGS could merge with each other, forming porous graphene (Fig. 3 i-
7). The pore size was in the range from 20 to 100 nm, much smaller than the pore size
of other porous graphene.”>** The obtained VGS showed high electrical conductivity
(1.2 x 10° S m™), superhydrophobicity and high electromagnetic (EMI) shielding
performance (60932 dB cm?g'). The VGS could also be prepared by direct
electrochemical anodization of graphite.”* The dense array of VGS showed excellent
areal capacitance (1.3 F cm™) as well as volumetric capacitance (3.9 F cm™) in
supercapacitors.
2.4 Graphene networks

3D graphene networks are the most frequently reported 3D graphene architectures,
and their mass production can be achieved via self-assembly method.”® For example,
graphene hydrogel was successfully prepared via one-step hydrothermal method.”” It
had an interconnected porous network with randomly aligned sheets and the pore size
was in the range of submicrometers to several micrometers. Qiu et al.’® also reported
the synthesis of highly compressible and ultralight graphene aerogel by chemical

reduction of GO sheets. The obtained material had a foam-like structure with the pore
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size ranging from tens to hundreds of micrometers.

Graphene networks prepared by self-assembly method often suffer from poor
quality with abundant defects and intersheet junctions. CVD method is an effective
approach to prepare 3D graphene network with high quality. Chen et al.!” first reported
the growth of graphene foam (GF) on the nickel foam. The obtained GF inherited the
structure of the nickel foam and the graphene sheets were seamlessly interconnected. It
also offered high conductivity (exceeding 10 S cm™), good mechanical properties and
high specific surface area (850 m? g!).

3D graphene network shows potential for many applications such as LIBs* and
sensors.'” In addition, 3D graphene network can serve as a scaffold to prepare 3D
graphene-based composites. Up to now, 3D graphene/metal oxides, 3D graphene/metal
nanoparticles, 3D graphene/sulfide composites and 3D graphene/polymer composites

101

have been prepared successfully, enabling multiple applications such as

1192193 and supercapacitor.'%

electrocatalys
2.5 Graphene cages

The construction of graphene cages with well-designed structures have been
reported in recent years.'>!9%1% Owing to the robustness, flexibility and high
conductivity of graphene nanosheets, they offer superior properties in energy storage.
Recently, conformal graphene cages were grown on silicon particles as stable anodes
for LIBs.!? Nickel was coated on silicon particles for graphene growth and also as
sacrificing template to create void space between silicon particles and graphene cages
(Fig. 4a). The as-prepared graphene cages possessed a wavy structure along the nickel
grains, as shown in Fig. 4b-d. This unique structure could buffer the volume change of

silicon particles during lithiation. Graphene cages were also prepared by carbon

segregation from nickel nanoparticles.!® The pore size of graphene cages was in the
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range of 1 - 3 um and the wall thickness was in the range of 20-30 nm. The graphene
cages owned multiple functions in constructing electrodes for lithium-sulfur batteries,
including enhancing the electron transfer and providing a physical barrier to confine
polysulfides. Very recently, 3D graphene cages encapsulating tin oxide nanoparticles
were also prepared.!%® Sulfur served as the sacrificing template to create the void space
between tin oxide and graphene cages. After the growth of graphene cage and template
removal, the outer contour of graphene cage was identical to that of the inner tin oxide
particles. By simply adjusting sulfur concentration, the volume of the void space could
be tuned, as shown in Fig. 4e-f. As a result, graphene cages encapsulating tin oxides, as
anodes in LIBs, exhibited an ultrahigh volumetric energy density (2123 mA h cm™) and
also good cyclic performance.
2.6 Other types of 3D graphene

3D graphene with flower-like structure, honeycomb-like structure and hollow-cube
structure were also reported.'>!9%1% For example, 3D graphene with honeycomb-like
architecture was synthesized via a simple reaction between Li>O and CO, as shown in
Equation 1.13

Li20 (s) + 2CO (g) — C (graphene) (s) + Li2CO3 (s) (1)

The simultaneously formed Li>COj; can prevent the combination of graphene
nanosheets into graphite. The obtained 3D graphene had a honeycomb-like structure
and the cell size lied in the range of 50-500 nm. It showed high efficiency as catalyst
for dye sensitized solar cells comparable to Pt electrode. 3D graphene with flower-like
structure was also fabricated via a simple reaction between Li (liquid) and CO,, as
shown in Equation 2.!%7 Li liquid was reacted with CO; at 550 °C, followed by removal
of LiCOs.

4Li (1) + 3CO2 (g) — C (graphene) (s) + 2Li2COs3 (s) (2)
12



The obtained 3D graphene materials had a cauliflower-fungus-shape structure with
high porosity and exposed edges. They exhibited ultrahigh areal capacitance (up to 1.16
F cm™) as well as efficient mass loading (11.16 mg cm™) as electrode in supercapacitor.

The synthesis of graphene cubes with hollow structures was also reported
recently.!®® Plasma-etched NaCl with regularly arranged cube-like microstructures was
used as the sacrificing template. After CVD growth and template removal, graphene
hollow cubes were obtained. The average length of single graphene cube unit was about
10 um. The upper surface of cube units presented interconnected graphene network and
the side surface of cube presented uneven stair-stepping graphene network. All the cube
units were well connected with each other, offering good electrical conductivity. In
addition, they also possessed high mechanical strength and large surface area. With
these advantages, they exhibited high volumetric energy (657.2 mW h cm™) and power
densities (954.3 mW cm™) as electrode in supercapacitor.

3. Preparation methods

3D graphene with different structures can be prepared by CVD method,®!? self-
assembly method,!>1793% electrochemical exfoliation method,”* blowing synthesis
method,'” etc. Among them, CVD and self-assembly are the two most frequently
reported methods. Templates are also used in these methods to tune the pore structures
of 3D graphene materials for various applications,''%!11120-124112-19 The nreparation
methods with and without the assistance of templates are reviewed as follows.

3.1 CVD method

CVD is an effective method to prepare graphene materials with good crystallization
and few defects. Planar few-layered graphene was first prepared by thermal CVD in
2006.'%° Since then, the preparation of 3D graphene materials via CVD method has

been widely reported.
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3.1.1 Template-assisted CVD

In CVD process, templates were used to tune the structures and properties of 3D
graphene materials. Nickel foam is suitable for constructing graphene networks due to
its high porosity, interconnected framework and catalytic effect.!® Self-standing
graphene networks could be obtained after the removal of template. In addition, due to
the excellent conductivity of nickel foam (350 S cm™), graphene network preserving
the template can serve as free-standing electrode for energy storage applications.

Another commonly used template is silica spheres.’*!2% 3D graphene can inherit
the structure of silica template and the removal of silica is required for constructing

75

electrodes due to its insulation nature. Other templates including MOFs,”” surface

127 1108

modified polystyrene balls,'?” porous copper,'?® MgO,'* micro-structured NaC
were also exploited to fabricate 3D graphene with diverse architectures. Their
properties and applications are summarized in Table 1.
3.1.2 Non-template CVD

Non-template CVD with the assistance of plasma is able to prepare graphene
vertical sheets, in which plasma contributes to the vertical growth of graphene sheets,
forming 3D architectures.®*®” The preparation of graphene fibers via non-template
CVD method was also reported recently.”! The graphene crystal seeds prepared
beforehand and etching effect of introduced hydrogen account for the vertical growth
of graphene sheets. Graphene sheets would merge with each other after long-time
growth, forming 3D porous structure. This novel approach shows promise for the large-
scale production of 3D graphene materials.
3.2 Self-assembly method

Self-assembly method is commonly used in GO suspension system to prepare 3D

graphene materials. By breaking the equilibrium state of GO sheets in suspension under
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certain conditions, GO sheets can link with each other spontaneously. After the
reduction of GO, 3D graphene materials can be obtained.
3.2.1 Template-assisted self-assembly

Templates are often used to adjust the pore structures of 3D graphene materials
during self-assembly process. For example, nickel foam is used to prepare 3D graphene

materials with macroporous networks. Wang et al.'®

reported the successful preparation
of reduced graphene oxide (rGO) network with sufficient mechanical strength,
excellent conductivity and low density. Nickel foam was coated with GO via dip-
coating, followed by electrochemical reduction and template removal. Melamine
sponge'*® and polyurethane sponge!” are also used as templates for the assembly of GO
since they offer highly porous structure and are ease of removal. In addition, they can
serve as supports to prevent the agglomeration of graphene sheets. For example, Yang
et al.!” prepared the graphene network with high specific area using polyurethane (PU)
sponge as the template. The PU sponge was immersed into GO suspension, followed
by thermal annealing to removal the template. The obtained graphene network
exhibited ultrahigh capacitive deionization performance with excellent electrosorptive
capacity of 4.95 mg g! and a fast desorption rate of 25 min.

Sulfur, with flowable, deformable and removable characteristics, could also serve
as the template for the preparation of graphene cages. For example, tin oxide
encapsulated by graphene cages was recently reported.'’ In this work, sulfur was
employed as the sacrificing template to create void space between tin oxide and
graphene cages.!®® Owing to the flowable property of sulfur, an intimate interfacial
contact between tin oxide and sulfur was observed (Fig. 4f). By adjusting the original

sulfur content to 21 %, optimal void space between tin oxide and graphene cages was

preserved, resulting in a high volumetric energy density for lithium storage (Fig. 4e-g).
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Other templates such as silica,'*' soap bubbles®? and water droplets®® were also used to
prepare 3D graphene materials.
3.2.2 Non-template self-assembly method

3D graphene materials with random sheet-like structure can be prepared by non-
template self-assembly method. Different techniques have been used to induce the self-
assembly of GO sheets. Vacuum centrifugal technique is able to prepare graphene
sponge.'*>13% Liu et al.!3? first reported the successful synthesis of graphene sponge in
a large scale by evaporating colloidal GO suspensions. GO sheets were self-assembled
in a layer-by-layer manner and their thickness can also be tuned by adjusting the
concentration of GO suspension. After thermally annealing in Ar/H, mixture, the
graphene sponge with 3D interconnected network was obtained. Similarly, by rapid
evaporation of water droplets, CGBs could also be prepared.’®!** In addition,
electrochemical reduction'® and chemical reduction by using agents such as
ethylenediamine (EDA),"*>!3¢ vitamin C'*7"13% and hydrazine'*° are also effective in
inducing self-assembly of GO sheets.
3.3 Other methods
3.3.1 Electrochemical exfoliation

Electrochemical exfoliation is a efficient and environmental friendly approach to
prepare 3D graphene materials.”*!*1142 Zhang et al.** reported the exfoliation of
graphite into GO in a two-electrode system. Natural graphite adhered on the copper
wire was used as the anode and Pt foil was used as the cathode.”* By applying a positive
DC voltage, the graphite was partially oxidized into GO. After chemical reduction, rGO
sheets anchored on graphite was obtained.
3.3.2 Blowing synthesis

Inspired by the food “blown sugar”, a blowing synthesis was employed to prepare
16



strutted graphene.'”” Glucose was mixed with ammonium salts and directly heated to
1350 °C. The released gases from the decomposition of ammonium salts blew the sugar
into strutted graphene. It offered a foam-like structure containing large polyhedral
bubbles, with an average diameter of 186 um. Strutted graphene had a low density of
3.0 mg cm™, which was comparable to the carbon aerogel. It also possessed a good
electric conductivity of 1 S m! and a high specific surface area of 1005 m? g’!, thereby
enabling a power density of 893 kW g at 100 A g™l in supercapacitor.
3.3.3 3D printing

3D printing refers to the process of connecting or solidifying materials to create 3D

objects under the control of computer. Sha et al.?°

reported the synthesis of graphene
foam via 3D printing method. Nickel particles with a diameter of 2-3 um were used as
the template and catalyst and sucrose coated on nickel particles was used as the carbon
source. A thin layer of powder containing sucrose-coated nickel particles was first set
on the platform, followed by laser radiation to produce graphene layers. After first
rastering, another thin layer of powder was manually added onto the top, followed by
the same laser radiation process. After repeating 20 times and template removal,
graphene foam was obtained. The obtained materials owned excellent physical
properties, such as a high porosity of 99.3 %, a low density of 15 mg cm?, a high
electrical conductivity of 8.7 S cm™! and remarkable storage modulus of 11 kPa.
3.3.4 Laser scribed patterning

El-Kady et al.!* first reported the successful synthesis of porous graphene films
via a simple all-solid-state approach by laser irradiation. Typically, GO suspension was
drop casted onto the commercialized CD drive, followed by thermal reduction by laser

irradiation. The originally stacked graphene sheets were well exfoliated in this process

and as-obtained porous graphene film displayed excellent conductivity (1738 S/m) and
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excellent mechanical flexibilities. This synthetic method was also employed in
engineering graphene-based electronic devices with low-cost and commercialization
possibilities.'**
4. Metal-ion storage mechanisms

Graphene is regarded as the promising energy storage materials in various MIB
systems, including LIBs, SIBs, potassium-ion batteries (PIBs), and aluminum-ion
batteries (AIBs).2*?*14-147 The metal-ion storage in graphene layers is generally
achieved via intercalation or/and adsorption, as illustrated in Fig. 5. During charging,
metal ions will be intercalated into graphene layers or/and adsorbed onto the graphene
surface; for discharging, metal ions will be deintercalated or desorbed from graphene
layers. In this chapter, we will illustrate and discuss the metal-ion storage mechanisms
of graphene layers in different MIB systems.
4.1 Intercalation sites
4.1.1 Lithium-ion batteries

Lithium ions, with a radius of 76 pm, are able to intercalate into graphitic carbon
layers and form lithium-graphite intercalation compounds (Li-GICs), i.e. LixCn.'*
Theoretically, one lithium atom can combine with six carbon host atoms at most in a
charging process, according to the Equation 3.

xLi*+ xe"+ Cn — LixCy 3)

Based on theoretical calculations, it was predicted that electrochemical behavior of Li"
intercalation and deintercalation in graphene layers resembles that of graphite.!#~!5!
Experimental results further demonstrated this electrochemical behavior. High quality
graphitized graphene with very few defects was prepared to study the lithium-ion
storage behavior. The observation of cathodic peak below 0.2 V demonstrated the

intercalation of lithium ions into graphene layers.!>?
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4.1.2 Sodium-ion batteries

Sodium-ion batteries gain lots of attractions for manufacturing large-scale energy
storage devices due to the abundance and low cost of sodium resources.*? However, the
large radius of sodium ions (102 pm) hinders its intercalation into graphitic carbon
layers. Preliminary studies showed that the sodium-graphite intercalation compounds
(Na-GICs) are also thermodynamically unstable, leading to severe volume expansion
during sodiation.?”!>® Until recently, the intercalation of solvated sodium ions into
graphite in ether-based electrolyte systems was realized, according to the Equation 4.
By sodium ions and solvent cointercalation, the graphite anode could deliver a
reversible capacity of 150 mAh g after 2500 cycles.!*

Cote +A"+ysolv = A" (solv)y Cn 4)
Sodium ions can intercalate into graphene layers with large interlayer spacings.

1. 16 studied the theoretical energy cost for sodium-ion insertion as a function

Caoeta
of carbon interlayer spacing. They found the energy cost for sodium insertion would
drop with increased carbon interlayer spacings. As for few-layered graphene with an
interlayer spacing of 0.37 nm, the energy cost for sodium insertion was only 0.053 eV,
which was low enough to conquer for sodium insertion. Mechanism studies on sodium-
ion storage in hard carbon further demonstrated this theory. Ding et al. '3 studied the
sodium-ion storage of carbon nanosheets frameworks, which contained 4-5 stacked
surface graphene layers. During sodiation, the interlayer spacing of graphene layers was
expanded from 0.396 nm to 0.416 nm at the low voltage below 0.1 V, demonstrating
the sodium insertion into graphene layers.

4.1.3 Potassium-ion batteries

Potassium, is considered as a candidate for new MIB systems owing to its

19



abundance, less complex surface reactions, high ionic conductivity and low redox
potential of K/K* (-2.92 V vs. standard hydrogen electrode). Hu et al.!*® demonstrated
that potassium ions can intercalate into the interlayer of graphitic materials by a three-
step staging process resembling lithium intercalation: C—KCy4 (Stage II1)—KCis
(Stage I11)—>KCsg (Stage I). In a typical discharging profile, a relatively flat slope was
observed in the voltage range of 0.35 V to 0.18 V, resulting from the formation of KC»4
in Stage III. A voltage transition at 0.14 V was observed, indicating the formation of
KCie in Stage II. The remaining capacity was attributed to the formation of KCsin Stage
I. By such three-step staging process, graphite displayed an initial intercalation capacity
of 270 mAh g! at 5 mA g!. The potassium-ion storage in graphene layers (rGO film)
was also studied.? Different from the potassium-ion storage behavior in graphite, dilute
Stage [ was formed in the voltage range of 0.37 to 0.24 V, and then a voltage transition
from Stage VI at 0.24 V (KC72) to Stage II at 0.15 V (KCy4) was observed. The
remaining capacity below 0.5 V resulted from the synthesis of Stage I compound (KCs).
As a result, rGO anode exhibited a stable capacity of 140 mA h g™! after 100 cycles at
100 mA g™!. Therefore, it was concluded that potassium ions could be stored in graphene
layers through intercalation.
4.1.4 Aluminum-ion batteries

Owing to the abundance, low flammability, and three-electron redox properties of
aluminum, aluminum-ion batteries (AIBs) have been extensively studied.!>%!
Graphite was demonstrated to be an ideal material for aluminum-ion intercalation in
the ionic liquid (AICIs/[EMIm]CI) electrolyte.'®! The aluminum-ion storage
mechanisms (Equation 5 and 6) are revealed as follows, where n represents the molar
ratio of carbon atoms to intercalated anions in the graphite.

4ALCL + 3¢ <> Al + 7AICI; (5)
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C, +AlICl; & C,JAICl, | +¢ (6)

Although breakthrough has been made in the AI/AICI;[EMIm]Cl/graphite
system,'¢! the intercalation and de-intercalation of AICls” could only penetrate through
the edges of graphite with a rather limited penetration path. Aiming to overcome this
obstacle, defect-free graphene with more open edges was prepared to facilitate the ion
intercalation. Chen et al.!*® reported the preparation of defect-free graphene film with
interconnected 3D infiltration channels by high-temperature annealing treatment on
rGO film. The porous surface structure facilitated the vertical infiltration of electrolyte,
thereby shortening the pathways for the transport of electrolyte ions. Meanwhile, 3D
channels also acted as highways for the electron transfer. A substantially enhanced
aluminum-ion storage property was observed, exhibiting superior rate performance
(120 mA h g'! at 400 mA g'!) and excellent cyclic performance (91.7 % retention after
250000 cycles). It also owned a wide operation temperature in the range of -40 to 120
°C and exhibited superior flexibility for wearable applications, with no capacity loss
after folding 10000 times. Chen et al.'®? also synthesized high-quality graphene
microflower for high-performance AIBs. Graphene microflower cathode exhibited a
high capacity of 100 mA h g"! without decay after 5000 cycles at 5 A g'! and a good rate
capability with a capacity of 92 mA h g'! at 8 A g'!. In addition, a high energy density
of 40 Wh kg™! and a high power density of 3000 W kg'! were achieved. The aluminum-
ion storage properties of other reported 3D graphene materials are summarized in Table
9 50-54
4.2 Adsorption surface
4.2.1 Lithium-ion batteries

Graphene layers can provide the active surface for lithium-ion adsorption,
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displaying efficient lithium storage. In 1995, Dahn et al.'*®!6* proposed that both sides
of the graphene layer are capable for lithium-ion adsorption. It would theoretically
synthesize Li2Cs phase and thus exhibited a high capacity of 744 mAh g!, which is
twice as much as traditional graphite. Sonia et al.'** studied the lithium-ion storage
properties of few-layered graphene with very few defects. The discharge profile for
few-layered graphene below 0.3 V was fairly similar to that of bulk graphite. However,
lithium-storage capacities of few-layered graphene are four times greater than graphite
(Fig. 6a-b). To explain the extra capacity of graphene, kinetic behaviors of both
electrodes were analyzed by using the power law formula (Equation 7).

i=a (7)
Where b = 1 indicated the capacity is provided by surface-controlled adsorption process
and b = 0.5 indicated the capacity is provided by diffusion-controlled intercalation
process. By calculating the b value from the slopes of log (i) vs. log (v) plots at different
potentials (Fig. 6¢-d), the contribution from intercalation and adsorption to the overall
capacity can be quantified. It was found that surface-controlled adsorption contributes
a lot to the overall capacity, demonstrating graphene layers can serve as the adsorption
surface for lithium-ion storage.

Some studies reported graphene with heteroatoms or surface defects exhibited a
capacity even exceeding its theoretical value of 744 mAh g''. For example, sulfur-doped
graphene with 3D cellular architecture displayed a reversible capacity of 1697 mAh g
I'at 0.1 A g'3 The extra capacity needs further explanation. Many in-depth
investigations were made to understand this abnormal storage behavior.'®>"'7  First
principle calculation demonstrated that structural defects in graphene layers can bind

with Li* stably, offering extra lithium-ion storage capacity.'®® In addition, Li atom is
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energetically favorable to adsorb on various defects, whereas for non-defective
graphene, lithium atom could only situate at the hollow sites of hexagonal ring, forming
LiCs.'% By using in situ transmission electron microscopy (TEM) characterization, the
adsorption of lithium ions on defect sites was directly observed.!®

The lithium storage behavior of graphene edge, as a special form of defective
structure, was studied recently.'®” It was found that lithium storage capacity and
lithium-ion diffusion ability at graphene edge sites were dramatically enhanced.
Chananate et al.'®® demonstrated that the energy barriers at graphene edge sites for
lithium diffusion were 0.15 eV lower at most than those of the basal plane of graphene.
In addition, lithium-ion diffusion coefficient at graphene edge sites was 2 orders of
magnitude higher than planar graphene surface. Very recently, the excess capacity of
graphene layers was further interpreted,'®* as shown in Fig. 6f. In a typical lithiation
process, lithium ions would first adsorb at the edge sites. Then, with the increase of
lithium concentration, lithium ions started to move toward the center, distributing on
the entire surface of graphene. After improving the lithium concentration to a certain
extent, additional lithium ions could adsorb on the graphene surface, disrupting its
original LiCs configuration and forming more than one lithium layer.
4.2.2 Sodium-ion batteries

Graphene layers can also offer the active surface for sodium-ion adsorption. Bai et
al.'®” obtained misaligned surface graphene layers on hard carbon by carbonizing
sucrose at high temperature to study their sodium storage mechanisms. For the hard
carbon obtained at 1000 °C, it exhibited a sloping capacity of 123.1 mAh g in the
voltage range of 1.2 V to 0.1 V. For the hard carbon obtained at 2000 °C, the sloping
capacity was decreased to 48.8 mAh g™!. The decreased sloping capacity resulted from

the evolution of hard carbon structures including surface graphene layers during
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carbonization. With the carbonization temperature increases, the amounts of defects and
surface functional groups on graphene layers dramatically decreased. Therefore, the
adsorption effect of sodium ions on graphene layers with defects or functional groups

was demonstrated. Li et al.!””

further confirmed the sodium adsorption on isolated
graphene layers. No shift of (002) peaks in in-situ XRD patterns (Fig. 7a) during charge
and discharge demonstrated that sodium storage could not be assigned to sodium
intercalation but sodium adsorption. In addition, ex-situ XPS spectra of the Cls and Na
Is (Fig. 7b-c) showed a shift to higher energy in plateau-voltage region below 0.12 'V,
which was attributed to the nanovoids filling. Young Soo Yun et al.!”! demonstrated that
sodium-ion adsorption could occur at defective sites on the basal plane of graphene
with defects or N-substitution. Various structural defects could contribute to sodium-
ion storage containing the following types: carbon vacancies (type 1), carbon
divacancies (types 2, 3 and 4), carbon site changes (type 5), and adatoms (type 6) (Fig.
7d). The corresponding chemisorption energy of defect sites was also given (Fig. 7e).
They also studied the sodium-ion storage behavior of graphene layers by carbonizing
pyroprotein. It was observed that sodium ions were adsorbed on the disordered
graphene layers, forming metallic sodium (Fig. 7f-g). Bommier et al.!”?> proposed a
“three stage” mechanism for sodium-ion storage in nongraphitizable carbon based on
computational calculations. In the first stage at the sloping voltage region, sodium ions
would adsorb at defective sites on the surface graphene layers; in the second stage at
the plateau voltage region, sodium ions would intercalate into graphene layers; In the
last stage at the end of plateau voltage region, sodium ions would fill into nanopores.
4.2.3 Potassium-ion batteries

Heteroatoms doped or defective graphene layers are also able to store potassium

ions via surface adsorption.?!7>-!7> Potassium storage properties of boron doped
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graphene were studied by first principle calculations.?® It was found that carbon atoms
substituted by boron atoms resulted in an electron deficiency. Such deficiency of
electron distribution led to an enhancement of potassium-ion adsorption at boron doped
sites. Theoretically, boron doped graphene could exhibit a high capacity of 546 mAh g’
!, forming B4Cas. In addition, boron doped graphene could also improve the safety of
PIBs by preventing dendrite growth. Graphene with nitrogen dopants showed similar
adsorption effect.!” Pyridinic nitrogen could also lead to a local electron deficiency
and produce affinity to the electron nearby K atom. Therefore, such defect sites on
graphene layers could enhance potassium-ion storage properties. In addition, chemical
dopants also enlarged the interlayer spacing of graphene layers, which facilitated the
insertion and desertion of K" ions. Fluorine doped graphene also showed superior
potassium-ion storage properties, which was also attributed to the additional potassium
bonding sites around the vicinity of fluorine atoms on graphene layers.!”
5 Secondary metal-ion battery applications
3D graphene materials with structural functionalities play significant roles in
fabricating composite electrodes. Aiming to develop advanced MIB systems, these
functionalities should be well understood. In this chapter, we classify the functionalities
of 3D graphene materials as supporting materials and encapsulating materials to discuss
their roles and applications in MIB systems.
5.1 Supporting materials

3D graphene with high electric conductivity, structural superiorities like
interconnected and porous network, and excellent mechanical properties like flexibility
and robustness, can act as supporting materials to fabricate 3D graphene-based
composites. Specifically, in fabricating graphene-based electrodes with other metal-

host materials for MIB applications, the 3D architectures of graphene own the following
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unique functions: (i) Metal-host materials can be effectively loaded and fixed on the
graphene sheets. The aggregation effect of metal-host materials with nanoparticles or
layered structures can be suppressed. (ii) The interconnected conductive network of 3D
graphene could enhance the electron transfer and abundant pores inside the structure
could facilitate the infiltration of electrolyte and shorten the metal-ion diffusion
pathways. (ii1) Graphene sheets with flexibility can mitigate the volume expansion of
the loading metal-host materials.!3¢:176
5.1.1 Lithium-ion batteries

Alloy materials (Si,2>177-181 Ge,!82718%) " metal oxides (TiO2,'® Sn0,,'"12
Fe>03!%), metal sulfides (MoSz, *#!%5 SnS,, 19197 SnS!%%), and LisTisO1'* are all
belonging to the new class of anode materials for LIB applications. By fabricating 3D
graphene-based composites, some issues of these anode materials such as poor electron
transfer and structural degradation can be inhibited. Silicon is a promising anode
candidate due to its high theoretical capacities (4200 mA h g!) but suffering from its
poor conductivity and large volume expansion (400 %) during lithiation.?%:182-186.200 31y
graphene materials could tackle this problem by serving as the conductive supporting
materials. Harold et al.?> successfully prevented the pulverization of silicon by
fabricating silicon@graphene composite. It was prepared by dispersing silicon
nanoparticles in GO solution, followed by thermal reduction. Silicon nanoparticles with
a diameter in the range of 20-50 nm were well dispersed on the graphene sheets,
forming a sandwiched structure. The graphene-based composite electrodes exhibited a
capacity of more than 1500 mA h g after 200 cycles at 1 A g!' in LIBs. Similar
approach was used to synthesize graphene-based composites such as Ge

nanoparticles@graphene and Sn nanoparticles@graphene, presenting enhanced lithium

storage properties.'827186200 Metal sulfides with layered structure show high theoretical
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capacity, such as MoSz (670 mA h g), SnS> (645 mA h g), SnS (728 mA h g),
however, they suffered from low conductivity or/and volume change during
lithiation.!**'° Among them, MoS, showed minimal volume expansion (103%) during
lithiation, showing superiorities compared to other metal sulfides. In order to improve
its conductivity, MoS> with honeycomb-like nanoarchitectures anchored on 3D
graphene foam was prepared by P123-assisted solution-phase method.!** The obtained
material possessed a high specific surface area (182 m? g'!), which provided sufficient
interface for reactions. The 3D graphene/MoS» composite displayed a high discharge
capacity (1235.3 mA h g!) at a low current density of 0.2 A g! after 60 cycle. Other
metal sulfide/graphene composites were also successfully prepared. For example,
SnS»/graphene composite was prepared via hydrothermal method.!”® Different from
pure SnS» suffering from a rapid loss of capacity in preliminary cycles, SnS»/graphene
composite anodes exhibited an increasing capacity at 0.1 A g™! in first 30 cycles and a
stable capacity of 920 mA h g™! after 50 cycles. In addition, good rate capability with a
capacity of 600 mA h g! at 1 A g”! was also obtained.

Metal oxides show similar merits and drawbacks in lithium-ion storage as metal
sulfide. 3D graphene supported metal oxide composites have been well summarized
and discussed in several reviews, showing great enhancement in cyclic stability
compared to pure metal oxides anodes.?*¢2%! LiyTisO12 (LTO) was regarded as
promising anode material for LIB applications recently.?? It owned the merits of no
structural changes during intercalation and de-intercalation of lithium ions and high
voltage plateau (1.5 V vs. Li*/Li) preventing the formation of lithium dendrite. However,
its low lithium-ion diffusion efficiency (10° to 10'® cm? s') and poor electric
conductivity lead to a poor rate capability for LIB applications. Base on this concern,

3D graphene foam/LTO was prepared to enhance the transport of lithium ions and
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electrons. As a result, 3D graphene foam/LTO anodes presented excellent rate

performance with a capacity of 135 mA h g at 200 C (1 C=145 mA h g'!).!¥?

203,204 99,199

Cathode materials, including metal oxide composites, phosphate,

99,205 206,207

silicate and organic polymer, were also composited with 3D graphene
materials to enhance their lithium storage properties. LIMPO4 (M represents Fe, Co, Ni
and Mn), with a typical olivine structure, gains attractions as cathode material in LIBs.
Typically, LiFePO4 (LFP) has realized industrialization in electric vehicles due to its
stable discharge voltage plateau, thermal stability and chemical stability. However, it
still suffers from poor conductivity and sluggish ion diffusion. Cheng et al. ' first
reported a flexible full battery using LTO/graphene foam as anode and LFP/graphene
foam as cathode. It presented a good rate capability with a capacity of 117 mAh g'! at
10 C for 100 cycles, as shown in Fig. 8a-b. LizV2(PO4); (LVP) is also a very promising
candidate due to its high theoretical capacity (197 mA h g!) and a high average voltage
of 4 V during cycling. Its intrinsic poor conductivity can be improved by fabricating
3D graphene/LizV2(PO4); composites. Liu et al.>’® demonstrated the transport of
lithium ions in LIBs can be enhanced by preparing LizV2(PO4)3;@graphene composite.
It showed excellent rate performance with a capacity of 47 mA h g™! after 1000 cycles
at 50 C. Very recently, LiNjo.cCo0.1Mno 302 (NCM)/graphene balls composite was also
prepared.’” Graphene balls were grown on the SiO: particles via CVD method,
followed by coating on NCM via ball milling. SiO> played a dominant role in ball
milling, which facilitated the penetration of graphene balls into spaces between pristine
NCM (Fig. 8c-i1). Graphene balls, with a minimal content of 0.425 wt%, could
substantially enhance the lithium storage properties. The composite cathodes presented

much improved energy density (27.6%) compared to traditional NCM material. In

addition, good cyclic performance was demonstrated at different temperatures (25 °C
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and 60 °C), as shown in Fig. §;.

Metal oxide composites like LiMn,O4 (LMO), LiNijxyCoxMnyO2 (NCM) have
been investigated extensively as cathodes in LIBs. LMO owns the merits including low
cost, non-toxicity and safety, but poor conductivity (10° S cm™) and the dissolution of
Mn?* in electrolyte limit its practical use.?’®> Bak et al.?*® reported the fabrication of
spinel LiMn,04/rGO composite via a chemical route. Well dispersed LMO particles on
rGO sheets exhibited a high capacity of 137 mA h g!' at 1 C and an improved rate
capability with a capacity of 101 mA h g! at 100 C. NCM is also commercialized
cathode material due to its high energy density, stable structure and low cost. However,
it faces the issues of poor rate capability owing to the cation disorder during the thermal
treatment, where lithium ions could detach from its original sites, leading to limitation
in kinetics. In this regard, Jiang et al.>!° reported the synthesis of reduced GO
networks/LiNii3Co13Mn1302 composite as cathode material in LIBs. By anchoring
NCM materials on rGO network, the ion diffusion pathways were shortened, thus
improving the ion diffusion kinetics. The Nyquist plots demonstrated that the charge
transfer resistance of rGO/LiNii3Co13Mni;302 composite was significantly reduced.
As a result, the composite cathode exhibited a capacity of 55 mAhg'at20C (1 C =
170 mA g!). In comparison, pure LiNi1;3Co13Mni302 showed almost no capacity at 20
C.

LixMSiO4 (M represents Mn, Fe, Co, Ni) possess high theoretical capacity, low
cost and thermal stability. The main obstacles to achieve its practical application are
amorphization and Jahn-Teller distortion of LinMSiO4 during lithiation, resulting in
severe volume change. 3D graphene/LioMSi0O4 composites could inhibit the volume
change, thereby enabling better lithium-ion storage properties.”®?% For instance,

graphene-based LirFeSiOs4 composite cathode for LIBs was constructed, which
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exhibited a high capacity of 313 mA h g in initial discharge, 93% of its theoretical
capacity (333 mA h g!).”? In addition, a capacity of 45 mA h g! was obtained even at
a high rate of 50 C (1 C=166 mA g).

Organic polymers, such as organic sulfur compounds,* carbonyl compounds,?°6-2%7

and conducting polymer,'>’

also show promises as cathode materials due to its high
theoretical capacities and fast reaction kinetics. However, intrinsic insulation properties
and dissolution of organic polymers in organic electrolyte hurdle their practical
applications. Huang et al?!' fabricated 3D graphene/PI composite by in-situ
polymerization of PI particles on the graphene surface. The composite showed an
enhanced conductivity of 2.38 S cm™ and improved charge transfer due to the strong
coupling between graphene and PI particles. The composite cathodes exhibited a high
reversible capacity (240 mA h g! at 0.04 A g'!') and good rate performance (102 mA h
glat40 A gh.

5.1.2 Sodium-ion batteries

212-214 metal

Promising sodium-host anode materials include metal oxides,
sulfide,?!’® phosphide,'*>?!%218 and Na,Tiz07.2!° Metal oxides, SnO, for example,
owned a high theoretical capacity (1398 mA h g'!) but pure SnO, anode displayed a
rapid capacity loss owing to severe volume expansion during sodiation.??*2?! In this

regard, Patra et al.?!2

reported the preparation of SnO; particles on graphene sheets by
hydrothermal method with the existence of supercritical state CO,. Supercritical state
CO2 could assist the uniform dispersion of SnO» particles on graphene sheets owing to
their near-zero surface tension. In addition, excellent penetration ability could also
facilitate the mixing between graphene and SnO» particles. As a result, 3D

graphene/SnO; displayed a reversible capacity of 400 mA h g™ at 20 mA g!, a high rate

capability of 207 mA h g' at 10 A g and also good cyclic performance with 82%
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retention after 100 cycles. Su et al.2!3 also reported the SnO, anchoring on graphene as
anode materials, which exhibited a high reversible capacity over 700 mA h g! after 100
cycles. Other metal oxides (Fe3;04,2'* C0304,22 M003,%** Sbo03%2*) have been also
composited with 3D graphene materials, showing enhancements in sodium-ion storage
properties.

Layered transitional metal sulfides own the structural superiority of large
interlayer spacing for the accommodation of sodium ions. For example, MoS, owns a
larger interlayer spacing (0.62 nm) compared to graphite (0.33 nm), which facilitates
the intercalation of sodium ions. However, Layered MoS> can easily restack with each
other due to its large surface energy, resulting in the loss of active surface area. Choi et
al.?!® synthesized MoS,-graphene spheres composite by one-pot spray pyrolysis. The
uniform graphene nanospheres suppressed the stacking of MoS, layers, thereby
lowering the barrier for Na" intercalation. The composites displayed a capacity of 322
mA h gl at 1.5 A g after 600 cycles. Similarly, SnS; layers also own sandwiched
structures with large interlayer spacing (0.59 nm), which is prone for sodium
intercalation. Exfoliated SnS> anchored on graphene sheets was prepared to enhance
the sodium storage.?>> SnS, nanoplates containing 2-5 layers were uniformly decorated
on the surface of graphene by hydrolysis of lithiated SnS», followed by hydrothermal
treatment. It exhibited a high capacity of 610 mA h g™! after 300 cycles and performed
a high rate capability with a capacity of 326 mA h g!' at 40 A g!. Apart from SnS», SnS
nanoparticles anchored on nitrogen-doped graphene was also prepared, exhibiting a
high capacity of 509.9 mA h g' at 2 A g”! after 1000 cycles.??

Phosphides own the merits of high theoretical capacities and low redox
voltages as anode materials in SIBs.!3216218 However, they suffer from low intrinsic

electric conductivity and volume expansion during sodiation.?!” In this regard, Wu et
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al.?!¢ reported the preparation of graphene/Ni>P composite via a template-assisted self-
assembly method. 3D yolk-shell-like Ni,P nanoparticles were successfully embedded
into porous graphene networks. The graphene/Ni;P hybrid anodes reached a capacity
of 161 mAhg'at0.2A g!after 100 cycles. SnsP4, combining good conductivity of Sn
and high capacity of P, displays high theoretical volumetric capacity (6650 mAh cm™),
high conductivity (30.7 S cm™) and gravimetric capacity of 1132 mAh g! as promising
anodes in SIBs. Micro-sized Sn3P4 particles could be prepared by mechanical ball
milling method, however, they had to face the pulverization issue during sodiation.??’
Nano-sized Sn3P4 particles would suppress the pulverization effect, but they suffer from
the particle aggregation. In this regard, uniformly monodispersed Sn3P4 nanoparticles
loaded on rGO sheets were prepared by an in-situ low temperature solution-based
phosphorization chemical transformation route. Since pulverization and aggregation of
the particles are depressed, the composite anodes delivered a high capacity of 362 mA
h g after 1500 cycles at 1 A g'.!3° Other graphene-based composites such as 3D
graphene/Na, Ti3O7 nanowires,?!” 3D graphene/Sn,??® 3D graphene/NaTix(POa)3,?%° and
3D graphene/MoSe>>*" have also been synthesized, presenting enhanced sodium-ion
storage properties.

Tremendous advancements have been made in developing cathode materials for
SIB applications, including polyanion-based material and organic polymer. Polyanion
materials with 3D structure and large interstitial lattice enable fast sodium-ion diffusion
kinetics as anodes in SIBs. Among them, Na3V2(PO4); (NVP) with NASICON-type
framework (Fig. 9a), gains lots of attractions as anodes in SIBs owing to its high thermal
stability, high operating voltage (3.4 V vs. Na/Na") and rapid ionic mobility (exceeding
10" em? s). However, limitation still resides in its poor conductivity.'*>?3!232 In this

1.232 reported the fabrication of carbon NVP particles with carbon-
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coating layer embedded in 3D graphene network. Through double restrictions of carbon
layers and graphene network, the structure of NVP particles can be well maintained
(Fig. 9b-e). In addition, the incorporation of graphene network also released the strain
caused by volume changes of NVP particles during sodiation. As a result, the composite
electrodes exhibited a capacity of 97.2 mA h g at 10 C and a good cyclic performance
with 82 % capacity retention for 1500 cycles at 40 C (Fig. 9f-g). Recently, carbon coated
NVP nanocrystals wrapped by rGO sheets was successfully prepared.?** The composite
cathode could achieve superior sodium storage properties due to the rapid Na* and
electron transports. It displayed a high reversible capacity of 115mAh g ' at 1 C, ahigh
rate performance with a capacity of 86 mA h g™ at 100 C, a high energy density of 384
W h kg! at a low specific power of 0.4 kW kg™ and also a good cyclic performance
with 64 % retention after 10000 cycles. The sodium-ion storage properties of sodium
vanadium fluorophosphates were also studied.?**?*> Na3V,02(PO4)2F/carbon/graphene
composite was successfully synthesized as cathode in SIBs. 3D graphene with
nanoporous structure could facilitate the electrolyte infiltration, thereby shortening the
Na* transport pathways. 2** As a result, the composite cathode exhibited a capacity of
135.8 mA h g at 0.1 C and cyclic stability with a capacity retention of 96.8% at 2 C

after 50 cycles. Jin et al.?®

also reported the preparation of Na3V202(POs)F
nanocubes/C/graphene composite, which delivered a reversible capacity of 113.2 mA h
glat1C.

Na7V4(P207)4(POs) is a type of mixed-polyanion materials containing multiple
intercalation sites for sodium-ion storage (Fig. 9h). Its practical application is limited
by sluggish electron transfer. 3D graphene-based composite cathodes were constructed

to improve the low conductivity of Na7V4(P207)4(PO4). Zhang et al.?*¢ fabricated the

Na7V4(P207)4(POs4)/C nanorod-graphene composite by a molten-salt synthetic strategy
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(Fig. 9i-j). The conductivity of graphene-based composite (0.76 S cm™ at 65 °C) was
dramatically enhanced compared to pristine Na;V4(P207)4(PO4)/C nanorod composite
(5.41%x103 S cm™! at 65 °C). As a result, Na7;V4(P207)4(PO4)/C nanorod-graphene
composite exhibited an enhanced rate performance and a good cyclic performance with
95 % retention after 200 cycles at 1 C, as shown in Fig. 9k-1.

Organic polymers have significant merits including high theoretical capacity and
low cost but suffering from electrical insulation for SIB applications. Constructing
graphene-based composite electrodes is a promising approach to solve this issue. Huang
et al.?!! reported the preparation of 3D graphene/PI composite for sodium ion storage.
It displayed a capacity of 213 mA h g at 0.05 A ¢! and a good cyclic performance with
80% capacity retention after 1000 cycles. Poly (anthraquinonyl sulfide) (PAQS), with
a high theoretical capacity of 225 mA h g'! and insoluble properties in any solvents, is
regarded as the promising cathode material for SIBs. Zhang et al.?*” reported the
successful preparation of 3D graphene/PAQS composite via a dispersion-assembly
strategy. Compared to pristine PAQS particles with severe aggregation, PAQS particles
in 3D graphene composite have a decreased particle size in the range of 100 to 200 nm.
The composite cathode delivered a reversible capacity of 156 mAh g'at0.1 C (1C =
225 mA h g') and a capacity of 132 mA h g'! at 0.5 C with 84.1% capacity retention
after 1000 cycles.

5.1.3 Aluminum-ion batteries

Metal sulfides with large interlayer spacings can serve as intercalation sites for
aluminum-ion storage. For example, SnS; with a lamellar structure and a large
interlayer spacing (0.59 nm) can facilitate the intercalation and deintercalation of large
AICls (about 0.53 nm). However, bulk SnS> material has a less porous structure for

electrolyte infiltration, resulting in sluggish aluminum-ion diffusion kinetics.!*® In view
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of this concern, SnS> nanosheets@rGO network was successfully synthesized.’! SnS»
nanosheets were evenly distributed on the surface of rGO, enabling increased active
sites for aluminum-ion insertion. In addition, porous structure of rGO network also
accelerate the ion transport. The composite cathode displayed a high energy density of
241 Wh kg'! and a good rate capability with a capacity of 112 mA h g! at 10 A g
Recently, a novel cathode material, Ni3S,/graphene composite, was prepared for AIB
application.’® Graphene sheets could serve as highly conductive channels to reduce
intrinsic resistance of the composite cathode. The composite cathode exhibited high
discharge voltage plateau (~1.0 V vs. Al/AICls") and a discharge capacity of over 60 mA
h g! after 100 cycles at 100 mA g\
5.1.4 Potassium-ion batteries

Metal sulfides with large interlayer spacings can also serve as intercalation sites
for potassium-ion storage. Constructing 3D graphene-based composite electrodes can
further enhance their potassium-ion storage properties.>***° For example, a novel PIB
anode containing SnS>/rGO network was constructed, exhibiting a high capacity of 250
mA h g'! after 30 cycles.?*® SbaS3 nanoparticles embedded in the graphene framework
was also prepared, displaying an energy density of 166.3 W h kg™ as anode in a full
PIB.2* CoS quantum dots@graphene composite with large surface area, high
conductivity and robust structural stability was successfully synthesized.?*° It displayed
a high capacity of 310.8 mAh g'! after 100 cycles as the PIB anode. In comparison, pure
CoS anode only exhibited a capacity of 126.3 mA h g'! after 60 cycles. In another study,
MoS; with a flower-like structure was grown on rGO sheets via a solvothermal
method.?*! It exhibited a high reversible capacity of 381 mA h g! after 100 cycles as
the PIB anode. Other applications of 3D graphene as supporting materials in PIBs are

summarized in Table 2. 173-175238-241
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5.1.5 Magnesium-ion batteries

Magnesium is a desirous anode material owing to its abundance in the earth crust
and the high volumetric energy density of 3837 mA h cm™. In view of this, magnesium-
ion battery system was explored.?*? Till now, sluggish reaction kinetics in cathodes,
derived from the strong polarizing effect of divalent Mg ions, hinders the development
of Mg-ion batteries. For example, V20s, as cathode in Mg-ion batteries, suffered from
a rapid capacity loss in the first 7 cycles.?*® This is attributed to the sluggish reaction
kinetics of Mg-ion intercalation and poor electrical conductivity of V>Os cathode. 3D
graphene and V20s composite was prepared to ameliorate this situation.>** Graphene
decorated vanadium oxide nanowire aerogel was successfully prepared. The diffusion
coefficient of Mg ions in cathode was improved (~3 x 107! cm? s™), resulting in an
enhanced rate capability. The composite cathode exhibited a capacity of 320 mA h g'!
at 50 mA g'!. Moreover, it had a good cyclic performance with 81 % capacity retention
after 200 cycles at 1 A g’!. In addition, magnesium-ion batteries also showed a wide
temperature range of operation, with a capacity of over 200 mA h g! (> 55°C) and a
reversible capacity of 40 mA h g™! (- 30 °C). Other promising electrode materials like
nanowire Mg-OMS-2, C0304, MoS>, FeVO4 were also anchored on 3D graphene
materials, showing enhanced Mg-ion storage properties, which are summarized in
Table 2. 147:245-247
5.2 Encapsulating materials

3D graphene is increasingly playing the role of encapsulation in constructing the
graphene/metal-host material composite electrodes. Encapsulation of metal-host
materials can be achieved either by self-assembly of graphene sheets or by template-
assisted growth of graphene sheets. The particularities and superiorities of 3D graphene

as encapsulating materials can be summarized as follows. Firstly, rationally designed
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void space in the composite electrodes can be used to accommodate the volume
expansion of metal-host materials. Secondly, the strains caused by volume changes of
metal-host materials can be released due to the flexibility and mechanical robustness of
graphene sheets. Thirdly, owing to the encapsulation effect of graphene, the pulverized
metal-host materials cannot scatter into the electrolyte, thus preserving the electrical
contact of metal-host material. Lastly, stable SEI film can be formed on the surface of
graphene, thereby preventing the side reactions.
5.2.1 Lithium-ion batteries

Metal oxides and alloys were encapsulated into 3D graphene materials to enhance
their lithium-ion storage properties. For instance, MnO nanowires encapsulated in
tubular graphene scrolls was prepared by hydrothermal method, forming a core-sheath
structure.’*® The graphene scrolls were electronically connected with the MnO
nanowires but mechanically isolated, leaving void spaces. In this way, graphene scrolls
could enhance the electric conductivity as well as accommodate the volume expansion
of metal oxides during lithiation. As a result, it displayed excellent storage and cyclic
properties, with a capacity of 812 mA h g'! at 2 A g”! after 1000 cycles. In addition, 3D
graphene encapsulating SnO, hollow spheres was also prepared.”*” As the composite
anode in LIBs, a capacity of 552 mA h g!' at 1 A g’! was observed after 500 cycles,
presenting remarkable enhancements compared to pure SnO, anode. Recently,
graphene cage encapsulating SnO> with optimized size of the void space was
constructed.!® The volume of the void space perfectly matched the expanded volume
of tin oxide (~260%) after lithiation. The resultant material exhibited high volumetric
energy density (2123 mA h cm™) and high reversible capacity (974 mA h g'!). Xu et
al.'® reported the preparation of graphene encapsulating germanium nanowires by

CVD method. Graphene shells with high flexibility could provide mechanical tight
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holding of Ge. Meanwhile, their high conductivity could also accelerate the
transmission of electrons. The composite anode exhibited a high capacity of 1400 mA
hglat1C (1 C=1600mA g'). Even at a high current density of 20 C, a capacity of
517 mA h g! was still maintained.

3D graphene encapsulating cathode materials were also reported for LIB
applications. The synthesis of Aminoanthraquinone (AQ) nanowires encapsulated in
3D graphene framework was reported.?’” 3D graphene framework could suppress the
dissolution of AQ in electrolyte by encapsulation. As a result, the composite cathode
exhibited good cyclic stability with a capacity retention of 76% after 1000 cycles. V205
as a promising cathode material in LIBs suffered from low conductivity (102-10 S
cm’!) and low lithium-ion diffusion coefficient (1021071 cm? s71).25%22 In this regard,
crumple rGO encapsulated hollow V20s microsphere was prepared.?> The
encapsulating crumple rGO could prevent the dissolution of vanadium ions into
electrolyte and improve electrolyte wettability of the composite cathode. The composite
cathode offered a high energy density of 492 W h kg!, a high capacity of 280 mAh g
"at 0.1 A g’!, and a high rate capability with a capacity of 163 mAh glat5A g'. In
addition, capacity retention of 94% was obtained after 200 cycles at 2 A g\
5.2.2 Sodium-ion batteries

Phosphorus is a promising anode material in SIBs with a high theoretical capacity
of 2596 mA h g'!. However, it suffers from insulating electronic nature (1 x 10'* S cm"
1) and volume expansion (300 %) during sodiation.?>* In this consideration, the rGO
encapsulated phosphorus/carbon composite was successfully prepared by a simple
spray drying process.> As a result, the composite anodes displayed a high reversible
capacity of 2445 mA h g'! and an improved cyclic stability with a capacity retention of

256

95 % after 100 cycles. Other novel anode materials in SIBs including VO>>" and
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NiC0,04%7 were also encapsulated by 3D graphene materials, showing enhanced
sodium-ion storage capabilities. LTO is considered as high safety anode in SIBs due to
its high operating voltage (0.9 V), which can prevent the formation of sodium dendrite.
In addition, it also offers an adequate theoretical capacity of 175 mA h g!. The major
obstacles to achieve its practical applications in SIBs are its intrinsic low ionic and
electronic conductivity. In this consideration, porous LTO nanofibers aerogel wrapped
by graphene sheets was prepared.?>® A stable SEI film was formed on the graphene,
thereby enabling the durability of SIBs. The composite anodes exhibited a high capacity
of 195 mA h g'! and superior cyclic performance up to 12000 cycles in SIBs.

As for cathode materials in SIBs, Na3V202(PO4)2F shows promises due to its high
reversible capacity (~ 130 mA h g!) and high average discharge voltage (~ 3.8 V vs.
Na‘/Na). However, its poor conductivity limits practical use. In view of this,
NazV202(PO4)2F nanoparticles were encapsulated in 3D graphene skeleton by a spray
drying method.?*” The composite cathode exhibited a high specific capacity of 127.2
mA h g'!, an excellent rate capability with a capacity of 70.3 mA h g at 100 C and a
long cycling stability with 83.4 % capacity retention over 2000 cycles. In addition,
graphene encapsulated NVP was also prepared, showing a reversible capacity of 115.2
mAh g'at02Cand70.1 mAhg'at30C.2°
6. Merits and drawbacks

The applications of 3D graphene architectures in MIB systems own merits and
drawbacks. In this chapter, we discuss the strengths and weaknesses of different 3D
architectures for MIB applications both in metal-ion storage and in fabricating
composite electrodes.

CGBs self-assembled from GO sheets, despite their mass production capability

and aggregation-resistant property, generally possess ill-defined molecular structures
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and porosity. Defects and oxygen-containing groups of CGBs result in much decreased
electron mobility compared to defect-free graphene, and meanwhile, the polydispersity
of pore sizes led to inhomogeneities in electrodes. These shortages hinder their
applications in metal-ion storage.?! In comparison with CGBs, GBs prepared by CVD
method present well-defined pore structures and the better crystallinity, enabling
structural homogeneities and effective metal-ion storage with enhanced electron
transfer.!>!% In addition, GBs can serve as encapsulating materials in fabricating
composite electrodes, which owns many configuration superiorities.

3D graphene with linear secondary structures exhibit inferior metal-ion storage
properties due to their sparse storage sites. For example, graphene fibers, with stacked
graphene sheets forming compact structures, are not promising for metal-ion storage
since metal ions hardly intercalate into the interlayer of graphene fibers. Graphene tubes
and graphene scrolls containing less stacked graphene sheets also show relatively poor
metal-ion storage capabilities because intercalation will primarily occur on the edges
of tubes/scrolls at both ends.”>’” For the preparation of composite electrodes, graphene
scrolls can encapsulate metal-host materials by forming core-sheath structures, thereby
enhancing the sodium-ion storage properties.>*®

VGS with exposed edges present many unique advantages in metal-ion storage.
For example, the lithium-ion diffusion at edge sites can be accelerated, thus enhancing
the rate capabilities of LIBs.!®® Meanwhile, graphene edges can also act as adsorption
interface to store a large amounts of metal ions via covalent interactions, forming
metallic layers such as lithium layers or sodium layers.'®*!7!

3D graphene networks are numerously reported as anode materials for metal-ion
storage. Their interconnected networks enhance the electron transport and their highly

porous structures facilitate the electrolyte infiltration and reduce the ion diffusion
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path.?%? Despite these characteristics, their ascendancy is mainly reflected in fabricating
graphene-based composite electrodes.’ 3D graphene networks prepared by self-
assembly method own abundant surface functional groups, which provides
opportunities for synthesizing composite materials due to the binding effect between
the functional groups and other species. 3D graphene networks prepared by CVD
method offer well-defined structures, which can act as the scaffold to uniformly load
other metal-host materials. It should be noted that the loading materials may be
detached from graphene networks during metal-ion intercalation, caused by the volume
expansion and weak binding forces between two phases.

The merits of graphene cages are reflected in fabricating graphene-based
composite electrodes. Graphene cages can buffer or accommodate the volume
expansion of metal-host materials to suppress the structural degradation of electrodes.
In addition, in-situ formation of graphene cages on metal-host materials ensures a
mechanical tight holding of metal-host materials, generating an encapsulation effect.
Such effect will alleviate the pulverization problem of the metal-host materials, thereby
improving the stability of composite electrodes.*?

7. Summary and outlook

3D graphene materials, with superior physicochemical properties, have received
so much attention in these years. In this review, we comprehensively summarize the
configurations and preparations of 3D graphene materials and specify their applications
in MIBs. Basically, two preparation methods, i.e. CVD and self-assembly, are used to
construct various 3D graphene architectures, showing promises for energy and
environmental applications. In particular, the applications of 3D graphene materials in
MIB systems exhibit attractive metal-ion storage properties in many aspects, such as

gravimetric energy densities, power densities and cyclic performance. We further reveal
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the reasons of these properties by illustrating metal-ion storage mechanisms in graphene
layers and by discussing the functionalities of 3D graphene architectures. Last, merits
and drawbacks of applying different 3D graphene architectures in MIB systems are also
discussed in detail.

Although promising, there are still some remaining challenges that hinder the
application of 3D graphene materials in MIBs. As for preparations, self-assembly
method shows potential for mass production of 3D graphene materials, however, the
resultant materials possess inferior quality caused by defects and oxygen-containing
groups. Extra annealing treatment is required to improve the quality of the products.
The resultant materials also have ill-defined pore structures, leading to structural
inhomogeneities in electrodes, thereby causing highly non-reproducible performance
of MIBs. CVD method is capable to obtain high-quality graphene and precisely control
the pore structures, however, harsh conditions such as high temperatures and low
pressures limit the possibility of large-scale preparation.

As regards the 3D graphene-based composite electrodes for MIB applications,
some crucial issues need to be addressed. First, poor initial columbic efficiency makes
composite electrodes unfeasible, since additional quantities of electrode materials are
required to supply the first charge. Second, complex electrochemical reactions between
graphene layers and metal ions often results in the capacity fluctuation, which hinders
the practical use of MIBs. Third, large pore volumes of 3D graphene materials require
additional volumes of electrolyte to infiltrate, thereby decreasing the energy densities
of MIBs. Fourth, low densities of 3D graphene materials lead to low packing density
and mass loading, which cannot meet the requirements for industry manufacturing. In
addition, irrationally designed composite electrodes often cause low volumetric energy

densities of MIBs. Last, the large voltage hysteresis of composite electrodes results in
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the low energy efficiency of MIBs.

Aiming to develop advanced MIBs, future research directions should focus on the
preparation of 3D graphene materials and rational designs of 3D graphene-based
composite electrodes. As for preparation, feasible techniques to realize large-scale
production of 3D graphene materials with high qualities and controllable structures are
still required. As for constructing the 3D graphene-based composite electrodes,
reducing the amount of 3D graphene materials is advisable to develop MIBs with high
energy densities. In addition, in order to solve the issue of volume expansion during
metal-ion insertion, voids should be specifically reserved and designed to accommodate
the volume expansion of metal-host materials. Furthermore, a better understanding of
metal-ion storage mechanisms in MIBs is still required to give more guidance for
battery designs.

In conclusion, despite the current remaining issues, it is still very promising and
inspiring to accelerate the industrialization process with tremendous efforts and change

the landscape in energy storage technologies in the near future.
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Figures:

Tube Furnace

Ultrasonic
atomizer

Fig. 1 (a) A schematic illustrations of the setup and the preparation of crumpled
graphene balls. (b-d) SEM images of graphene crumpled balls prepared from different
GO concentration, which were 0.2 mg/ml, 1 mg/ml, 5 mg/ml, respectively. (e-g) high
magnification SEM images of b-d, respectively. Reproduced with permission.®

Copyright 2011, American Chemical Society.
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Fig. 2 (a) A schematic illustration of the preparation of graphene scrolls via
microexplosion method. (b-e) TEM images of the obtained graphene scrolls with

different magnification. Reproduced with permission.”” Copyright 2011, Wiley-VCH.
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Fig. 3 (a) Low magnification SEM images of carbon nanofibers. (b) High magnification
SEM images of carbon nanofibers with surface graphene sheets. (c-d) TEM images of
carbon nanofibers with surface graphene sheets. Reproduced with permission.”
Copyright 2013, Royal Society of Chemistry. (¢) A scheme for the preparation of
graphene fibers. (f) SEM image of carbon nanofibers with surface graphene sheets. (g-
h) SEM images of graphene fibers grown for 4 h with methane concentration of 11.1 %.
(i-j) SEM images of graphene fibers grown for 10 h with methane concentration of
11.1 %. (k) An optical image of graphene fiber membrane. Reproduced with

permission.”! Copyright 2018, Wiley-VCH.
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Fig. 4 (a) A scheme illustration for 3D graphene cage synthesis. (b) TEM image of
graphene encapsulating Si microparticle. (¢) HRTEM image showing layered structure
of graphene cages. (d) Hollow graphene cage after the removal of Si microparticle.
Reproduced with permission.'> Copyright 2016, Springer Nature. (¢) A scheme
illustration for constructing graphene cage with optimal void space. (f) TEM images of
SnOz@graphene coated by sulfur with a weight ratio of 21%. (g) TEM images of
SnO>@graphene with rough preparation for comparison. Reproduced with

permission.'% Copyright 2018, Springer Nature.
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Fig. 5 Schematic illustrations of general mechanisms of metal-ion storage in graphene

layers.
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Fig. 6 (a) Discharge curves for few-layered graphene in the voltage window between
0.3 and 0.001 V (against Li/Li"). (b) Discharge curves for graphite in the voltage

window between 0.3 and 0.001 V (against Li/Li"). (¢c-d) Cathodic and anodic CV scan
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of few-layered graphene and the calculated slope value of log (i) vs. log (v). (¢) The
contributions of surface-controlled process and diffusion-controlled process. (f) A
schematic illustration of the distributions of lithium ions on the graphene surface with
increasing Li concentration. The yellow and cyan balls represent C and H atoms,
respectively. The magenta, green, and black colored balls represent Li atoms that are in
the 1st Li-layer, the 2nd Li-layer and the 3rd Li-layer above the graphene sheet,
respectively. Reproduced with permission.!** Copyright 2017, Royal Society of
Chemistry.
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Fig. 7 (a) In-situ XRD patterns collected during first discharge/charge in the voltage
window of 0 - 2 V with a current density of 0.05 C. (b) Ex-situ XPS of C 1s spectra. (¢)
Ex-situ XPS of Na 1s spectra. Reproduced with permission.!”® Copyright 2016, Elsevier.
(d) Different types of defect sites in basal plane of graphene. (¢) DFT calculation data
for chemisorption energy of given effect site with sodium ions. (f) HRTEM image of
sample before discharging. (g) HRTEM image of sample after discharging to 0.005 V.

Reproduced with permission.!”! Copyright 2015, Wiley-VCH.
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Fig. 8 (a) Rate performance of a flexible LTO/LFP/GF full battery. (b) Cyclic
performance of LTO/LFP/GF full battery at 10 C. Reproduced with permission.'®
Copyright 2012, National Academy of Sciences. (c) Schematic illustration of the GB
coating onto NCM. (d,f) SEM images of pristine NCM. (e,g) SEM images of NCM
after graphene ball coating. (h-1) Graphene layers located between or coated along
primary particles of LiNipsCoo.1Mno30:. (j) Cycle life of GB-NCM/GB full-cell at 60

°C and 25 °C at 5 C. Reproduced with permission.?”” Copyright 2017, Springer Nature.
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Fig. 9 (a) Crystal structure of Na3;V2(POs)s. Reproduced with permission.?** Copyright
2015, Wiley-VCH. (b-e) SEM images and TEM images of 3D graphene/C/NVP
composites. (f-g) Sodium storage properties of 3D graphene/C/NVP composites at 10
C and 40 C. (h) Crystal structure of Na7Vi(P207)4(PO4). Reproduced with
permission.?*? Copyright 2017, Royal Society of Chemistry. (i-j) SEM images and TEM
images of 3D graphene/C/Na7V4(P207)4(PO4) composites. (k-1) Sodium storage

properties of 3D graphene/C/Na;V4(P207)4(PO4) composites. Reproduced with



Tables:

Table 1 Properties and applications of 3D graphene prepared by template-assisted CVD

method.
No. Template Structure Electrical and ~ Surface Applications Ref.
Mechanical area
property
| Nickel foam Graphene interconnected Conductivity: 850 10
framework: pore size 10 S cm™, m?/g
(hundreds of micrometers), excellent
porosity (~99.7%) mechanical
robustness
2 Nickel nanoparticles Graphene hollow spheres 285.3 Biosensor 14
with abundant pores: m?/g
diameter of graphene
spheres (5 - 10 um), pore
size (up to 72 nm)
3 Nickel nanowires Graphene hollow tubes: 8
mean tube
diameter (70 nm), length
of tube (up to several
micrometers)
4 Porous anodic aluminum Interconnected Conductivity: Heat transfer and 74
oxide macroporous framework or 1290 S m™', thermal energy storage
graphene tubes: diameter low sheet
of graphene electrical
nanotubes (110 nm) resistance: 0.11
Qsq’!
5 Cage containing Graphene tubes: 449 ORR catalyst 75
MOFs diameter (tens of m?/g
nanometers to sub-
micrometers)
6 NaCl Graphene hollow cubes: Good flexibility 1216 Supercapacitor 108
length of graphene cube and conductivity ~ m?/g
unit (~10 pm)
7 Silica spheres Hollow graphene balls: Lithium-sulfur batteries 126
diameter of graphene
spheres (360 - 550 nm)
8 Polystyrene balls Mesoporous graphene Conductivity: 508 Supercapacitor 127

nanoballs: mean pore 6.5 S cm’! m?/g
diameter (4.27 nm)
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10

Nanoporous copper

MgO flakes

Duct-like nanoporous
graphene film: pore size
(500 - 800 nm)

Graphene honeycomb like
framework containing
nanocages: size of cages (5
- 10 nm), lateral size of
framework (2 pm),
thickness of framework
(50 nm)

Sheet electrical
resistance:
233 Q
sq’!, high
flexibility

Conductivity:
54 S cm’!

586.3
m?/g

240
m?/g

Supercapacitor

OER catalyst

128

129
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Table 2 The configurations and performances of AIBs, PIBs and Mg-ion batteries.

No. Type Anode Cathode Power density Specific capacity Ref.
&
Energy density
1 AIB Al foil Porous Volumetric capacities up to 12.2 mA h cm™; gravimetric 57
graphene capacity up to 151 mA h g*! after 100 cycles
foam
2 AIB Al foil Graphene  Energy density: 100 mA hg'at5 A g after 5000 cycles 162
Microflo- 40 W h kg,
wer power density:
3000
W kg !
3 AIB Al foil rGO/SnS;  Energy density: 112mAhglat10 A g! 54
241 W hkg'!
4 AIB Al foil Graphene 123 mA hg'lat 50 A g! after 10000 cycles; high rate 55
nanoribb- performance with a capacity of 111 mA hg' at 80 A g’!
ons @
porous
graphene
5 AIB Al foil 3D 57 mA h g! at 40 C after 200 cycles 56
graphene
mesh
6 PIB Nitrogen K foil 210 mA h g! after 100 cycles 172
doped
graphene
foam
7 PIB  Phospho- K metal 474 mA h g at 50 mA g! after 50 cycles and 160 mA hg 173
rus and lat 2 A gl after 600 cycles
oxygen
dual-doped
graphene
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10

11

12

13

PIB

PIB

PIB

MIB

MIB

MIB

F-doped
graphene

foam

Sb,S3
particles/
graphene

framework

MOSz/
rGO

Activated

carbon

FeVO4
0.9H,O/
graphene

Mg foil

K foil

KVPO4F

K foil

rGO/
V205
aerogel

Mg-
OMS-1

Co304/
graphene

Energy density:

166.3 W h kg'!

Energy density:

58.5Whkg!,
power density:
50.8 W kg'!

165.0mA h g'at 0.5 A g! after 200 cycles and 301.9

548 mAhg'at20mA gland340mAhg'at10 A g!

381 mA h g! after 100 cycles; 679 mA h g''at 20 mA g’!,

52.8mA hg'lat0.1 Ag?!after 100 cycles (97% retention)

mA hg'at0.05Ag!

178 mA h g at 500 mA g’!

100mA hg'latl A g!after 200 cycles;

16 mA h g'! in the initial discharge
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